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ABSTRACT 

MECHANICS OF SOFT TISSUES AND BODY LOADING: EXPERIMENTAL RESEARCH 

FOR THE PURPOSE OF PRESSURE INJURY PREVENTION AND MODELING 

By 

Justin D. Scott 

 Over 3 million people in the United States rely on wheelchairs, spending about 12 hours in 

a wheelchair every day to carry out tasks of daily living  [1], [2]. A common and expensive side 

effect of wheelchair use is the formation of pressure injuries, which are a result of sustained normal 

and shear pressures on the body, such as those experienced in the buttocks and thighs while seated 

[3]–[6]. The prevalence of pressure injuries in wheelchair users in care facilities is as high as 47%, 

and treatment costs up to $120,000 per incident [7], [8]. Because pressure injuries are destructive, 

both in terms of quality of life and financially, there is a clear need for strategies to prevent them. 

 Despite advances in technology used to prevent pressure injuries and models that assess 

risk, both the new technology and models have limitations. Even with the implementation of new 

wheelchairs, wheelchair cushions, and other pressure injury prevention tools, pressure injury 

prevalence only declined by one third over the past decade [9]. From the modeling perspective, 

the most advanced buttock and thigh models still use limited data from humans, excluding critical 

data from wheelchair users, the population most at risk for developing pressure injuries [10]. 

 As such, the goals of this dissertation were to 1) determine the material properties of 

wheelchair users’ buttocks and thighs and compare them to those of able-bodied people, 2) to 

design an articulating chair that can reduce the seated normal pressure on the buttocks, and 3) to 

evaluate the ability of several seat pan covers to reduce shear pressure on the buttocks while seated. 

The first task was to create a protocol to determine the material properties of the buttocks 

and thighs in a position representative of the seated position and accessible to wheelchair users. 



Force and deflection data of the buttocks and thighs of able-bodied people were obtained in seated, 

quadruped, and prone positions. It was found that the buttocks and thighs were similar in the seated 

and quadruped positions. As the quadruped position was accessible, it was used to test wheelchair 

users; and data collected from the buttocks to the middle regions of the thighs were softer in 

wheelchair users than able-bodied people, while the distal thighs of wheelchair users were stiffer. 

An accessible articulating chair was created with independently rotating parts, including 

seat pan, back, pelvic support, and thoracic support. The chair was used to collect seated interface 

pressure data during induced back recline, seat pan tilt, and changes to back articulation in able-

bodied individuals and wheelchair users. Recline increased pressure on the buttocks, while seat 

pan tilt decreased pressure on the buttocks, and changes in back articulation changed pressure 

patterns on the back.  

Three seat pan covers were evaluated for their coefficients of friction when paired with 

materials used to make pants and their abilities to reduce shear pressure on the buttocks of seated 

individuals. A sled was used to determine the coefficients of friction of pants materials on vinyl, 

one-layer nylon, and two-layer nylon seat pan covers. Coefficients of friction were compared to 

values found using human participants, and finally it was shown that the two-layer nylon seat pan 

cover reduced shear on seated individuals in the articulating chair while undergoing back recline. 

The material property data from the buttocks and thighs and the interface pressure data 

collected represent advances in both pressure injury risk assessment and prevention. The material 

property data from wheelchair users were the first of their kind and can be used in finite element 

models. Data collected from the articulating chair and seat pan covers yielded interface and 

boundary conditions for models of the seated buttocks and thighs as well as strategies to reduce 

the normal and shear pressures on the buttocks and thighs, reducing the risk of pressure injuries.   



 

 

iv 

 

 

 

 

 

 

 

 

 

 

 

This work is dedicated to Alexander Spaulding Hobbs, 

a man who is more inspirational than he can know, 

who taught us that nobody should ever be left behind or forgotten 

and to treat everyone and everything with respect and dignity. 

His benevolence is an ideal for which we all can strive. 

Without him, this dissertation would not have been possible. 

Thank you. 

 

 

 

  



 

 

v 

 

ACKNOWLEDGEMENTS 

 

 This dissertation is the result of a joint effort by so many individuals that it is difficult to 

give credit to everyone who deserves it. So many people have guided me in my development, 

allowed me into their spaces to do research, and helped me conduct the research as well. 

 To everyone who supported me in my journey to graduate school, this would not have been 

possible without you. My parents and friends from Rutgers have all helped me become literate in 

the language of academia, which opened up the opportunity that brought me to Michigan. 

 Since I have been at Michigan State, Dr. Bush has been a constant source of inspiration 

and has helped me refine myself into a better person and researcher. Her contributions to my work 

cannot be overstated, and she has cultivated an environment in the Biomechanical Design Research 

Lab that fosters student growth. Neither can the contributions of my committee, including Dr. 

Grimm, Dr. Roccabianca, and Dr. Slade, be ignored. All have taught me and contributed to my 

growth, whether formally in the classroom, by asking the right questions in meetings, or by 

offering their expertise when needed.  

 My experience has also been shaped by the people who have facilitated my research and 

become my friends in the process. Piotr Pasik’s tolerance of my oft strange requests and openness 

in allowing me to participate in the Adaptive Sports Club has been a blessing. Brian Sheridan and 

the staff at Level 11 are some of the most competent and caring people I have met. And, of course, 

the undergraduates I have had the privilege of working with have made this dissertation possible. 

 Last, but not least, Ania and I have been partners through a lot. A lot of late nights and a 

lot of life development over the past few years. But we have given each other a lot of support and 

a lot of love. I could not have done this without you. 

  



 

 

vi 
 

TABLE OF CONTENTS 

 

 

 

LIST OF TABLES ......................................................................................................................... ix 

LIST OF FIGURES ........................................................................................................................ x 

INTRODUCTION .......................................................................................................................... 1 

CHAPTER 1: A REVIEW OF THE STATISTICS, RISKS, PATHOPHYSIOLOGY, AND 

TREATMENT OF PRESSURE INJURIES IN THE BUTTOCKS AND THIGHS ...................... 4 

Pressure Injury Definition ........................................................................................................... 4 

Prevalence and Statistics of Pressure Injuries ............................................................................ 5 

Financial Cost of Treating Pressure Injuries ............................................................................. 6 

Common Locations for Pressure Injuries ................................................................................... 7 

Lower Back, Buttock and Thigh Anatomy ................................................................................... 8 

Anatomical Changes in the Buttock and Thigh Soft Tissue ...................................................... 11 

Spinal Cord Injury ................................................................................................................. 11 

Aging ..................................................................................................................................... 11 

Risk Factors for Pressure Injuries .......................................................................................... 12 

Mechanisms of PI Development ................................................................................................ 15 

Shear Forces ............................................................................................................................. 17 

Medical Attention for Pressure Injuries .................................................................................... 18 

Treatment ............................................................................................................................... 18 

Prevention .............................................................................................................................. 18 

Experimental Methods for Pressure Reduction ........................................................................ 21 

Pressure Relieving Cushions ................................................................................................. 21 

Finite Element Evaluations of Internal Stress........................................................................... 22 

Advances in Geometry .......................................................................................................... 23 

Descriptions of Soft Tissue: Linear Elastic Models .............................................................. 24 

Descriptions of Soft Tissue: Hyperelastic Models ................................................................ 25 

Descriptions of Soft Tissue: Poro/Viscoelastic Models ........................................................ 26 

Experimental Determination of Material Parameters ............................................................ 27 

Animal Studies ...................................................................................................................... 28 

Human Studies ....................................................................................................................... 28 

CHAPTER 2: THE EFFECTS OF BODY POSITION ON THE MATERIAL PROPERTIES OF 

SOFT TISSUE IN THE HUMAN THIGH ................................................................................... 30 

Introduction ............................................................................................................................... 30 

Methods ..................................................................................................................................... 33 

Participant Recruitment ......................................................................................................... 33 

Test positions ......................................................................................................................... 33 

Test Regions .......................................................................................................................... 34 

Tissue Testing Protocol ......................................................................................................... 35 



 

 

vii 
 

Model Fitting ......................................................................................................................... 36 

Results ....................................................................................................................................... 38 

Force and Deflection Data ..................................................................................................... 39 

Ogden Material Parameters ................................................................................................... 42 

Discussion ................................................................................................................................. 46 

Conclusions ............................................................................................................................... 50 

CHAPTER 3: TISSUE MATTERS: IN-VIVO TISSUE PROPERTIES OF PERSONS WITH 

SPINAL CORD INJURIES TO INFORM CLINICAL MODELS FOR PRESSURE INJURY 

PREVENTION ............................................................................................................................. 52 

Introduction ............................................................................................................................... 52 

Methods ..................................................................................................................................... 55 

Participants ............................................................................................................................ 55 

Quadruped Position ............................................................................................................... 55 

Tissue Testing Protocol & Material Parameter Estimation ................................................... 57 

Statistical Analysis ................................................................................................................ 57 

Results ....................................................................................................................................... 58 

Demographic Data ................................................................................................................. 58 

Force and Deflection Data ..................................................................................................... 58 

Ogden Material Parameters ................................................................................................... 59 

Discussion ................................................................................................................................. 62 

Supplementary Material ............................................................................................................ 66 

Tissue Testing Protocol ......................................................................................................... 66 

Material Parameter Estimation .............................................................................................. 66 

CHAPTER 4: SHIFTING LOADS AND PERFUSION RESPONSES AS A RESULT OF CHAIR 

ARTICULATION IN THE CONTEXT OF PRESSURE INJURIES .......................................... 69 

Introduction ............................................................................................................................... 69 

Methods ..................................................................................................................................... 71 

Participant Recruitment ......................................................................................................... 71 

Articulating Chair Design ...................................................................................................... 71 

Back and Seat Pan Pressure Measurements .......................................................................... 73 

Pressure Data Analysis .......................................................................................................... 73 

Perfusion Measurements........................................................................................................ 75 

Perfusion Data Analysis ........................................................................................................ 76 

Statistics ................................................................................................................................. 76 

Results ....................................................................................................................................... 76 

Participants ............................................................................................................................ 76 

Recline ................................................................................................................................... 77 

Seat Pan Tilt........................................................................................................................... 78 

Articulation of the thorax and pelvic supports – slouched, neutral, erect ............................. 80 

Effects of Chair Articulation on Perfusion ............................................................................ 81 

Discussion ................................................................................................................................. 82 

Conclusions ............................................................................................................................... 84 



 

 

viii 
 

CHAPTER 5: KEY COMPONENTS RELATED TO PRESSURE INJURY FORMATION: 

UNDERSTANDING PRESSURE DISTRIBUTION AND BLOOD PERFUSION RESPONSES 

IN WHEELCHAIR USERS ......................................................................................................... 85 

Introduction ............................................................................................................................... 85 

Methods ..................................................................................................................................... 87 

Participant Recruitment ......................................................................................................... 87 

Articulating Chair Positions .................................................................................................. 87 

Interface Pressure Data Collection & Analysis ..................................................................... 89 

Regional Analysis of Pressures ............................................................................................. 90 

Perfusion Measurements & Analysis .................................................................................... 91 

Statistics ................................................................................................................................. 92 

Results ....................................................................................................................................... 92 

Participants ............................................................................................................................ 92 

Articulation Effects on Pressure ............................................................................................ 93 

Postural Effects on Perfusion ................................................................................................ 97 

Discussion ................................................................................................................................. 98 

Limitations ........................................................................................................................... 100 

CHAPTER 6: THE EFFECTS OF PANTS AND CUSHION COVER MATERIAL ON SHEAR 

FORCES EXPERIENCED WHILE SEATED ........................................................................... 102 

Introduction ............................................................................................................................. 102 

Methods ................................................................................................................................... 104 

Overview ............................................................................................................................. 104 

Articulating Chair Design .................................................................................................... 105 

Coefficients of Friction with Human Participants ............................................................... 109 

Evaluating the Effects of Seat Pan Cover on the Shear Forces While Seated ..................... 112 

Statistics ............................................................................................................................... 113 

Results ..................................................................................................................................... 113 

Coefficients of Friction with the Simulated Buttocks ......................................................... 113 

Effects of Seat Pan Cover on Shear Forces ......................................................................... 115 

Discussion ............................................................................................................................... 116 

CONCLUSIONS......................................................................................................................... 121 

APPENDICES ............................................................................................................................ 127 

APPENDIX A: REPEATABILITY OF TISSUE INDENTATION PROTOCOL ....................... 128 

APPENDIX B: CONFIRMATION OF SYSTEM ACCURACY WITH VINYL COVER ON THE 

SEAT PAN ............................................................................................................................... 129 

APPENDIX C: COEFFICIENTS OF FRICTION CALCULATED USING THE SLED AND 

HUMAN PARTICIPANTS ....................................................................................................... 131 

REFERENCES ........................................................................................................................... 132 

 

  



 

 

ix 

 

LIST OF TABLES 

 

 

Table 1.1 Material models and their strain energy functions, with their parameters and dependence 

on the material deformation listed [191] ......……….…………………………………………… 27 

Table 3.1 Material parameters for each region for males in the SCI and AB groups with standard 

errors ……………………………………………………………………………………….….... 61 

Table 3.2 Material parameters for each region for females in the SCI and AB groups with standard 

errors ........................………………………………………………………………………...….. 61 

Table 4.1 Combinations of chair back recline, seat pan tilt, and back articulation in which pressure 

measurements were taken. Each back recline was used with each seat pan tilt and back articulation 

resulting in 27 different chair positions …………………………………………………………. 72 

Table 5.1 Combinations of chair back recline, seat pan tilt, and back articulation in which pressure 

measurements were taken. Each back recline was tested with each seat pan tilt and back 

articulation………………………………………………………………………………………. 89 

Table 6.1 Material pairings for the pants materials and seat pan covers ...…………………....... 107 

Table C.1 Static coefficients of friction for each pair of materials during the sled trials …….... 131 

Table C.2 Kinetic coefficients of friction for each pair of materials during the sled trials …….. 131 

Table C.3 Static coefficients of friction for each pair of materials during the human trials …… 131 

Table C.4 Kinetic coefficients of friction for each pair of materials during the human trials …. 131 

 

 

 

  



 

 

x 

 

LIST OF FIGURES 

 

Figure 1.1 Left) Lateral view of a seated individual, with PI prone regions highlighted by red 

circles, including the calcaneus, popliteal fossa, ischial tuberosity, coccyx, sacrum, and scapulae. 

Top right) Lateral view of a supine individual with PI prone regions highlighted, including the 

occiput, scapulae, sacrum, ischial tuberosity, and calcaneus. Bottom right) Lateral view of an 

individual lying on their side with PI prone regions highlighted, including the ear, greater 

trochanter, and malleolus ……...……………………………………….………………………… 7 

Figure 1.2 Lateral view of the right half of the pelvis with bony prominences labelled within their 

respective regions. The ilium is on the top, the pubis is in the bottom right, and the ischium is in 

the bottom left. PIs commonly form around bony prominences, such as the ischial tuberosity … 8 

Figure 1.3 Buttock muscle origins and insertions. The regions around the ischial tuberosity, 

coccyx, greater trochanter, and sacrum, circled, carry the most load while seated and are especially 

prone to PIs ..…………………………………………………………………………..……...….. 9 

Figure 1.4 Thigh muscle origins and insertions. The ischial tuberosities and greater trochanter 

(circled) are prone to PI formation and are covered by the thigh muscles, as shown …...……… 10 

Figure 1.5 Sample Braden Scale assessment sheet. Lowers in any of the six categories indicate 

higher risk for developing a pressure injury. Categories shaded in blue are addressed in this 

research …...…………………………………………………………………………………….. 13 

Figure 2.1 Indentation test setups for every position. The seated position (left) has a segment of 

the chair removed to expose the middle thigh region, the quadruped position (middle) allows 

access to the entire thigh without obstruction, as does the prone (right) position. In the seated 

position, the stand was placed beneath the participants, while it was placed behind them in the 

quadruped position, and above them in the prone position …..……..………………………...… 33 

Figure 2.2 Regions of interest for the thigh tissue testing. The region labeled ‘P’ is the proximal 

region, ‘M’ is the middle region, and ‘D’ is the distal region. b) Zero deflection was determined 

by placing the indenting tool flush against skin. As the tissue was compressed a positive deflection 

was obtained ...……………………………………………….…………………………………. 34 

Figure 2.3 Cross-section of the thigh with measurements used to determine the undeformed tissue 

thickness. The thigh circumference is denoted by ‘C’, the total thickness of the thigh is denoted by 

‘AP’, and the undeformed thickness is computed as 𝛿𝑜 …………….……………..………….… 37 

Figure 2.4 Average force-deflection results separated by thigh region. The data for the seated 

position is represented by black lines, the quadruped position by blue lines, and the prone position 

by red lines in the proximal thigh region (left), middle thigh region (middle), and distal thigh region 

(right). Dashed lines are 95% confidence intervals on the mean value of deflection ..……….… 41 

 

 



 

 

xi 
 

Figure 2.5 The original seated position (left) removed the posterior segment of the seat pan to 

allow access to the proximal thigh. The participants sat on a support bar located in the white ellipse, 

which caused a dropping of the buttocks and additional tissue tensions as this region was stretched 

between the rear bar and front thigh support. The amended seated position (right) included the 

participant sitting on the edge of testing chair with a straight back ...………………….…….…. 42 

Figure 2.6 µ values for each thigh in each position, separated by sex. The µ values for the thigh 

regions in the prone position are smaller than those of the seated and quadruped positions, as 

indicated by the asterisks. Seated parameters are represented with black outlines, quadruped with 

blue outlines, and prone with red ………………………………………...……………………… 43 

Figure 2.7 α values for each thigh in each position, separated by sex. The α values for the thigh 

regions in the prone position are larger than those of the seated and quadruped positions, as 

indicated by the asterisks. Daggers indicate differences between thigh regions within a position for 

both sexes (†), males only (†m), and females only (†f). Seated parameters are represented with 

black outlines, quadruped with blue outlines, and prone with red …………………………........ 43 

Figure 3.1 Positioning protocol for users in the AB (left) and SCI (middle and right) groups. 

Participants with SCIs were helped onto a table and into the quadruped position by their therapists 

while the harnesses were secured (middle); and then supported in the testing position with an 

exercise ball beneath the torso and sand bags in front of the knees (right) ……..………………. 55 

Figure 3.2 a) Indenting tool with the six-axis load cell embedded beneath the indenting surface 

and linear potentiometer used to obtain distance data, and b) Indenting tool as used during testing 

with the participant ...…………………………………………………………………………… 57 

Figure 3.3 Force and deflection data from the proximal thigh (top), middle thigh (middle), and 

distal thigh (bottom) regions of the SCI group. The solid black line is the average AB data, and the 

dashed black lines represent the confidence intervals of the AB group. The data shaded in light 

green (left of the average) has less deflection than the average AB, and the data shaded in darker 

green has more deflection .……………………………………………………………………… 59 

Figure 3.4 Average µ values (left) and α values (right). Data from the SCI group are grey, and the 

able-bodied group are white. Significant differences between groups are indicated by asterisks (*). 

Between-region (i.e., proximal, middle, distal) differences within the SCI group are indicated by 

plus signs (+).  Between-region differences in the able-bodied group are indicated by daggers 

(†)……………………………………………………………………………………………...... 60 

Figure 4.1 a) Pressure mats were also affixed to the chair during portions of testing, b) Schematic 

of the rotations of the articulating chair, with the back, thorax, pelvis and seat pan identified. The 

thorax and pelvic supports rotated about their centers, and the back and seat pan rotated about the 

point labelled CoR .….………………………………………………………………………….. 71 

Figure 4.2 Segmentation of the seat pan (left) and back (right) pressure mat readings into regions. 

The seat pan was split up into the buttocks and thigh regions. The back was split up into the upper, 

middle, and lower back regions. 𝛿, the location of the maximum pressure, was measured in mm 

from the posterior edge of the pressure mat in the buttocks and thighs and from the inferior edge 

of the pressure mat for the upper, middle, and lower back regions .…………………………….. 74 



 

 

xii 
 

Figure 4.3 The effects of back recline on the magnitudes of the maximum pressures within each 

region. Columns are grouped by regions. Statistical differences between recline angles are 

indicated by asterisks (*). Increases in back recline angle consistently resulted in significant 

decreases in maximum pressures in the upper back and thighs and increases in maximum pressure 

in the lower back and buttocks ..………………………………………………………………… 77 

Figure 4.4 The effects of back recline on the locations of the maximum pressures within each 

region. Statistical differences between recline angles are indicated by asterisks (*). Increases in 

back recline angle resulted in the maximum pressure shifting inferiorly for the middle back and 

posterior shifts in the buttocks …………………………………………….…………………….. 78 

Figure 4.5 The effects of seat pan tilt on the magnitudes of the maximum pressures within each 

region. Statistical differences between seat pan tilts are indicated by asterisks (*). Increases in seat 

pan tilt corresponded to increased maximum pressure in the upper back, middle back, and thigh 

regions and decreased maximum pressure in the lower back and buttocks regions …………….. 79 

Figure 4.6 The effects of seat pan tilt on the locations of the maximum pressures within each 

region. Statistical differences between seat pan tilts are indicated by asterisks (*). Increasing seat 

pan tilt corresponded to superior shift of maximum pressures in the middle and lower back regions 

and the anterior shift of maximum pressures in the buttocks region ..……………………..……. 79 

Figure 4.7 The effects of back articulation on the magnitudes of the maximum pressures within 

each back region. Statistical differences between back articulations are indicated by asterisks (*). 

When changing articulation from slouched to erect, the maximum pressures in the upper back 

region increased, while the maximum pressures in the middle and lower back regions 

decreased…...…………………………………………………………………………………… 80 

Figure 4.8 The effects of back articulation on the locations of the maximum pressures within each 

back region. Statistical differences between back articulations are indicated by asterisks (*). When 

changing articulation from slouched to erect, the maximum pressures in the upper and middle back 

regions shifted inferiorly, while the maximum pressures in the lower back regions shifted 

superiorly ……………………………………………………………………………………...... 81 

Figure 4.9 Average buttock perfusion values for each back recline (left) and seat pan tilt angle 

(right). Statistical differences between back recline or seat pan tilt angles are indicated by asterisks 

(*). Perfusion decreased in the full back recline positions relative to the no back recline positions 

and increased with seat pan tilt, regardless of the back recline angle …………………..………. 82 

Figure 5.1 a)  Schematic of the rotations of the articulating chair, with the centers of rotation for 

the back and seat pan (CoR), pelvic support, and thoracic support identified. b) Pressure mat 

placement on the articulating chair during testing. c) Wheelchair user sitting in the articulating 

chair during testing ……………………………………………………………………………... 88 

Figure 5.2 Break down of the seat pan (left) and back (right) pressure mat readings. The seat pan 

was split up into the buttocks and thigh regions with the zero reference point being at the most 

posterior location of the mat. The back was split into the upper, middle, and lower back region 

with the zero reference being at the most inferior point of the mat (near sacrum) ………...……. 91  



 

 

xiii 
 

Figure 5.3 The effects of back recline on the magnitudes of the maximum pressures within each 

region. Increasing the back recline angle increased maximum pressures in the buttocks and lower 

back and decreased maximum pressures in the upper back and thighs. Differences between recline 

angles are indicated by asterisks (*) …………………………………………………………….. 93 

Figure 5.4 The effects of back recline on the locations of the maximum pressures within each 

region. Increasing the back recline angle caused a posterior shift in the maximum pressure regions 

of the buttocks and thighs. Differences between recline angles are indicated by asterisks 

(*)…………………………………………………………………………………………….…. 94 

Figure 5.5 The effects of seat pan tilt on the magnitudes of the maximum pressures within each 

region. Increasing the seat pan tilt angle increased the maximum pressures in the upper and middle 

back and decreased maximum pressures in the buttocks. Differences between seat pan tilts are 

indicated by asterisks (*) ………………………………………………………………………... 95 

Figure 5.6 The effects of seat pan tilt on the locations of the maximum pressures within each 

region. Increasing seat pan tilt angle caused a superior shift in the maximum pressure regions of 

the middle and lower back and an anterior shift in the maximum pressure regions in the thighs. 

Differences between seat pan tilts are indicated by asterisks (*) ………………….……………. 95 

Figure 5.7 The effects of back articulation on the magnitudes of the maximum pressures within 

each region. Articulating the back from slouched to erect increased maximum pressures in the 

upper back and decreased maximum pressures in middle back. Differences between back 

articulations are indicated by asterisks (*) …………………………………...………………..... 96 

Figure 5.8 The effects of back articulation on the locations of the maximum pressures within each 

region. Articulating the back from slouched to erect caused an inferior shift in the maximum 

pressure regions in the upper back and a superior shift of the maximum pressure regions in the 

lower back. Differences between back articulations are indicated by asterisks (*) .……………. 97 

Figure 5.9 Normalized perfusion values for the entire cohort (left) and responders (right) at every 

back recline and seat pan tilt angle. Seat pan tilt increased perfusion in the responder group (p = 

.0013) …………………………………………………………………………………………… 98 

Figure 6.1 Articulating chair setup for the sled testing. The markers on the front right (FR), front 

left (FL), back left (BL), and back right (BR) were used to determine the orientation of the seat 

pan (𝑒1̂). The markers on the sled, S1-4, were used to determine the sled’s position. The anterior 

(AA) and posterior (AP) markers on the chair arm were used to determine the back recline. All 

positions were given in the coordinate system in the top left of the figure ………………..…… 106 

Figure 6.2 Free body diagrams for the sled before (left) and after (right) it starts to slide. The 

friction before the sled starts to slide is determined by the static coefficient of friction (𝜇𝑠), and the 

friction after it starts to slide is determined by the kinetic coefficient of friction 

(𝜇𝑘)……………………………………………………………………………………...……... 108 

Figure 6.3 Reflective marker placements on the lower body of a participants: anterior superior iliac 

spines (ASISs), greater trochanters, lateral epicondyles, and lateral malleoli ...……………….. 110 



 

 

xiv 

 

Figure 6.4 (a) Front view of a participant sitting on a flat seat pan, (b) side view of a participant 

sitting on a flat seat pan, with the arrow indicating the space between the participant and the chair 

back, (c) participant sitting on a tilted seat pan just before starting to slide ……………...……. 110 

Figure 6.5 Coefficients of friction for each of the material pairings, found using the sled to simulate 

the buttocks. Brighter bars represent static coefficients of friction, while darker bars are kinetic 

coefficients of friction ………………………………...…..………………………………….... 113 

Figure 6.6 Coefficients of friction for each of the material pairings, found using human 

participants. Brighter bars represent static coefficients of friction, while darker bars are kinetic 

coefficients of friction ……………………………...………………………………………...... 114 

Figure 6.7 Shear forces on the seat pan of each material pairing at each angle of recline. All shear 

forces are in the anterior direction of the seat pan. Recline increased shear force on the seat pan, 

regardless of the material pairing. Asterisks (*) indicate significant differences in shear forces on 

each pair ……………………………………………………………………………………….. 115 

Figure A.1 Force and deflection data from repeated indentation protocols on the proximal (left), 

middle (middle), and distal (right) thigh regions in all three body positions for one participant. 

Data from each region in each position are consistent, showing good repeatability …………... 128 

Figure B.1 Experimental and theoretical normal shear forces on the seat pan at tilt angles up to 30° 

for the 45 Newton sled (left) and 110 Newton sled (right) …..………………………………… 130



 

 

1 

 

INTRODUCTION 

 

 Pressure injuries (PIs) are a dire issue for populations who use wheelchairs, including 

people with spinal cord injuries, surgery patients, and elderly individuals [7], [11], [12]. The 

prevalence of PIs in these populations can be as high as 47% in persons with spinal cord injuries 

and 61%  in elderly individuals [7], [11]. Not only are PIs prevalent across several populations, 

but they are expensive to treat and can require a lengthy recovery. The average cost of treatment 

is approximately $35,000, and PIs can take up to 22 weeks to heal [13], [14]. These factors 

contribute to the $27 billion annual expenditure for PI treatment in the United States and motivate 

research efforts for methods to reduce the incidence of PIs [15]. 

 Among the risk factors associated most intimately with PI formation are sustained normal 

and shear pressures on soft tissues and the internal stresses and strains they cause [16]. Such 

pressures, stresses, and strains are common in the buttocks, thighs, and lower back while seated; 

and over half of PIs in wheelchair users occur around bony prominences in the buttocks, thighs, 

and lower back, such as the greater trochanters, ischial tuberosities, and sacrum [17]. Therefore, 

efforts have been made to quantify and reduce pressure, tissue stresses, and tissue strains in those 

regions. Finite element models have been created to estimate the internal stresses and strains in the 

buttocks and thighs under seated loading conditions [18]–[20]. Meanwhile, common practices to 

reduce normal and shear pressures on the body while seated include repositioning strategies— 

such as reclining the back of a chair, and the use of specialized cushions [2], [21]. In these ways, 

clinicians and researchers have been working to understand and reduce to risk of PI formation. 

Even with the progress in modeling research and clinical practices related to PI prevention, 

there are still consistent limitations in each area. From a modeling perspective, several inputs are 

needed to determine the stresses and strains in the buttocks and thighs under seated loading. The 
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seated load itself, the geometry of the buttocks and thighs, and accurate material properties of the 

buttocks and thighs are required to estimate internal stresses and strains. Though models have 

attempted to estimate internal stresses and strains of humans in the seated position, the models 

used to do so included material properties from animals [18]–[20]. While some studies reported 

material properties of the human buttocks and thighs, those studies investigated able-bodied people 

lying down [22], [23]. Thus, they represent able-bodied people lying down and not seated 

wheelchair users, a crucial difference for models of the buttocks and thighs.   

From a clinical perspective, incidence of PIs is still a significant issue. Specialized cushions 

are able to reduce, but not eliminate, the incidence of PIs, leaving room to improve patient 

outcomes [21]. Further, the evidence supporting the use of recline as a pressure relieving strategy 

is inconclusive [4]. Recline decreases the normal load on the seat pan overall. However, there is a 

need to determine if the overall reduction translates to a pressure reduction on the bony regions of 

the buttocks. Furthermore, back recline shifts loading from the seat pan to the back, which may 

increase the risk of PI formation on the lower back (sacrum). Finally, back recline can increase 

shear force on the buttocks, which is another risk factor for PI development [4]. This makes 

strategies to reduce shear load on the buttocks critical to reducing PI risk in reclined positions.  

Overall, this research aimed to develop and use novel technology to address the above 

limitations in clinical practices and more accurately characterize the mechanical responses of 

wheelchair users’ soft tissues to external load. This was done by achieving five goals, addressed 

in chapters 2 through 6. The motivation of this work is further explained in Chapter 1, along with 

an in-depth literature review. 

Chapter 2 determines and compares the material properties of the soft tissues in the 

buttocks and thighs of able-bodied people in the seated, quadruped, and prone positions. 
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Chapter 3 determines the material properties of the soft tissues in the buttocks and thighs 

of individuals with spinal cord injuries while in the quadruped position and compares them to the 

material properties of tissues in able-bodied people. 

Chapter 4 evaluates the ability of an articulating chair design to redistribute pressure on 

the body of able-bodied people using back recline, seat pan tilt, and changes in back articulation. 

Changes in blood perfusion over the ischial tuberosity of the pelvis are also investigated as an 

additional factor associated with PI risk. 

Chapter 5 evaluates the effects of back recline, seat pan tilt, and back articulation on 

interface pressures and perfusion over the ischial tuberosities of wheelchair users. 

Chapter 6 determines the coefficients of friction between three seat pan covers (vinyl, one-

layer nylon, and two-layer nylon) and common clothing fabrics using a sled, compares those 

coefficients of friction to those found with human participants, and finally evaluates the ability of 

the three seat pan covers to reduce shear load on the buttocks and thighs while seated. 

A synopsis of the impact of this work is presented in the Conclusions.  

As with many scientific writings, sections of this research either have been published or have been 

submitted to various academic journals. Chapters 2 and 3 have been published, and the citation 

information for the journal articles are included at the beginning of each chapter. Chapters 4 and 

5 have been submitted and are awaiting review. Because each chapter is written as a standalone 

journal article, the motivations of this work, including the statistics, risk factors, and prevention 

strategies with respect to PIs are stated within each chapter. The research included in this 

dissertation was funded by NSF Grant CBET-1603646.   
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CHAPTER 1: A REVIEW OF THE STATISTICS, RISKS, PATHOPHYSIOLOGY, AND 

TREATMENT OF PRESSURE INJURIES IN THE BUTTOCKS AND THIGHS 

 

Pressure Injury Definition  

PIs are defined as localized damage to the skin and underlying soft tissue, usually over a 

bony prominence. Many times PIs are related to a medical devices, such as wheelchairs [24], [25]. 

PIs can either start in the skin or deeper tissue below the skin [26]–[28]. 

If the PI starts in the skin, a stage 1 injury is defined as the presence of a redness that 

blanches when pressed on by a finger. Stage 2 of an injury includes partial skin-loss, exposing the 

dermis. A stage 3 injury includes full skin-loss, exposing subcutaneous fat. A stage 4 injury has 

full skin and tissue loss, exposing the underlying bone. If there is significant debris in the injury, 

it can be deemed unstageable [24], [25].   

PIs that start in deeper tissue versus the skin, termed deep tissue pressure injuries (DPTIs), 

are difficult to detect because of the lack of an external wound. A potential indicator for a DPTI is 

non-blanching redness. The stages for DPTIs are defined similarly to injuries that start in the skin, 

however the extent of the tissue damage is unknown until the wound opens. Thus, these injuries 

tend to have more layers of tissue damage before the injury is detected. Injuries may start in the 

deep tissue due to the loss of the epidermis’ elasticity and decreased resilience in hypoxic 

conditions [27], [29]. The most common areas for PI formation are the buttocks, sacrum, greater 

trochanter, foot, and heel [16]. However, PIs may also form in other regions of the body, including 

the popliteal fossa, scapulae, and back of the head [30]–[33]. 
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Prevalence and Statistics of Pressure Injuries 

PIs are a stubborn medical problem in the United States healthcare system. Incidence in 

general hospital populations has been reported between 3% and 36% [34], [35]. In high risk 

populations, such as surgery patients post-operation or wheelchair using patients, the prevalence 

of PIs can be as high as 47% [7]. 

In addition to pervading the United States healthcare system, PIs are an issue all over the 

world. A recent global review showed that the prevalence of PIs in adults and children in hospital 

settings were shown to be 11% and 8%, respectively [36]. In Europe, PI prevalence rates can vary 

between 6% and 54% [30], [31], [37]–[43]. Several countries in Asia have reported prevalence 

rates between 8% and 29% [44]–[48]. Prevalence studies in South Africa, Brazil, and Australia 

reported 30%, 14%, and 12% prevalence as well [49]–[51]. PIs have been shown to be an issue in 

every care setting on almost every continent, demonstrating the global nature of the problem. 

The prevalence of PIs in the United States has decreased since 2006, yet PIs have remained 

a significant issue for individuals in hospitals as well as those who use assistive devices [9], [12]. 

PIs affect as many as 10% to 27% of individuals in general hospitals and over a third of surgery 

patients [52], [53]. Depending on the type of facility at which the patient is being treated, the 

prevalence of PIs can vary. The prevalence of PIs is 15% of those in community care facilities, 

19% of those in rehabilitative care, 27% of people in acute care facilities, and 47% in long-term 

acute care facilities acquire PIs [13], [54], [55].  

Individuals with a spinal cord injury (SCI) are at a particularly high risk of developing PIs. 

The incidence of SCIs in the United States is about 50 people per million each year, leading to 

about 17,500 new cases of SCI each year [56]–[58]. This is in addition to the estimated 285,000 

individuals currently living with a SCI in the United States [57]. The incidence of PIs in patients 
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with SCIs over four years of care can be as high as 30%, with a prevalence as high as 47% for 

those in long-term care [6], [7]. Additionally, 40% of patients with SCIs develop a PI during post-

injury rehabilitation [17], [56], [59]. These factors contribute to a 80% lifetime incidence of PIs in 

individuals with SCIs [60], [61]. 

Individuals in community living facilities or nursing homes also experience high rates of 

PIs, even without SCIs. As many as 61% of individuals in nursing homes have PIs [11]. Even with 

the use of pressure relieving cushions, the incidence of PIs is as high as 40% per year for elderly 

individuals using wheelchairs. Moreover, those who experience PIs tend to have higher peak 

pressures beneath their buttocks than those who do not experience them [62]. Increased pressure 

under the buttocks is important, because almost 25% of all PIs occur in the soft tissue in that region 

[16], [63]. 

 

Financial Cost of Treating Pressure Injuries 

Not only are PIs painful wounds that can greatly affect the quality of an individual’s life, 

they are also expensive to treat. An average PI incurs total healthcare costs exceeding $35,000 per 

PI incident [13]. If a PI reaches stage 4 (bone exposed), the total healthcare cost can be greater 

than $120,000 for a single PI [8]. If a PI is acquired while being hospitalized for a separate issue, 

the treatment of the injury adds over $8,500 to the total cost of treatment for the individual [64]. 

These treatment costs add up to a total of  $26.8 billion annually  in the United States [15], [16]. 

The cost to society is clearly high, and the goal of preventing PIs entirely is the best solution. 
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Common Locations for Pressure Injuries 

PIs commonly develop in the regions around bony prominences. While supine or seated, 

PIs are common around the calcanei, malleoli, greater trochanters, ischial tuberosities, coccyx, 

sacrum, and scapulae (Figure 1.1) [17], [21], [30]–[33], [37], [50], [51], [65], [66]. Three of those 

bony prominences, the ischial tuberosities, coccyx, and sacrum, are located in the buttocks and 

lower back, where about half of PIs occur [6], [65]. These regions in or near the buttocks are 

regions that experience large amounts of external pressure while supine or seated [20], [67], [68]. 

Blood perfusion in the those regions decreases as a result of the external pressure applied while in 

the supine or seated positions [69]. Additionally, PIs may form in or near the popliteal fossae of 

the knees while seated due to external pressure [70]–[74]. As will be discussed later, external 

pressure and decreased blood perfusion are two factors that facilitate the development of PIs; and 

they ultimately contribute to the risk of PI development in tissues near the bony prominence in and 

around the buttocks. 

 

Figure 1.1 Left) Lateral view of a seated individual, with PI prone regions highlighted by red 

circles, including the calcaneus, popliteal fossa, ischial tuberosity, coccyx, sacrum, and 

scapulae. Top right) Lateral view of a supine individual with PI prone regions highlighted, 

including the occiput, scapulae, sacrum, ischial tuberosity, and calcaneus. Bottom right) 

Lateral view of an individual lying on their side with PI prone regions highlighted, including 

the ear, greater trochanter, and malleolus 
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Lower Back, Buttock and Thigh Anatomy 

The lower back, buttocks and thighs are regions of the body that may experience PIs while 

seated. As mentioned in the previous section, PIs can occur near the sacrum, coccyx, ischial 

tuberosities, and near the popliteal fossae of the knees. Although PIs may form in other regions 

while lying down, these regions are at risk while seated. Because of the prevalence of PIs, it is 

important to understand the anatomy in these regions.  

The lower back and buttocks regions consist of the pelvis and inferior aspects of the sacrum 

and coccyx encompassed by several layers of muscle, fat, and skin. The three regions of the pelvis 

are the ilium, pubis, and ischium. There are several bony landmarks on the pelvis. In the ilium, 

there is the anterior superior iliac spine (ASIS), anterior inferior iliac spine (AIIS), posterior 

superior iliac spine (PSIS), and posterior inferior iliac spine (PIIS). In the pubis, there is the pubic 

tubercle. The ischial tuberosity is on the ischium (Figure 1.2). 

 

Figure 1.2 Lateral view of the right half of the pelvis with bony prominences labelled within 

their respective regions. The ilium is on the top, the pubis is in the bottom right, and the 

ischium is in the bottom left. PIs commonly form around bony prominences, such as the 

ischial tuberosity  
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Origins of the muscles in the buttocks are on the ilium and ischium of the pelvis, as well 

as the sacrum. Buttocks muscles originating on the ilium include the gluteus maximus, medius, 

and minimus. The gluteus minimus and medius insert on the greater trochanter, while the gluteus 

maximus inserts on the posterior femur. Muscles deep to the gluteal muscles that originate on the 

ischium (called lateral hip rotators) are the superior and inferior gemelli, quadratus femoris, and 

obturator internus, which insert on the greater trochanter. The piriformis originates on the sacrum, 

ultimately inserting on the greater trochanter as well (Figure 1.3). The gluteus maximus is the only 

muscle that overlays the ischial tuberosity and carries the most load while in the seated posture. 

Though there is adipose tissue as well, it is the only layer of muscle separating bone and skin over 

the ischial tuberosity [75]. The sacrum also has only a thin layer of muscle overlaying the bone.  

 

Figure 1.3 Buttock muscle origins and insertions. The regions around the ischial tuberosity, 

coccyx, greater trochanter, and sacrum, circled, carry the most load while seated and are 

especially prone to PIs 

 

Origins of the muscles in the thighs are on the ilium, pubis, ischium, femurs, and ischial 

tuberosities (Figure 1.4). Several of the muscles have multiple origins and/or insertions. As 

mentioned before, the gluteus medius and maximus originate on the ilium and insert on the femur. 
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Adductor magnus and gracilis originate on both the pubis and ischium and insert on the femur and 

tibia, respectively. Vastus lateralis originates on the femur and inserts on the tibia, while one head 

of the biceps femoris originates on the femur and inserts on the fibula. The second head of the 

biceps femoris, the semitendinosus, the semimembranosus, and part of the adductor magnus 

originate on the ischial tuberosity and insert on the fibula, tibia (both semitendinosus and 

semimembranosus), and femur, respectively. The ischial tuberosities  are bony prominences of the 

buttocks that are covered by or attached to muscles in the buttocks and thighs, and the surrounding 

tissues are prone to PI formation [17], [33]. Though there is not muscle tissue covering the popliteal 

fossae of the knees, the tendons of the gracilis, vastus lateralis, biceps femoris, semitendinosus, 

and semimembranosus all cover the region, where PIs may also occur [70]–[74].  

 

Figure 1.4 Thigh muscle origins and insertions. The ischial tuberosities and greater 

trochanter (circled) are prone to PI formation and are covered by the thigh muscles, as 

shown 
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Anatomical Changes in the Buttock and Thigh Soft Tissue 

Spinal Cord Injury 

 Anatomical changes to the tissue in the lower limbs (buttocks and thighs) have been 

documented for those who have a SCI. Changes in skeletal muscle cross sectional area are rapid 

in patients with SCIs, whether they have complete or incomplete injuries. While both types of 

injuries cause muscle atrophy, it is exacerbated in people with complete SCIs, with as much as a 

45% decrease in the area of skeletal muscle within the first six weeks post injury [76], [77]. These 

changes in cross sectional area have been confirmed using both MRIs and CT scans [78]. SCI also 

leads to adipose tissue infiltrating lower limb muscles, which can affect their ability to contract 

regardless of the classification of the SCI [79], [80]. Further changes to lower limb muscle tissue 

include a gradual change of type 1 (oxidative) muscle fibers to type 2 (glycolytic) muscle fibers 

post-injury [81]. All these tissue changes, especially the deterioration of muscle in terms of 

quantity and quality, increase internal tissue stresses when the tissue is loaded and increase the risk 

of PI formation [82], [83]. 

 

Aging 

 As people age, the soft tissue in their buttocks undergoes changes in structure. X-ray scans 

have shown that the cross-sectional area of skeletal muscles peaks between the ages of 30 and 50, 

after which muscle size generally decreases due to decreases in hormonal production and physical 

activity [84], [85]. The skeletal muscle cross sectional area of elderly individuals is about 40% 

smaller than the area of individuals in the peak age range [86]. In addition to the muscles physically 

getting smaller as individuals age, their ability to exert forces diminishes as well, which is in part 

a result of the reduction in size and number of type 2 muscle fibers with aging [87]–[89]. Similarly 
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to individuals with SCIs, these tissue changes put the tissue at risk of PI formation due to increased 

tissue stresses when loaded. 

 

Risk Factors for Pressure Injuries 

Scales have been created to assess the risk of PI development. These include the Norton, 

Waterlow, and Braden Q scales, but by far the most widely used tool is the Braden Scale [90], 

[91]. The Braden Scale has six risk categories, where lower scores in each of the categories 

indicates a higher risk of PI development. Figure 1.5 shows the six categories: sensory perception, 

mobility, activity, moisture, nutrition, and friction/shear [33], [66]. Research into the prevention 

of PIs has largely focused on reducing the risk in those six areas. Thus, reducing PI risk involves 

increasing sensory perception, mobility, activity, and nutrition levels while decreasing moisture 

and friction/shear. This section focuses on the mechanical aspects of the Braden Scale, namely 

mobility, activity, and friction/shear, which are directly linked to the research conducted for this 

dissertation. Moisture will be discussed briefly as part of current research into the effects of 

microclimate on PI development. 

Individuals with decreased mobility are at an increased risk of developing PIs. Elderly 

people are at an increased risk, particularly wheelchair users and the bedridden individuals [60]. 

Those with SCIs have an elevated risk of experiencing PIs as well; and the risk of developing a PI 

scales with the severity of the injury. Studies show that there are not just two categories, “low risk” 

and “high risk”; rather, mobility is a continuous spectrum and that less mobility leads to higher 

risk of PI formation. 
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Sensory Perception – ability to respond meaningfully to pressure-related discomfort 

1. Completely Limited – 

Unresponsive to painful 

stimuli, due to diminished 

level of consciousness 

2. Very Limited – Responds 

only to painful stimuli. 

Conveys discomfort only by 

restlessness  

3. Slightly Limited – 

Responds to verbal 

commands but cannot 

always convey discomfort 

4. No Impairment – 

Responds to verbal 

commands. Has no sensory 

deficit  

Moisture – degree to which skin is exposed to moisture 

1. Constantly Moist – Skin 

is moist constantly by sweat, 

urine, etc. Dampness every 

time the patient is moved 

2. Very Moist – Skin is 

often, but not always moist. 

Linen must be changed at 

least once a shift 

3. Occasionally Moist – 

Skin is occasionally moist, 

requiring an extra linen 

change once a day 

4. Rarely Moist – Skin is 

usually dry, linen only 

requires changing at routing 

intervals 

Activity – degree of physical activity 

1. Bedfast – Confined to bed 2. Chairfast – Ability to 

walk severely limited or 

non-existent. Cannot bear 

own weight and/or must be 

assisted into chair or 

wheelchair 

3. Walks occasionally – 

walks occasionally during 

day, but short distances, with 

or without assistance. 

Spends most time in bed or 

chair 

4. Walks frequently – 

Walks outside room at least 

twice a day and inside room 

at least once every two hours 

during waking hours. 

Mobility – ability to change and control body position 

1. Completely Immobile – 

Does not make any changes 

in body position without 

assistance 

2. Very Limited – Makes 

occasional slight changes in 

body position but unable to 

make frequent changes 

3. Slightly Limited – Makes 

frequent though slight 

changes in body or extremity 

position independently  

4. No Limitation – Makes 

major and frequent changes 

in position without 

assistance 

Nutrition – usual food intake pattern 

1. Very Poor – Never eats a 

complete meal. Rarely eats 

more than ½ of any food 

offered. Eats 2 servings or 

less of protein per day. Does 

not take a liquid supplement  

2. Probably Inadequate – 

Rarely eats a complete meal 

and generally eats ½ of food 

offered. 3 servings of protein 

per day. Occasionally takes a 

supplement  

3. Adequate – Eats over ½ 

of most meals. Eats 4 

servings of protein per day. 

Occasionally will refuse a 

meal, but will usually take a 

supplement when offered  

4. Excellent – Eats most of 

every meal. Usually eats 4 or 

more servings of protein per 

day. Occasionally eats 

between meals. Does not 

require supplementation. 

Friction & Shear  

1. Problem – Needs at least 

moderate help to move. 

Cannot lift without sliding 

against sheets. Slides in bed 

or chair, needing 

repositioning with help. 

Spasticity, contractures or 

agitation leads to constant 

friction.  

2. Potential Problem – 

Moves feebly or requires 

help. While moving, skin 

slides to some extent against 

sheets, chair, etc. Maintains 

relatively good position in 

chair or bed most of the time 

but occasionally slides. 

3. No Apparent Problem – 

Moves in bed and in chair 

independently and has 

sufficient muscle strength to 

lift up completely during 

move. Maintains good 

position in bed or chair.  

4. N/A 

Figure 1.5 Sample Braden Scale assessment sheet. Lowers in any of the six categories 

indicate higher risk for developing a PI. Categories shaded in blue are addressed in this 

research 
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 Activity level is another factor that affects the risk of an individual acquiring a PI. Reduced 

activity, such as that seen in individuals with chronic pain, can increase the likelihood of obtaining 

a PI [92]. Using an assistive device may also directly contribute to PI risk [24]. Over half of elderly 

individuals and people with SCIs report chronic pain. Further, a quarter of elderly people use an 

assistive device to ambulate and experience some trouble walking, while almost every individual 

with a SCI uses an assistive device [93]–[95]. Therefore, both chronic pain and assistive device 

use are factors that contribute PI risk in both populations via decreased mobility. This decrease in 

mobility has led to deceased activity levels in both populations, which contributes to the high PI 

prevalence  [96], [97]. 

Friction and shear force (force parallel to the skin) are cited as risk factors for the 

development of PIs  in 1) the Braden scale, 2) literature that predates the Braden scale, and 3) in 

subsequent literature [98], [99]. This is in part due to the reduction in blood perfusion in the tissue 

when shear force is applied [28], [100]–[102]. Yet both normal forces (forces perpendicular to the 

skin) and shear forces are capable of reducing the blood perfusion in the loaded tissue, so both 

should be considered as risk factors for PI development [100]. Animal research has shown that 

soft tissues are able to sustain normal loads greater than 45 kilopascals as long as they are 

intermittently relieved, whereas loads as small as 9 kilopascals have been shown to cause tissue 

damage if sustained for two hours without relief [103]–[107]. Pressures of 32 kilopascals can start 

causing tissue damage if they are sustained for longer than 15 minutes [106]. This value of pressure 

is clinically significant because the peak normal pressures on the buttocks of seated individuals is 

about 28 kilopascals, indicating a risk of tissue damage within the first two hours if the pressure is 

not relieved [108]–[112].  
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 Microclimate is a relatively new area of study that describes the environment surrounding 

a PI, with particular emphasis on the humidity and temperature of the region around the wound. 

The microclimate around the wound has several effects on the tissue. For example, increasing 

either the temperature or humidity of the microclimate increases the coefficient of friction between 

skin and fabric [113]–[116]. In addition to increasing the coefficient of friction, increasing the 

temperature and humidity decreases the stiffness and ultimate strength of skin. Because of these 

effects of temperature and humidity, there have been several attempts to control the microclimate 

around areas that are prone to PI formation. One such study investigated the use of Dartex, 

spandex, and incontinence (moisture-blocking) covers to control temperature and moisture of the 

ischial region of the buttocks but found no clear benefits [117]. Another study investigated the use 

of an insert between the buttocks and cushion, which had limited effects on both temperature and 

humidity [118]. As there has yet to be any cushion, insert, or cover that significantly decreases 

temperature and moisture, there is still a need for equipment that keeps the ischial region cool and 

dry. 

 

Mechanisms of PI Development 

 Multiple theories have been proposed to explain the mechanism of tissue death. There is 

evidence that the origins of PIs within tissues are related to the normal and shear pressures applied 

to the tissue. Shear pressures have been stated to cause superficial injuries in the skin, and normal 

pressures are believed to cause deep tissue injuries in the muscle [27]. Within the affected tissue, 

there are several mechanisms by which the pressures can cause necrosis.  

Occlusion of blood perfusion to soft tissue has been observed with normal pressures as 

small as 12 kilopascals [119]. Including shear pressure in addition to normal pressure augments 
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the effect of normal pressure on blood perfusion occlusion [101], [120]. Without blood perfusion, 

the tissue does not receive oxygen and thus undergoes anaerobic respiration to produce energy. 

Anaerobic respiration produces lactic acid as waste, which builds up in the tissue since there is no 

blood perfusion to carry the lactic acid away from the tissue, lowering the pH of the tissue. This 

lack of oxygen and lowered pH causes tissue necrosis over time, even with relatively small applied 

pressures [121].  

In the same way that blood perfusion may be occluded by sustained pressures, the 

lymphatic system is also affected. Cellular waste that is not transported through the cardiovascular 

system may be transported through the lymphatic system. However, this system is also disrupted 

by applied pressures. Interstitial fluid is the fluid in the body that is neither within the cells nor the 

cardiovascular system. The lymphatic system normally maintains the interstitial fluid when the 

soft tissue is not loaded. However, a 10% increase of interstitial fluid per unit of muscle volume 

has been seen in subjects with external load sustained on their soft tissue. The pressures on the 

tissues result in reduced interstitial fluid flow, leaving more cellular waste in the tissue, eventually 

causing tissue damage [26]. 

PI development can occur quickly with direct compression of the tissue as well. Large 

amounts (greater than 32 kilopascals) of normal pressure on the tissue can initiate changes in the 

tissue within as little as 15 minutes. When tissue is compressed to 40% of its original size for one 

hour, necrosis can occur; and when tissue is compressed to 55% of its original size, necrosis can 

happen in less than five hours [26]. These results align with those previously reported, giving a 

time frame for cell death between one and two hours [105], [106].  
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Regardless of the mechanism of tissue necrosis, the underlying cause of it is the presence 

of external loads. These loads result in internal stresses, which in turn cause occlusion of the 

cardiovascular and lymphatic systems as well as tissue deformation [26].  

 

Shear Forces 

 While the effects of normal forces on the soft tissue have been widely studied with respect 

to the issue of PIs, shear forces have been examined in a relatively small number of studies. The 

idea that shear forces may have a role in PI formation has been around for over half a century, and 

has been reaffirmed by its inclusion in the Braden Scale and recent studies that suggest reducing 

shear force may be the most effective way to reduce PIs [91], [98], [101], [122], [123]. There were 

numerous studies that investigated the effects of external shear force on the perfusion and 

vasculature of the skin [28], [101], [120], [124]. However, none of these studies focused on the 

perfusion of thigh and buttock tissue while seated.   

Studies investigating the effects of seated shear load on the buttocks and thighs are lacking. 

One study investigated the effects of posture on the shear forces on the buttocks and thighs while 

seated [125]. Yet this study only investigated the gross shear force on the buttocks and thighs 

together while seated, so the shear on individual regions could not be estimated. Even in the most 

advanced experimental chair designs used to quantify the seat pan-soft tissue interaction have 

limitations with regards to their ability to measure shear force [126]. There has yet to be an 

investigation into the effects of shear forces on the blood perfusion in the buttocks and thighs while 

seated; and this includes shear forces in different postures. Posture change has been shown to affect 

both normal and shear forces, but the effects on blood perfusion due to those changes is not 

available in the literature [125]. Therefore, it is necessary to describe the interaction between 
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posture change, shear force measurements, and blood perfusion measurements and then leverage 

that interaction to prevent PIs.     

 

Medical Attention for Pressure Injuries 

Treatment 

Several methods have been used clinically to treat PIs. Stage one injuries heal the fastest 

(16.9 days on average), and stage four injuries can take up to 22 weeks on average to heal [14], 

[16]. Regardless of the type of treatment, the wound area is always offloaded [127]. Wounds are 

first cleaned and debrided of any dead tissue  [128]. After cleaning, antibiotics and several topical 

treatments are applied to reduce the amount of time needed for healing to occur [129]. Among 

them are collagen, hydrofoam, hydropolymer, and hydrocolloid dressings, which have been shown 

to decrease time to healing for  injuries [130]–[132]. Alginate and silver nano particle dressings 

have been used, although less frequently. Negative pressures and electric stimulation have also 

been applied topically to wounds to create a more hospitable healing environment [133]. In 

addition to surface treatments, nutritional supplements like collagen peptides have shown some 

benefit to PI recovery [134]. In serious cases, surgery may be used to excise the injured tissue 

surrounding the PI, and the wound may be covered by a flap of healthy tissue from the surrounding 

area [128], [135].  

 

Prevention 

 There are several measures that are currently taken to prevent the occurrence of PIs, as 

prevention is more desirable than treatment. The cost of PI prevention in inpatient facilities is 

actually less expensive than treatment [136]. Further, prevention of a PI is more desirable than 
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treatment from a patient care perspective. In a clinical setting, prevention includes a daily risk 

assessment, nutrition assessment, consistent repositioning, the use of specialized support surfaces, 

prophylactic dressing, and moisture/incontinence control [129], [133], [137]–[142]. Some of these 

prevention strategies were shown to lead to lower PI incidence and reduced healthcare costs [90], 

[136], [143]. If carefully implemented, prevention measures have, in some cases, been shown to 

eliminate the incidence of PIs in inpatient settings [54], [144]. These strategies become especially 

important after surgery, when the risk of PI development can be mitigated by properly dressing 

the area on which the operation occurred as well as areas that commonly experience large loads 

[145]. Pressure relieving equipment (such as an adjustable bed) has also been introduced in 

inpatient settings, however the equipment is not as effective as increased time with nurses [138], 

[146].  Prevention not only reduces the cost of healthcare, but it saves the patients time in the 

hospital because they do not have to recover from a PI. 

 Outpatient modalities of PI prevention have focused on pressure relieving wheelchair 

cushions, wheelchairs adjustments, and pressure-relieving movements carried out by the user. 

Specialized cushions have shown promise in reducing the incidence of PI in wheelchair users but 

have not eliminated the issue altogether [21], [133], [147]. Among the innovations in pressure 

reducing seat cushions are developments in contoured cushions that are molded to the wheelchair 

users’ buttocks, modular cushions with areas of varying stiffness or materials, and dynamic 

cushions with air bladders that inflate sections of the cushion to be loaded while deflating sections 

of the cushion to be offloaded [148]–[157]. Common measurements used to determine the 

effectiveness of cushions are contact area, mean pressure, and peak pressure [5], [111], [158]. 

Increasing area of contact and decreasing mean and peak pressure are generally considered 

desirable to reduce the risk of PIs. Pressure relieving cushions have been able to reduce the peak 
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pressures in the buttocks by up to 40%, but they have been unable to reduce the pressure on the 

buttocks to less than 32 millimeters of mercury, which is the intra-arteriolar pressure [159], [160]. 

Thus, these cushions have not eliminated the risk of blood vessel occlusion nor the risk of PIs.  

 In general, chair adjustments such as whole body tilt and back recline are the most utilized 

ways of relieving pressure on the buttocks [2]. Whole body tilt describes a simultaneous rotation 

of the chair back and seat pan that results in the seated individual facing upward. Tilting has been 

shown to decrease pressures and improve blood perfusion in the buttocks if the whole body is tilted 

by at least 35° [161]. However, this angle of tilt is often impractical for everyday tasks and makes 

interactions with other people more difficult for the chair user. Furthermore, it increases the 

pressure on the lower back, another location where PIs often occur [16], [63], [125]. Recline has 

been shown to reduce the normal force on the buttocks while seated, but has also shown an increase 

in shear force on the same area, thus decreasing one risk factor for PI development while increasing 

another [108], [162].  

Load relieving movements carried out by the seated individual have also been evaluated 

for use in outpatient settings and daily life, provided that the person has enough strength and 

mobility to perform them. Movements like forward and lateral trunk tilt have been introduced as 

a means by which chair occupants may offload regions of their buttocks. Forward bending of the 

trunk has been shown to reduce peak pressures on the buttocks by approximately 10% [125]. 

Meanwhile, lateral trunk tilt offloads the contralateral side of the body, but tissues in the ipsilateral 

side of the body experience pressures that can put them at risk for PI development [20], [108], 

[163]. Other movements that completely offload the buttocks, such as the wheelchair user lifting 

themselves off of their cushion (a wheelchair pushup), have been proposed. But the lift has to be 
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held for almost two minutes for blood perfusion to return to pre-loaded levels, and can thus be 

difficult to perform [164]. 

 

Experimental Methods for Pressure Reduction 

Existing PI prevention strategies have reduced the prevalence of PIs, however they have 

not been able to eliminate the risk of PIs altogether [9], [12]. As PIs are still a significant issue for 

many people, there are ongoing efforts to further diminish the risk of PI development. Many of 

these efforts are focused on modifications of the chairs on which people sit or changing the 

interfaces between the seated people and the chairs. In many cases, these modifications are 

tantamount to updates to currently existing technologies and PI prevention strategies.  

 

Pressure Relieving Cushions 

Cushions affect the peak pressure on the buttocks and thighs while seated. Peak pressure 

on the soft tissue in the buttocks and thighs while seated has been an indicator of the risk for PI 

development, and two cushion-dependent mechanisms have been found to increase the peak 

pressure on those regions while seated [62]. If a cushion is too stiff, the cushion will not distribute 

the pressure on the buttocks and thighs, creating a pressure concentration near the bony 

prominences. If a cushion is too soft, bony areas sink into the cushion until it “bottoms out”, or is 

not able to be compressed anymore. Once the cushion “bottoms out”, it will no longer distribute 

pressure over the compressed areas, once again creating a pressure concentration near bony 

prominences on the buttocks and thighs. Therefore, there is an optimal stiffness for a cushion used 

in seating, where the cushion distributes pressure without bottoming out [165]. A limitation of the 

optimal stiffness found in this study is that all the participants in the study were able-bodied. This 
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limitation is significant because studies have shown individuals with SCIs have larger pressure 

concentrations on bony prominences and different anatomies while seated relative to able-bodied 

individuals [77], [79], [108], [160]. Because of this, it is imperative to optimize cushion material 

properties to reduce the risk of PIs in high-risk populations, such as those with SCIs. 

Shear pressure has also been noted as a risk factor for PI development, and there is a need 

to reduce shear pressure on the buttocks and thighs while seated [91], [143], [166]. One avenue by 

which shear pressure can be reduced is by the introduction of a shear reducing cushion cover. 

Though reducing shear with a cushion cover may be a viable strategy, research on new shear 

reducing cushion covers is limited. There have been studies on the effects of seated posture on 

shear [4], [167]. There have been studies on the effects of skin microclimate on shear [113]–[115]. 

Yet there have been very few studies on the effects of shear reducing cushion covers. To the extent 

that shear reducing cushion covers have been studied, one recent cover mechanism was able to 

reduce shear pressure while adjusting to a reclined posture relative to a control cover [168]. 

However, the mechanism actually increased shear pressure while in the reclined posture relative 

to the control cover. Since seated individuals spend more time in a static posture than switching 

between postures, this mechanism is limited. Due to the lack of research in shear reducing cushion 

covers, there is a clear need to improve upon existing cushion covers to reduce the shear, and thus 

the PI risk, in seated individuals. 

 

Finite Element Evaluations of Internal Stress 

Finite element models evaluate the effects of normal and shear forces by considering the 

entire model as a group of smaller, connected pieces that transmit load to one another. Each piece 

in the model deforms based on inputs, such as the geometry of the model, the material of the model, 
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and the normal and shear forces applied. Finite element models have been used to evaluate PI 

prevention strategies. Such models investigated the effects of changing the material properties or 

shapes of the specialized cushions used to prevent PIs [169]–[173]. There have been vast 

improvements in some model inputs, like anatomically correct 3-D model geometry. However, 

accurate in-vivo material properties of tissues are still needed to improve models’ accuracy. 

 

Advances in Geometry 

 There have been improvements in the techniques used to create the geometry of finite 

element models, which have advanced from two-dimensional to three-dimensional models [18], 

[174], [175]. Two-dimensional models were used to show how slices of the thighs and buttocks 

responded while under seated load and evaluated how changes in posture affected the load [20], 

[174]. However, it has been shown that material properties and internal stress of the tissue differ 

when considering two dimensional slices and a full three-dimensional model [10], [19]. Patient-

specific three-dimensional finite element models either used a homogeneous material to represent 

the soft tissue or utilized a more detailed geometry captured by MRI [18], [175]–[182]. Regardless 

of the model geometry, there was a noted lack of realistic material properties for in-vivo human 

soft tissues in the seated position.  

A relatively new consideration in finite element modeling has been to investigate how 

external pressures affected internal anatomical structures, such as vasculature. Previously, the 

geometry of the vasculature had been ignored, but recently one area under investigation has been 

the skin and its blood vessels. Numerous finite element models investigated the change in cross 

sectional area and blood flow of blood vessels after normal stress was applied by using fractal 

patterns to model the geometry of the vasculature [183]–[185]. Some models evaluated the effect 
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of shear force and friction on vessel size and blood flow [183]. However, authors of these studies 

noted that the properties of skin varied greatly depending on the storage and testing conditions, 

highlighting again the need for accurate material properties. Despite the lack of appropriate 

material properties for skin, models provided insight into the amount of external pressure that may 

cause blood flow occlusion. 

 

Descriptions of Soft Tissue: Linear Elastic Models 

 The behaviors of materials, such as soft tissues, are described by material models when 

using finite element programs. The choice of material models used to represent materials is of the 

utmost importance when the goal is to have accurate evaluations of internal stresses and 

deformations via finite element modeling.  

 The simplest material model used is a linear elastic model, where the internal stress is 

directly proportional to strain in the material. Strain is represented by Ɛ and defined as follows: 

𝑠𝑡𝑟𝑎𝑖𝑛 = 𝜖 =
𝑛𝑒𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 − 𝑜𝑙𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑜𝑙𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 

This type of material behavior was popular due to its simplicity. Because of its simplicity, 

investigators used linear elastic behavior to represent the tissue in the thighs and buttocks in models 

dating back to the 1970s [186]. Models used linear elastic representations of tissue to determine 

stresses in the buttocks while lying in the supine position [187]. Further, investigations using linear 

elastic material properties for tissues obtained results like those showing an increase in the 

thickness of a cushion to more than eight centimeters did not improve the pressure distribution 

abilities of the cushion [188]. More recent uses of linear elastic materials to represent the soft tissue 

took advantage of the material’s simplicity to monitor the internal stresses in the soft tissue in real-

(Eq. 1.1) 
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time [189]. However, it was largely determined that soft tissue was not accurately represented by 

linear elastic materials, meaning that most recent finite element models did not consider linear 

elastic materials to represent soft tissue [190]. 

  

Descriptions of Soft Tissue: Hyperelastic Models 

Most researchers started using hyperelastic material models to represent soft tissues. The 

equations that represent common hyperelastic models can be found in Table 1.1. To determine the 

relationship between the stress and the deformation for any hyperelastic material, the derivative of 

the potential function must be taken with respect to the stretch of the material. Eqs. 1.2 and 1.3 

show how the stretch and the stress are determined, respectively: 

𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 𝜆 =
𝑛𝑒𝑤 𝑙𝑒𝑛𝑔𝑡ℎ

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
  

𝑠𝑡𝑟𝑒𝑠𝑠 =  𝜎𝑖 = 𝐽−1𝜆𝑖 

𝑑Ψ

𝑑𝜆𝑖
 

In the equation for stress, the subscript ‘i’ is used to denote that the stress can be found in any of 

the three principle directions by substituting either 1, 2, or 3 in for ‘i', J is the determinant of the 

Right Cauchy Green Strain tensor, and λ is a stretch in a principle direction. σ is the stress in a 

given direction, and Ψ is the strain energy function of the material model. When considering soft 

tissues with these material models, the Yeoh, Ogden, and Martins models were shown to best fit 

the uniaxial compression data from soft tissues, supporting their use for soft tissue representation 

[10], [191]. 

 Despite their relatively poor performances with respect to the other material models, the 

Neo-Hookean and Mooney-Rivlin materials have been employed in several situations. Both Neo-

(Eq. 1.2) 

(Eq. 1.3) 
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Hookean and Mooney-Rivlin representations of soft tissue were used to show that the highest 

stresses in the buttocks while seated were found in the muscle tissue near the ischial tuberosity 

[192]–[194]. Neo-Hookean materials were further used to show that stresses in the buttock tissue 

were in general lower for individuals within a normal body mass index range versus those in the 

low or high range [195]. Modifications to Neo-Hookean materials included damage components 

to show how the stiffening of the soft tissue as it encounters injury can create further stress 

concentrations in the surrounding tissue [196].  

The Odgen material model performed well in describing the behavior of soft tissue, and 

has also been used in various investigations into the response of soft tissue while seated [10], [197]. 

Ogden materials have been used for over twenty years, spanning models that have been two 

dimensional up until recent models that use anatomically accurate three-dimensional geometries 

gathered from magnetic resonance images [18], [174]. A sensitivity analysis showed that the 

internal stresses evaluated by finite element models strongly relied on the material parameters used 

to inform the material [198]. This last study indicated the importance of carefully selected material 

parameters based on accurate experimental data to achieve realistic internal stress values. 

 

Descriptions of Soft Tissue: Poro/Viscoelastic Models 

 Poroelastic and viscoelastic material models considered the time-dependent properties of 

materials. Like other types of materials, poroelastic and viscoelastic materials showed that the 

largest stresses in the buttocks and thighs while seated were in the muscle layers near the ischial 

tuberosities [199], [200]. Poroelastic and viscoelastic models also showed the benefits of using 

contoured versus flat cushions [201], that individuals with SCI experience larger stresses and 
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stretches in the buttocks while seated [82], and were used to explore the response of muscle tissue 

to vibration [202]. 

Table 1.1 Material models and their strain energy  functions, with their parameters and 

dependence on the material deformation listed [191] 

Material 

Name 
Potential Function 

Material 

Parameters 

Dependence on 

Deformation 

Mooney-

Rivlin 
𝛹 =

𝜇1

2
(𝐼1 − 3) −

𝜇2

2
(𝐼2 − 3) μ1and μ2 

Invariants of Right Cauchy 

Green Strain Tensor 

Yeoh Ψ =  ∑ 𝑐𝑖(𝐼1 − 3)𝑖

3

𝑖=1

 c1, c2, and c3 
First invariant of Right 

Cauchy Green Strain 

Tensor 

Neo-Hookean Ψ = 𝑐1(𝐼1 − 3) c1 
First invariant of Right 

Cauchy Green Strain 

Tensor 

Ogden Ψ =  ∑
𝜇𝑖

𝛼𝑖

(𝜆1
𝛼𝑖 + 𝜆2

𝛼𝑖 + 𝜆3
𝛼𝑖

𝑁

𝑖=1

− 3) μ and α Principle stretches 

Humphrey Ψ = 𝑐(𝑒𝑄 − 1) Q 
Right Cauchy Green 

Stretch Tensor 

Martins Ψ = 𝑐(𝑒𝑏(𝐼1−3) − 1) +  𝐴(𝑒𝑎(𝜆1−1)2
− 1) a, b, c, and A 

Principle stretch and first 

invariant of Right Cauchy 

Green Stretch Tensor 

Veronda-

Westmann 
Ψ = 𝑐1[𝑒𝛼(𝐼1−3) − 1] − 𝑐2(𝐼2 − 3) + 𝑔(𝐼3) c1, c2, and α 

Invariants of Right Cauchy 

Green Stretch Tensor 

 

Experimental Determination of Material Parameters 

 Regardless of the material model used to describe the soft tissue in the human body, 

experimental data were needed to verify the material properties of the tissue used in the models. 

Several of the finite element studies in the previous sections noted the dependence of internal stress 

evaluations on the appropriate selection of material model and material properties [191], [195], 

[198]. Of particular importance to the research performed for this dissertation is the need for 

material properties that accurately represent in-vivo human tissue while seated. These properties 



 

28 

 

are critical to represent the internal stresses in wheelchair users, however current material property 

data were collected from animals or humans in limited, specific situations.  

 

Animal Studies 

Material properties obtained from the mechanical testing of animal tissue were commonly 

used to inform finite element models that evaluate stresses in human tissue. Particularly common 

were studies that determined the material properties of soft tissue in rats and pigs. Investigations 

into the material properties of the rat soft tissue were able to determine the properties of rat muscle 

tissue independently [177], [203]. Additionally, material properties from rat soft tissue were used 

in several finite element models [175], [198]. Material property data from pigs were also collected 

and used in some of the most recent finite element models [18], [195], [204]. These animal data 

have been used to inform finite element models. But it has been noted that changes in the material 

parameter values, especially relative changes between fat and muscle, significantly impacted 

stresses and deformations in the respective tissues [204]. Therefore, there is a need to determine 

the material properties of human soft tissue to improve the accuracy of evaluations made with 

finite element models. 

 

Human Studies 

 Data on the force and deflection of human soft tissue has been collected using various 

methods. However, there have been limitations in terms of their usefulness in representing the 

buttocks and thighs while seated. A few investigations of the force and deflection responses of the 

buttocks occurred while participants were laying down. There were indentation tests of the 

buttocks as well as force and deflection measurements taken through digital image correlation 
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[23], [205]–[209]. These data are limited in their usefulness in the seated position due to the fact 

that both the muscle thickness and tension in the gluteal muscles are different in the seated position 

with respect to lying down [210], [211]. An additional limitation to the data collected through 

digital image correlation was that the data were collected included only a few points, meaning 

there were not many (in some cases, only two) data points with which to fit the material model’s 

parameters. Given that tissue is a nonlinear material, numerous data points are required to 

accurately fit parameters. The most recent investigations into the deformation of soft tissue in the 

buttocks while seated used magnetic resonance images to collect soft tissue deflection while in the 

seated position while loaded versus unloaded. While the deflections seen were accurate, there were 

only two load states considered, and only six males were included in the study [212]. So, a major 

flaw in this investigation was its attempt to characterize a nonlinear material using two data points 

and the single gender represented by the data. To more accurately represent the soft tissue of the 

buttocks while seated, more participants are required, particularly including both males and 

females, and more data points are needed while people are in the seated position. More data points 

per individual will allow for more accurate recreations of force-deflection curves in soft tissue 

while seated.   
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CHAPTER 2: THE EFFECTS OF BODY POSITION ON THE MATERIAL PROPERTIES 

OF SOFT TISSUE IN THE HUMAN THIGH 

 

The contents of this chapter were originally published in the Journal of Mechanical Behavior of 

Biomedical Materials. 

 

J. Scott, S. Chen, S. Roccabianca, and T. R. Bush, “The effects of body position on the material 

properties of soft tissue in the human thigh,” J. Mech. Behav. Biomed. Mater., vol. 110, 2020, 

doi: 10.1016/j.jmbbm.2020.103964.  

 

Introduction 

The number of people who have experienced PIs is staggering, creating a substantial 

financial burden for both individuals and society at large. Prevalence rates of PIs have been shown 

to be extremely high, depending on the setting. Approximately 40% of patients with spinal cord 

injuries (SCI) experienced PIs during rehabilitation [17]. 47% of wheelchair users in long-term 

care facilities had PIs [7]. Furthermore, over 60% of individuals who were admitted into geriatric 

care facilities had at least one pre-existing PI [11]. Because an average PI incurs over $35,000 in 

healthcare costs, PIs have added as much as $1.3 billion to medical expenses each year in the 

United States [13], [64], [111]. Half of these injuries were on the thigh or buttock regions, meaning 

that understanding the conditions leading to PIs in those areas is critical to reducing the risk and 

the cost [6], [16], [62], [147].  

While the cellular mechanism of PI development is still undetermined, it has been generally 

agreed upon that internal stresses in the tissue were factors in PI development [26], [106], [213], 

[214]. Such stresses were reported in the thighs and buttocks while seated [106], [213]. Over time, 
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these stresses may cause stress-induced necrosis, vascular damage, reduced interstitial flow, and 

hypoxia due to a reduced volume of blood in the tissue. All of these potential mechanisms of PI 

formation are caused by internal stress [26], [27], [102], [215].  

Finite element models have used the material properties of the buttocks and thighs to 

predict internal stresses that occur under seated loading conditions. Yet, determining appropriate 

material properties for use in these has been difficult. Some finite element models used tissue 

properties obtained from experiments on animals [191], [192], [198], [203], [216], [217]. More 

recently, in vivo indentation tests have been conducted to find the strains caused by forces applied 

to the human thighs and buttocks [207], [208]. However, there are significant limitations to these 

studies. Some used only two load states, unloaded and fully loaded, to obtain the material 

properties of the tissue. Two load states are not adequate because soft biological tissues are 

nonlinear materials, meaning that more than two load points are necessary for accurate material 

descriptions [191], [218]. However, there have been several models that have utilized material 

descriptions based on two loading states [18], [192], [216]. Other experimental studies have 

collected data with individuals in the prone or supine position [23], [205], [208], [219]. These 

positions have different knee and hip articulations as compared to the seated position; and joint 

articulations have been shown to affect the tensions in the tendons and the muscles, so it is likely 

that in vivo material properties will differ with body position [211], [220].  Furthermore, tissue 

thickness in the buttock region depends on the hip articulation, meaning that the same external 

loading on the soft tissue will not result in the same internal loading pattern when seated versus 

laying down [210].  

Because wheelchair users are at an elevated risk for PI development in their thighs and 

buttocks while seated, accurate in vivo material descriptions for these tissues are needed. Testing 



 

32 

 

in the seated position is ideal, yet significant challenges exist with respect to obtaining the material 

properties of wheelchair users in a seated position. The authors conducted force-deflection testing 

on the buttocks and thighs in an elevated lab chair [10], [221]. That protocol required removing 

sections of the seat pan to expose the regions of interest, which reduced the stability of the person 

in the chair and called for balance and core strength that not every wheelchair user has. In addition, 

repeatedly transferring into and out of the elevated lab chair, as required by the mechanical testing 

protocol, was problematic for this population. The combination of those challenges makes testing 

in the seated position impossible for some wheelchair users, so developing a protocol for an 

alternative position is imperative. 

The supported quadruped (crawling) position is common in physical therapy for wheelchair 

users and has the same knee and hip articulations as the seated position, making it a candidate for 

the data collection from wheelchair users. This position has the thigh and buttocks regions exposed 

for taking measurements, has a similar body configuration relative to the seated position, and many 

wheelchair users have experienced it while in physical therapy. Therefore, the supported 

quadruped position was included with the prone and seated positions for our experimental tests.  

A need exists for in vivo material property data representing the thigh and buttocks region 

while in a seated or “seat-like” position. Previous work has obtained material property data for the 

thighs and buttocks with able-bodied individuals in the prone or supine positions, and these data 

have been used as an analog for the seated thighs and buttocks despite potential discrepancies 

[207], [208]. As such, the goals of this research were to determine and compare the material 

properties of the soft tissue in the thigh in the seated, quadruped, and prone positions. 
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Methods 

Participant Recruitment 

20 able-bodied individuals (10 males and 10 females) volunteered to participate in this 

study, which was approved by the Biomedical and Health Institutional Review Board at Michigan 

State University. Exclusion criteria for this study included active wounds on the buttocks or thighs, 

osteoporosis, occult bone disease, musculoskeletal diseases, and pregnancy.  

 

Test positions 

All participants wore snug-fitting, but stretchy pants or shorts to permit testing. The 

participants were tested in each of three positions: seated, quadruped (crawling), and prone (Figure 

2.1). In the seated position, the participants sat on a chair with removable slats, each of which 

exposed a body region where the tissue testing was performed. In the quadruped position, 

participants faced the floor with their knees and hips flexed at ninety degrees and a support under 

their chest. In this position, their thighs were also blocked by a padded vertical barrier. 

 
Figure 2.1 Indentation test setups for every position. The seated position (left) has a segment 

of the chair removed to expose the middle thigh region, the quadruped position (middle) 

allows access to the entire thigh without obstruction, as does the prone (right) position. In 

the seated position, the stand was placed beneath the participants, while it was placed behind 

them in the quadruped position, and above them in the prone position 
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Test Regions 

The three test regions were all determined by their positions relative to the greater 

trochanter and lateral epicondyle of the femur (Figure 2.2a). The femoral length was defined as 

the distance between the greater trochanter and lateral epicondyle. The proximal thigh region was 

10% of the femoral length distal to the greater trochanter. This region was just distal to the ischial 

tuberosity of the pelvis, which has been shown to be one of the most common regions for PI 

development [70]. Although this region is near the ischial tuberosity and could be termed the 

buttocks region, this region will be referred to as the proximal thigh region throughout the paper. 

The middle thigh region was 50% of the femoral length distal to the greater trochanter. And the 

distal region was 90% of the femoral length distal to the greater trochanter, another region where 

PIs form [71]. Thus, three regions were tested in all participants and are referred to as the proximal, 

middle and distal thigh regions. 

 

Figure 2.2 Regions of interest for the thigh tissue testing. The region labeled ‘P’ is the 

proximal region, ‘M’ is the middle region, and ‘D’ is the distal region. b) Zero deflection was 

determined by placing the indenting tool flush against skin. As the tissue was compressed a 

positive deflection was obtained 
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Tissue Testing Protocol 

Force and deflection measurements of the soft tissue were collected via a custom-built 

indenter. The indenter was designed to collect force and deflection data continuously. The 

indenting surface was embedded with a load cell that obtained the force measures (AMTI, 

Watertown, MA). The tool was connected to a linear potentiometer, which collected linear 

displacement data (Honeywell, Morris Plains, NJ). These instruments were synchronized and used 

to generate a continuous force-deflection curve to characterize the non-linearity of the tissue 

response to external force. The surface area of the indenter was a five centimeter by five centimeter 

square. One end of the potentiometer was attached to the load cell, while the other was attached to 

a reference structure that remained stationary throughout testing (Figure 2.1).  

To start each test, a reference distance measurement was taken. The indenting tool was 

positioned near the test region, and the load cell was zeroed. The reference measurement was the 

largest distance recorded by the potentiometer with no force recorded by the load cell (Figure 

2.2b). The indenter was then pressed into the thigh region using a constant loading rate until a 

physiological resistance was felt. Each person was first tested in the seated position in order to 

determine what this maximum applied force should be. The resistance was felt in the seated 

position when the tissue was compressed against the femur and would no longer deform. In other 

words, additional applied force would have lifted the entire leg. This force was between 60 and 

100 N, depending on the individual. Then this was used as the maximum applied in the quadruped 

and prone positions [221]. The load was then removed. This procedure was followed for each 

region, making sure that the indenter was perpendicular to the body region during each test. A five 

minute rest period for tissue recovery was provided before a second trial was conducted. Two trials 
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were completed for each region of the thigh in each position. An assessment of the repeatability 

of this protocol is included in Appendix A. 

 

Model Fitting 

The force and deflection data were converted into stress and stretch data respectively. 

Stress values were calculated by dividing the force perpendicular to the indenter face by the area 

of the indenting face. Stretch values perpendicular to the axis of the thigh were calculated using 

the undeformed thickness of the soft tissue in each thigh region (described below) and the 

deflection values collected during the indentations (Eq 2.1).  

𝜆1 =
𝛿𝑜−𝛿𝑑

𝛿𝑜
  

Here, δo is the undeformed tissue thickness and δd the deflection of the tissue. To determine the 

undeformed tissue thickness for each individual thigh region, the ratio of the total thickness of the 

thigh (i.e., anterior to posterior, AP, distance) to the thigh circumference was obtained for each 

region (Figure 2.3). This ratio was approximately equal to 0.33, as determined through the use of 

existing data sets that included a 3D scan and anatomical measures of the thigh regions [10], [221]. 

The ratio of the total thickness to the circumference of the thigh was scaled to each individual’s 

thigh circumference to determine the total thicknesses for each test location. The portion of the 

soft tissue thickness in the thigh posterior to the femur has been reported to be 0.55 of the total 

thickness of the thigh [222]. Thus, the undeformed thickness of the tissue was given by Eq. 2.2 

where C is the thigh circumference, and the undeformed thickness is 𝛿𝑜 . 

𝛿𝑜 = 𝐶 ∗ 0.55 ∗ 0.33 

 

(Eq. 2.1) 

(Eq. 2.2) 
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Figure 2.3 Cross-section of the thigh with measurements used to determine the undeformed 

tissue thickness. The thigh circumference is denoted by ‘C’, the total thickness of the thigh 

is denoted by ‘AP’, and the undeformed thickness is computed as 𝜹𝒐 

 

The stresses and stretches of every thigh region of each participant in these positions were 

then modeled using an incompressible first order Ogden material [18], [192], [203], [223]. The 

strain energy function of this model is represented by Eq. 2.3. 

𝑊(𝜆) =
µ

𝛼
(𝜆1

𝛼 + 𝜆2
𝛼 + 𝜆3

𝛼 − 3) 

The stretches in the three principal directions were given by λ1, λ2, and λ3 respectively, with 

λ1 being the stretch in the direction perpendicular to the femur (i.e., loading direction);  µ was a 

material parameter with the dimension of stress and α was a dimensionless material parameter 

[18], [192], [203], [223]. The stress in any direction was defined as the derivative of the strain 

energy function with respect to the stretch in that direction multiplied by the stretch in that direction 

itself. Stress in the perpendicular direction was defined by Eq. 2.4. 

𝜎1 = 𝜆1

𝜕𝑊(𝜆1, 𝜆2, 𝜆3)

𝜕𝜆1
= 𝜆1 [𝜇𝜆1

𝛼−1 +
𝜇

𝛼
(

𝑑𝜆2
𝛼

𝑑𝜆1
𝛼 + 

𝑑𝜆3
𝛼

𝑑𝜆1
𝛼) ] 

With the condition of incompressibility, the volume of the thigh region must be preserved, 

i.e., λ1λ2λ3 = 1, at all times. Incompressibility can be applied due to the large fluid content of tissue 

(Eq. 2.3) 

(Eq. 2.4) 
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such as fat and muscle, and near incompressible behavior has previously been observed in human 

soft tissue [224]. The only forces acting in each transverse direction were the internal tissue forces, 

meaning that the stretches were the same in each transverse direction (𝜆2 = 𝜆3). Considering these 

two conditions together, λ2 = λ3 = 𝜆1
−1/2

. This makes λ1 the only independent variable, which we 

replaced with the symbol λ. In the uniaxial loading of the indentation tests, the relationship between 

stress and stretch is described by Eq. 2.5. 

𝜎 = 𝜇(𝜆𝛼 − 𝜆−
𝛼
2) 

In this case, 𝜎 is the stress perpendicular to the axis of the femur, and 𝜆 is the stretch 

perpendicular to the axis of the femur. The µ and α values for the material model were optimized 

using a Levenberg-Marquardt least squares algorithm to best describe the stress and stretch data 

collected for each body position and thigh region for each participant.  

A two-way, repeated measures ANOVA [225] was used to determine the significance of 

the µ and α parameters within each sex. A post-hoc Tukey test was used to make all pairwise 

comparisons for the µ and α parameters between regions and positions. Differences between sexes 

for µ and α were detected with t tests  [226]. A Wilcoxon Signed-Rank Test was used to determine 

within-individual differences in the µ and α parameters in the three body positions for each region. 

  

Results 

Ten males (average age 22.4 ± 2.2 years, average height 179.7 ± 10.8 cm, average weight 

77.4 ± 6.4 kg) and ten females (average age 21 ± 1.3 years, average height 164.9 ± 6.0 cm, average 

weight 66.5 ± 12.6 kg) participated in this study.  

 

(Eq. 2.5) 
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Force and Deflection Data 

Average force-deflection curves of all participants for each position and region were 

obtained and are presented in Figure 2.4. The average force-deflection curves included both 

indentation trials from each participant’s thigh. The average load while seated is 50 N (noted by a 

horizontal line on Figure 2.4) [109], [159], [227]. Upon initial analysis of these data sets, the 

proximal thigh region while seated was much stiffer than any other region in any position. Since 

our data indicated a much higher stiffness for the proximal thigh in the seated position as compared 

to the other positions and regions, the authors investigated further and found that the support 

structure for the laboratory seat system had caused an additional tension near this thigh region 

(Figure 2.5, left). The participants sat on a support bar located at the rear of the buttocks which 

caused a dropping of the buttocks and additional tissue tensions as this region was stretched 

between the rear bar and front thigh support. The authors were able to successfully recruit half of 

the original cohort (five males and five females) to return for a follow-up test in a modified seated 

position that removed this load. This new positioning protocol had the participants sitting on the 

edge of the testing chair (Figure 2.5, right) so the buttocks load was on the back edge of the 

buttocks, not the thigh. All three leg regions were tested again. In this positioning protocol, the 

middle and distal thigh region data yielded the same results as those of the first protocol, however 

the force and deflection data from the proximal thigh region had a reduction in stiffness. With the 

modified protocol, the data from the proximal thigh in the seated position still indicated that it was 

stiffer than the middle and distal regions while seated, but it was no longer the stiffest region across 

all positions. Therefore, data reported for the proximal thigh in the seated position are from the 

modified protocol (n=10) while the other two regions include all participant data (n=20). The other 

two positions (quadruped and prone) included data from all 20 participants.  
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In the prone position (red curves in Figure 2.4), the proximal thigh showed the most 

deflection, and the distal thigh showed the least deflection. At 50 N of force, there was an average 

deflection of 31.9 ± 6.5 mm in the proximal thigh, 28.1 ± 4.0 mm of deflection in the middle thigh, 

and 21.3 ± 4.5 mm of deflection in the distal thigh. The prone position consistently produced less 

deflection than the seated and quadruped positions, regardless of the amount of load (Figure 2.4).  

In the seated position (black curves in Figure 2.4), all three thigh regions displayed 

similar force-deflection behaviors. At 50 N of force, there was an average of 39.6 ± 8.4 mm of 

deflection in the proximal thigh, 39.4 ± 6.7 mm of deflection in the middle thigh, and 40.7 ± 9.0 

mm of deflection in the distal thigh. The seated position consistently produced more deflection 

than the prone position and less deflection than the quadruped position for the same force (Figure 

2.4). 

In the quadruped position (blue curves in Figure 2.4), all three regions displayed similar 

force-deflection behavior. At 50 N of force, there was an average of 44.4 ± 6.9 mm of deflection 

in the proximal thigh, 44.5 ± 6.8 mm of deflection in middle thigh, and 45.8 ± 4.9 mm of deflection 

at 50 N for the distal thigh in the quadruped position (Figure 2.4). The quadruped position 

consistently produced the most deflection of all the positions with the same force. The deflection 

values in the seated position were consistently closer to those in the quadruped position than those 

of the prone position for all regions. 
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Figure 2.4 Average force-deflection results separated by thigh region. The data for the seated 

position is represented by black lines, the quadruped position by blue lines, and the prone 

position by red lines in the proximal thigh region (left), middle thigh region (middle), and 

distal thigh region (right). Dashed lines are 95% confidence intervals on the mean value of 

deflection 
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Figure 2.5 The original seated position (left) removed the posterior segment of the seat pan 

to allow access to the proximal thigh. The participants sat on a support bar located in the 

white ellipse, which caused a dropping of the buttocks and additional tissue tensions as this 

region was stretched between the rear bar and front thigh support. The amended seated 

position (right) included the participant sitting on the edge of testing chair with a straight 

back 

 

Ogden Material Parameters 

The Ogden model has been shown to successfully describe nonlinear materials using only 

two parameters [10], [191], [198]. All optimized Ogden material parameters for each thigh region 

in each position are reported for both males and females in Figures 2.6 and 2.7. 

 

Comparisons of Body Positions 

The average µ and α values for each position within each thigh region were compared to 

one another for both males and females. Overall, the µ values were the lowest in the prone position 

and the α values were the highest in the prone position (Figures 2.6 and 2.7, respectively).  In the 

proximal thigh region overall, the average µ value for the prone position was lower than the 

average µ for the seated (p = .022) and quadruped (p = .003) positions. The difference between µ 

in the prone and quadruped positions were significant for both the groups of males and females, 

however the difference was not significant between prone and seated positions. In both the middle 

and distal thigh regions, the average µ value for the prone position was lower than the average µ 

value for the seated and quadruped positions. These differences were significant for males and 



 

43 

 

 
Figure 2.6 µ values for each thigh in each position, separated by sex. The µ values for the 

thigh regions in the prone position are smaller than those of the seated and quadruped 

positions, as indicated by the asterisks. Seated parameters are represented with black 

outlines, quadruped with blue outlines, and prone with red 

 

 

 
Figure 2.7 α values for each thigh in each position, separated by sex. The α values for the 

thigh regions in the prone position are larger than those of the seated and quadruped 

positions, as indicated by the asterisks. Daggers indicate differences between thigh regions 

within a position for both sexes (†), males only (†m), and females only (†f). Seated parameters 

are represented with black outlines, quadruped with blue outlines, and prone with red 
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females, with p < .0001 for all comparisons. There were no significant differences between the µ 

values of the seated and quadruped positions in any thigh region for males or females (Figure 2.6).   

For all regions, the average α values of the prone position were higher than the average α 

values in the seated and quadruped positions. These differences were significant for both the 

groups of males and females, with p < .0001 for all comparisons. In the proximal thigh for males 

only, the α value while in the seated position was significantly larger than the α value in the 

quadruped position (p = .0412) (Figure 2.7).   

From these data, we can see that there are no significant differences between the µ and α 

values for seated and quadruped positions in any thigh region. However, the µ values for the thigh 

regions in the prone position were significantly smaller than those in the seated or quadruped 

position. Also, the α values for the thigh in the prone position were significantly greater than those 

for either the seated or quadruped position. These data indicate the values obtained in the prone 

position differed significantly from those in both the seated and quadruped positions, but the seated 

and quadruped positions were not significantly different.  

 

Comparisons of Thigh Regions within a Given Position 

Comparisons of the average µ and α values for each thigh region were conducted to detect 

differences between the thigh regions in each of the three positions. Males and females were 

evaluated separately.  

There were no overall differences between thigh regions for the µ parameter within any of 

the three positions (Figure 2.6).  

However, there were overall differences between the α parameter values of the thigh 

regions within each of the three positions. Overall, the α values of the more distal regions of the 
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thigh were smaller than those of the more proximal regions in the seated and quadruped positions. 

But the α values in the more distal regions of the thigh were higher than the proximal thigh regions 

while prone.   

Figure 2.7 presents the relationships between regions. Specifically, in the seated position, 

the α value of the of the proximal thigh was greater than that of the middle thigh in males (p = 

.0076) and the distal thigh in both males and females (p < .0001 for both). The middle thigh in the 

seated position had a greater α value than the distal thigh (p = .0086) for males. In the quadruped 

position, the proximal thigh had a greater α value than the middle thigh in females (p = .0024) and 

the distal thigh in males and females (p < .0001 for both). In the prone position, the α value of the 

proximal thigh was smaller than that of the middle thigh in females only (p = .0315) and the distal 

thigh for both males and females (p < .0001 for both). The α value of the middle thigh was also 

smaller than that of the distal thigh in the prone position for both males (p = .0009) and females (p 

= .0024).  

 

Comparisons of Thigh Regions Between Males and Females 

Comparisons were made between males and females for each thigh region and each 

position. The µ values did not show any consistent trends between sexes, nor were there any 

significant differences identified. The α values of the males were larger than the females (Figure 

2.7) for the majority of comparisons and one statistically significant difference was noted; males 

had higher α values in the middle thigh while in the quadruped position (p = .0205). 
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Within-Individual Differences Between Body Positions  

 Within-individual differences between the Ogden parameters in each body position were 

analyzed for each thigh region using a Wilcoxon Signed-Rank Test. Using the Signed-Rank Test, 

significant differences were found between the µ values of the proximal thigh regions in the 

quadruped versus prone position (p = .0006). Significant differences were also found between the 

µ values of the middle thigh regions in the seated versus prone position (p = .0001) and quadruped 

versus prone position (p < .0001). Lastly, significant differences were found between the µ values 

of the distal thigh regions in the seated and quadruped position (p = .0251), seated and prone 

position (p < .0001), and the quadruped and prone position (p < .0001). 

  Significant within-individual differences were also found between the α parameters in each 

region. In the proximal thigh regions, the α values were significantly different between the seated 

position and prone position (p = .0059) and the quadruped position versus the prone position (p < 

.0001). α values in the middle thigh regions were significantly different in the seated position and 

quadruped position (p = .0025), the seated position and prone position (p < .0001), and the 

quadruped position and the prone position (p < .0001). In the distal thigh regions, α values were 

significantly different in the seated position versus the prone position (p < .0001) and in the 

quadruped position versus the prone position (p < .0001).  

 

Discussion 

The goals of this research were to determine and compare the thigh and buttock soft tissue 

properties in the seated, quadruped, and prone positions. Determining the most realistic material 

parameters for the seated position is crucial to improve mechanical models of seated individuals. 
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In situations where collecting data from individuals in the seated position is not possible, 

identifying the best analog to the seated position is also critical.  

Mechanical models have been used to understand internal tissue stresses of seated 

individuals, particularly wheelchair users, and to identify the risk of PI formation [189]. The 

accuracy of these simulations have depended on the material properties used in these models.  

Thus, having in vivo, human-based, material properties that reflect the body region and the position 

being modeled is imperative to yielding the most realistic simulations of internal tissue stresses 

and strains going forward.   

Our force and deflection data are unique in many ways: 1) they identify differences across 

three positions, 2) they represent multiple regions along the thighs and buttocks, 3) they are in 

vivo, and 4) they represent continuous force and deflection measures which are extremely 

important for the non-linear nature of soft tissues. These datasets show a clear trend indicating that 

the thigh soft tissue is stiffer in the prone position than it is in either the seated or quadruped 

positions. For example, using data from the prone position at the distal region of the thigh 

underestimates the deflection in that region by approximately 20-25 mm while seated, decreasing 

the deflection by more than half. Because of this, it is imperative that body position be taken into 

account when selecting the material parameters for soft tissue in any model.  

We chose to use an Ogden model to represent the soft tissue for its relatively small number 

of parameters and accuracy of describing tissues [191]. In the Ogden model, the values of the 

material parameters of µ and α provide insight into the non-linearity of the stress-stretch curves. 

A higher α is indicative of a quicker change from a soft to a stiff material as stretch increases. So, 

the differences identified through the Ogden model relate to material stiffnesses directly. All 

regions of the thigh had smaller µ values and larger α values in the prone position relative to the 
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seated position. Following these differences, our data indicated that soft tissues in the thighs and 

buttocks in the prone position were stiffer for large deformations relative to the soft tissue while 

seated. Conversely, there were no significant group-level differences between the µ and α values 

in the seated and quadruped positions, meaning that the shapes of the quadruped stress-stretch 

curves are closer analogs to the seated curves. Males typically had slightly higher α values than 

females, with only one significant difference, in the middle thigh while quadruped. This consistent 

trend may be due to males having larger amounts of muscle versus adipose tissue relative to 

females [228].  

Because they demonstrated similar between-region trends in µ and α, further comparisons 

can be drawn between the seated and quadruped positions. For both the seated and the quadruped 

positions, the µ values of the proximal, middle, and distal thigh regions showed no overall 

difference with respect to one another. But the α values decreased when moving from the proximal 

to distal regions. This finding matched that of previous work conducted to obtain material 

properties of the seated thigh [221]. The opposite trend emerged in the prone position, where the 

α values of the thigh tissue increased when moving distally in the thigh.  

The Wilcoxon Signed-Rank Test determined that there were some within-individual 

differences between the Ogden parameters in the seated position versus the quadruped position 

(specifically between the µ values in the distal thigh regions and α values in the middle thigh 

regions). However, there were no consistent differences between the two positions in either of the 

parameters. Further, because there were no significant group-level differences in either parameter 

between the two positions, the data suggested that differences in parameters between the seated 

and quadruped positions were small relative to variations of the parameters within the positions. 

On the other hand, there were consistent group-level and within-individual differences between 
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the parameters in the prone position when compared to either the seated or quadruped positions. 

As such, the prone position should be considered to produce tissue material properties distinct 

from the seated and quadruped. 

The position should determine data used for material properties. Both material parameters 

across thigh regions were different for the seated and prone positions. Meanwhile, the quadruped 

position matched for both material parameters across thigh regions of the seated position more 

closely than the prone position. Because of the similarity between the material properties in the 

seated and quadruped positions, parameters determined from the quadruped position can be used 

in finite element models that predict internal stresses in seated individuals, whereas the data from 

the prone position should not be used. This finding is important as we begin collecting in vivo data 

sets on the buttocks and thighs of wheelchair users. 

Limitations of this study were the estimation of the initial tissue thickness in each of the 

three test regions and assumptions used in the tissue modeling:  small, but equal forces in the 

transverse directions and incompressibility. Measurements of the thigh circumferences of each 

participant were obtained in each region and used with ratios derived from literature to estimate 

initial tissue thicknesses. Future work in this area will investigate the use of a portable ultrasound 

machine to obtain a direct measurement of the tissue thickness [229]. The assumption of 

incompressibility used in the material model may have caused the values of the Ogden parameters 

to be underestimated if the internal stresses in the buttock and thigh tissues surrounding the testing 

regions were large (and resisted lateral expansion of the tissue being tested). However, because 

the lateral forces were assumed to be small, and there were no other external forces applied to the 

tissues surrounding the testing region, the effects of incompressibility on the reported parameters 

was likely small. 



 

50 

 

Another limitation of this study was the population from which the force-deflection data 

were collected. All participants in this study were healthy, able-bodied individuals. Data from the 

elderly and wheelchair user groups, who have been deemed at high risk of developing PIs, are also 

necessary. Work has been conducted to describe the effects of aging and wheelchair use on muscle 

structure and function, yet there is a lack of research to describe changes in the tissue properties 

due to the change in structure [80], [86], [230]. Accordingly, obtaining data sets from the thighs 

and buttocks of wheelchair users and elderly individuals will be the next step in our research. 

 

Conclusions 

A common issue for performing research focused on individuals with disabilities has been 

the lack of equipment adaptation to suit each individual. Having consulted with individuals with 

disabilities and rehabilitation specialists, we determined that the quadruped position was an 

acceptable position for this type of test. In this position, it is possible to compare able-bodied 

individuals and those with disabilities, breaking down a significant barrier to evaluating the 

stresses in wheelchair sitting.  

This research shows that the properties of the soft tissue in the thigh in the prone position 

do not represent the properties in the same regions when seated or in the quadruped position. 

Therefore, it is not appropriate to use data collected from the soft tissue in the thighs and buttocks 

while lying down to represent the seated thighs and buttocks. Instead, it is possible to use the 

quadruped position as an analog for the seated position if the seated position is not a possibility 

for testing. Using tissue properties obtained while individuals are in either the seated or quadruped 

position will provide modeling tools with more accurate inputs and ultimately increase their ability 

to assess PI risk while seated by making internal stress predictions more realistic. Our research 
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will yield better models, providing improved data to engineers and clinicians, with the eventual 

impact of a decrease in the prevalence of PIs in high-risk groups, such as wheelchair users and the 

elderly.   
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CHAPTER 3: TISSUE MATTERS: IN-VIVO TISSUE PROPERTIES OF PERSONS WITH 

SPINAL CORD INJURIES TO INFORM CLINICAL MODELS FOR PRESSURE 

INJURY PREVENTION 

 

The contents of this chapter were originally published in the Journal of Biomechanics. 

 

J. Scott, B. Sheridan, R. Andrus, N. Monday, A. Selby, and T. R. Bush, “Tissue matters: In-vivo 

tissue properties of persons with spinal cord injuries to inform clinical models for pressure ulcer 

prevention,” J. Biomechanics, vol. 120 (7), 2021, doi: 10.1016/j.jbiomech.2021.110389.  

 

Introduction 

Individuals with spinal cord injuries (SCIs) commonly have secondary medical 

complications that result in subsequent hospitalizations post-injury. PIs have been reported as the 

second most common complication and are expensive to treat [6], [54], [231]. The prevalence of 

PIs in patients with SCIs has been estimated to be between 30% and 47%, with approximately 

15% of SCI patients developing a PI within the first year post-injury [7], [54], [60], [232]. PI 

treatment costs between $20,000 and $30,000 on average, with some PIs costing $70,000 to treat 

[233]. Because of these costs, the annual expense for treatment in the United States has been 

estimated at 1.6 billion dollars [90]. This expense has prompted efforts to better understand PI 

formation and develop clinical models to help in PI risk assessment.  

Internal tissue stresses in the buttocks and thighs have repeatedly been noted as a cause of 

PI development [26], [106], [121], [214]. Internal stress concentrations exist in the soft tissues, 

especially in those with a SCI; this is due to the large external loads that occur over extended time 

periods while seated [16], [62], [82], [147], [196], [234]. Almost half of the PIs affecting the SCI 

population are located in the buttock and thigh regions [6]. As such, numerous models of the 

https://doi.org/10.1016/j.jbiomech.2021.110389
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buttocks and thighs have been developed to help assess the risk of PI formation [21], [69], [148], 

[159], [163], [196], [235].  

 Finite element models are used to obtain a better understanding of the internal stresses seen 

in soft tissues and to inform device design. These models have relied on body geometry, external 

load, and material properties of the soft tissues to make internal stress evaluations in seated 

individuals. However, persistent limitations exist in the material properties used in these models. 

The majority of finite element models used material properties determined from animal models, 

such as rats or pigs [192], [196]. The limited research with humans has typically been conducted 

with able-bodied (AB) participants lying down [23], [208], [219]. Material properties from such 

studies are appropriate for models of people lying down. However, wheelchair users are seated. 

The tension and thickness of muscle tissue in the buttocks change while seated versus lying down 

and affect the tissue’s material properties [210], [211], [236]. Recent work found that material 

properties and tension affect pressure distributions experienced by a human limb analog [237]. 

Currently, there are only three studies with humans that included data from the soft tissue of the 

buttocks or thighs while seated. Two of them described the buttocks and thighs of AB individuals 

[221], [236], while the third collected force and deflection data from the buttocks of wheelchair 

users in two load states [238]. The material properties of the tissues of wheelchair users have been 

explored in some studies [239]. However, models designed to evaluate internal stresses and strains 

in wheelchair users have yet to integrate in-vivo material properties, such as indentation moduli, 

from persons with disabilities.   

Muscle progressively atrophies and intramuscular fat increases in the buttocks and thighs 

of individuals with  SCIs [79], [80], [240]. Thus, material properties from this population, which 

affect the tissues’ responses to external load, are hypothesized to differ from those of AB 
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individuals. Differences in material properties manifest as increased interface pressure, increased 

internal stress, and decreased perfusion in tissue under seated load [82], [83], [241]. This is 

reinforced by findings from several existing studies, which have shown that the higher levels of 

muscle atrophy and fat infiltration in individuals with SCIs are correlated with higher PI risk [78], 

[242]. As such, there is a need for in-vivo material properties of the buttock and thigh soft tissues 

from individuals who use wheelchairs, such as patients with SCIs. Material properties 

representative of individuals with SCIs will lead to improved human body models, which lead to 

improved PI risk assessment and better device designs.  

There are numerous challenges in obtaining material properties for soft tissues, particularly 

in the buttocks and thighs of seated individuals with SCIs. Doing so requires access to the buttock 

and thigh regions while seated. Access to those regions can be accomplished by using a specialized 

chair with removable supports. Using such a chair is likely to be difficult for individuals with SCIs, 

requiring balance while the supports are removed. Furthermore, transferring out of the individuals’ 

wheelchairs and into a lab-type chair adds another challenge. As an alternative to the seated 

position, the quadruped position is commonly used in the physical therapy of individuals with SCIs 

and produces similar joint angles to a seated posture. We previously showed that the material 

properties obtained in the quadruped position were similar to those in a seated position [236].  

The aims of this research were to determine the material properties of soft tissue in the 

buttocks and thighs of individuals with SCIs while in the quadruped position and to compare these 

material properties to those of AB people. Realistic material properties in human body models will 

lead to advancements in the understanding of PI formation, further improvements in existing 

device designs, such as pressure relieving cushions [21], [175], [198], [201], and be the basis for 

the development of new devices.  
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Methods 

Participants 

Eleven individuals who were wheelchair users with a spinal cord injury and twenty AB 

individuals volunteered to participate in this study. All testing was approved by the Biomedical 

and Health Institutional Review Board at Michigan State University, and consent was obtained 

from all participants. Participants were excluded from the study if they did not feel they would be 

able to maintain a supported quadruped position for half an hour, if they were pregnant, had active 

wounds on the leg, osteoporosis, or occult bone disease. Participants with spinal cord injuries were 

required to have been using a wheelchair for at least six months.  

 

Quadruped Position  

AB participants wore athletic clothing and were placed in a quadruped (crawling) position 

that provided support at the torso and knees [236]. The heights of the supports were adjusted such 

that the individuals’ hips and knees were bent at ninety degrees. The thighs of the participants were 

blocked with a support to ensure that their thighs did not move during testing, as seen in Figure 

3.1. 

 

Figure 3.1 Positioning protocol for users in the AB (left) and SCI (middle and right) groups. 

Participants with SCIs were helped onto a table and into the quadruped position by their 

therapists while the harnesses were secured (middle); and then supported in the testing 

position with an exercise ball beneath the torso and sand bags in front of the knees (right) 
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Individuals in the SCI group wore clothes that they regularly wore to physical therapy, and 

testing occurred prior to their physical therapy sessions at their rehabilitation clinic. With their 

therapists’ help, they transferred onto a therapy table in the universal exercise unit. Individuals 

were first positioned prone on the table with harness straps beneath their thorax and pelvis. The 

harnesses were attached to the universal exercise unit and tightened as the table was lowered, 

moving the participant into a quadruped position with the hips and knees flexed at ninety degrees. 

A peanut-shaped exercise ball was used to assist in supporting the torso; and sandbags were 

positioned in front of the thighs and ball to stop their thighs from moving during the testing session, 

seen in Figure 3.1.  

Three body regions were evaluated: the proximal thigh/buttocks (proximal thigh), middle 

thigh, and distal thigh regions. These regions were identified based on a percentage length of the 

femur. The length of the femur was considered as the distance from the greater trochanter to the 

lateral epicondyle, and the three regions were defined by their locations relative to the two bony 

landmarks. The respective distances of the proximal, middle, and distal thigh regions distal from 

the greater trochanter were 10, 50, and 90 percent of the length of the femur. For the region called 

“proximal thigh”, a 10% distance along the femur yielded a placement of the indenter surface 

(which was 5 cm by 5cm) that encompassed tissues over the ischial tuberosity as well as tissues 

just distal to the ischial tuberosity. This is a region in which PIs commonly develop. The distal 

thigh was just proximal to the popliteal fossa of the knee, a place where PIs have been also reported 

[70], [71], [73], [74], [243]. The middle thigh was between these two locations. Circumference 

measurements were recorded at each of the three testing locations on each participant’s thighs and 

buttocks. 
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Tissue Testing Protocol & Material Parameter Estimation 

A custom-made indenting tool previously reported was used to collect continuous force 

and deflection data for this study (Figure 3.2a) [236]. Force and deflection data were collected in 

each of the three testing regions during two indentations with a maximum applied load of between 

30 and 40 kPa (Figure 3.2b). These force values were in the same ranges as those used during the 

testing of able-bodied participants in Chapter 2. These force and deflection data were converted 

into stress and stretch data using the geometry of the indenting tool and the circumference 

measurements of the participants’ thighs [10], [221], [236]. Stress and stretch data were mapped 

to an incompressible first-order Ogden material model. A complete characterization of these 

methods has been included in the supplemental material.  

 

Figure 3.2 a) Indenting tool with the six-axis load cell embedded beneath the indenting 

surface and linear potentiometer used to obtain distance data, and b) Indenting tool as used 

during testing with the participant 

 

Statistical Analysis 

Two statistical analyses were conducted on the material parameters, µ and α. A repeated 

measures ANOVA was used to differentiate between the values of parameters in the three regions 

(proximal, middle, and distal thigh regions). An ANOVA was used to differentiate between the 

values of the parameters in each group (SCI versus AB). Post-hoc Tukey tests were used to detect 
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significant differences in the values of µ and α. Effect sizes were computed using Cohen’s d 

method. 

 

Results  

Demographic Data 

Nine males with spinal cord injuries (age 44.0 ± 5.2 years, height 180.6 ± 1.7 cm, mass 

77.6 ± 2.9 kg, time in chair 9.8 ± 5.1 years), and two females with spinal cord injuries (age 45.5 ± 

7.5 years, height 165.1 ±2.5 cm, mass 73.0 ± 22.2 kg, time in chair 3.25 ± 2.75 years) were 

recruited for this study.  Additionally, ten AB males (age 22.4 ± 2.2 years, height 179.7 ± 3.4 cm, 

mass 77.4 ± 2.0 kg) and ten AB females (age 21 ± 1.3 years, height 164.9 ± 1.9 cm, mass 66.5 ± 

4.0 kg) volunteered.  The two groups will be referred to as the SCI and AB groups.  

 

Force and Deflection Data 

Force and deflection curves are shown for each region in Figure 3.3. For each region, the 

average force and deflection data from AB individuals were plotted, including 95% confidence 

intervals. Deflections at 50 N of applied force (20 kPa of applied pressure) were compared across 

groups because it has been reported as a typical load on the buttocks and thighs while seated [227], 

[244]. Seven of the eleven in the SCI group had more deflection in their proximal thigh than the 

average AB individual at 50 N of force (denoted by the thick line in Figure 3.3), and two had less. 

In the middle thigh, seven in the SCI group had more deflection, and one had less. In the distal 

thigh, two members of the SCI group had more deflection and seven had less. Upon statistical 

analysis of these data, the SCI group had significantly more deflection at 50 N in both the proximal 

and middle thighs (8.5mm, p = .0222 and 7.2 mm, p = .0162, respectively). Although the deflection 
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in the distal thighs of the SCI group was 4 mm less than the deflection in the distal thighs relative 

to AB group, the difference was not significant (p = .6173).  

 

 

Figure 3.3 Force and deflection data from the proximal thigh (top), middle thigh (middle), 

and distal thigh (bottom) regions of the SCI group. The solid black line is the average AB 

data, and the dashed black lines represent the confidence intervals of the AB group. The data 

shaded in light green (left of the average) has less deflection than the average AB, and the 

data shaded in darker green has more deflection 

 

To ensure that the inclusion of both sexes did not change the results, statistical analyses 

were run twice. No significant differences were found between the deflection data of AB males 

and females. For the SCI group, one analysis included only males (the SCI group only had two 

females), and one included both sexes. As there were no differences in the results, the latter are 

reported here.  

 

Ogden Material Parameters 

To describe the material properties, the stress-stretch curves were mathematically fit using 

the Ogden model (Eq. 3.5 in the Supplementary Material). Values for the material parameters µ 

and α were calculated for each region for males and females in the SCI group and are located in 

Tables 3.1 and 3.2, respectively. The parameters µ and α describe the shapes of the material 
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response curves for each region. The material parameters for each region in each group are 

presented with standard errors in Figure 3.4. The values of µ and α were compared between groups 

to detect differences. The proximal, middle, and distal thigh regions of both the SCI and AB groups 

were compared to find between-region differences within each group.  

 

Figure 3.4 Average µ values (left) and α values (right). Data from the SCI group are grey, 

and the able-bodied group are white. Significant differences between groups are indicated 

by asterisks (*). Between-region (i.e., proximal, middle, distal) differences within the SCI 

group are indicated by plus signs (+).  Between-region differences in the able-bodied group 

are indicated by daggers (†)  

 

There were no significant differences between the µ values of AB males and females in 

any region. The α values for the AB males were larger than AB females (p = .0205) for the middle 

thigh region only. Thus AB males and females were considered together. Although there were 

only two females in the SCI group, there were no significant between-sex differences in the 

deflection or either of the parameters of that group. Therefore, males and females were also 

considered together in the SCI group.   

 The µ values for the wheelchair users were significantly smaller than those of the AB 

individuals in the middle thigh (p = .0075) and distal thigh (p = .0349) regions. The µ values for 

the SCI group’s proximal thighs were smaller than those of the AB group; and although they did 

not achieve significance (p = .1831), a medium effect size of 0.50 was computed. For comparisons 

of α between the SCI and AB groups, a significant difference was found for the distal thighs (p < 
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.0001). Additionally, a medium effect size of 0.40 was found for the middle thigh region and a 

small effect size (.25) was identified for α in the proximal thigh region.  

Between-region differences within each group were detected by comparing the proximal, 

middle, and distal thigh regions. In the SCI group, both the proximal thigh (p = .0094) and the 

middle thigh (p = .0175) regions had larger µ values than the distal thigh region. The α values for 

the proximal (p = .0091) and distal (p < .0001) thigh regions of SCI group were greater than the 

middle thigh regions. There was no significant difference between the α values of the proximal 

and distal thigh regions in the SCI group.   

Table 3.1 Material parameters for each region for males in the SCI and AB groups with 

standard errors 

  Proximal Thigh Middle Thigh Distal Thigh 

µ (kPa) 

SCI 3.90 ± .54 4.54 ± .66 3.51 ± .52 

AB 4.91 ± .38 5.35 ± .44 4.78 ± .59 

⍺ 

SCI 5.89 ± .78 4.42 ± .69 6.37 ± .85 

AB 5.72 ± .43 4.72 ± .38 3.84 ± .27 

 

Table 3.2 Material parameters for each region for females in the SCI and AB groups with 

standard errors 

  Proximal Thigh Middle Thigh Distal Thigh 

µ (kPa) 

SCI 3.95 ± .22 2.91 ± .32 2.31 ± 1.32 

AB 5.24 ± 1.14 6.65 ± 1.17 4.39 ± .42 

⍺ 

SCI 6.13 ± 1.12 4.98 ± 1.27 6.40 ± 1.64 

AB 5.53 ± .52 3.61 ± .28 3.26 ± .34 

 



 

62 

 

The µ values for the middle thigh regions of AB individuals were larger than those of the 

distal thigh regions (p = .0107). The α values in the proximal thigh regions of the AB group were 

significantly greater than the values in the distal thigh (p < .0001), and the α values of the middle 

thigh regions were larger than the values in the distal thigh, but that difference was not significant 

(p = .4051). 

 

Discussion 

The motivation of this research was to determine the material properties of the soft tissue 

in the buttocks and thighs of individuals who had a SCI and compare them to those of AB 

individuals. Distinguishing between the material properties of individuals with SCIs and AB 

individuals is vital to understanding PI risk and formation. Additionally, developing human body 

models that are informed by in-vivo material properties of the population being studied will lead 

to improved engineering devices and designs, such as new wheelchairs and cushions. 

The research presented shows clear differences between the tissue properties of AB 

individuals and people with SCIs. Published research concluded that there are optimal material 

properties for seat cushions to best distribute seated pressures [165]. These optimal cushion 

characteristics are dependent on the properties of the soft tissue of the occupant. Material property 

differences between AB people and those with SCIs may help explain why wheelchair users 

experience higher peak tissue stresses than AB individuals while seated on the same foam cushion 

[82]. Human body models used to identify internal stresses and strains have implemented tissue 

properties from AB individuals and animals [18], [180], [196]. Although these models provide 

initial findings that can be applied to those who use wheelchairs, these models will improve when 

material properties obtained from the population being studied are implemented. Using material 
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properties derived from individuals with SCIs will lead to more realistic internal tissue stress 

predictions and even personalized modeling. Internal stresses and strains have been linked to the 

development of PIs; therefore, it is imperative that they be quantified using realistic soft tissue 

properties so improved PI mitigation techniques can be developed. 

The dataset reported here is the first continuous force-deflection dataset for undeformed 

buttock and thigh tissue in individuals with SCIs and the only one to compare them to AB 

individuals. One published study collected an unloaded condition and two points of force-

deflection data from buttock tissues in wheelchair users directly on top of the ischial tuberosity 

while experiencing a seated load [238]. Differences in the testing protocol and location of testing 

between the previous study and the one presented here likely contributed to differences measured 

tissue responses between both studies. Here, continuous force and deflection data were obtained 

in the quadruped position, which is similar to the seated position. These data will support tissue 

property selection, particularly for design and modeling applications [236]. These force and 

deflection data show an increase in deflection of the proximal and middle thigh regions for 

participants in the SCI group relative to AB participants. In the distal thigh region, the SCI group 

experienced less deflection than AB individuals. The same trends seen in the force and deflection 

data were also reflected in the Ogden material parameters used to describe the tissue.  

 Values of µ and α obtained from a first order Ogden material model described the stiffness 

and non-linearity of the materials’ responses to external load. Increasing either parameter increases 

the stiffness of the tissue model, whereby an increase in µ increases the slope of the stress-stretch, 

and an increase in α increases the non-linearity of the curve. The µ parameter is a multiplicative 

term in the strain energy function of the model, while the α parameter is an exponential term. Thus, 
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the α parameter largely affects the large-stretch behavior of the model; and load bearing regions 

of the buttocks and thighs experience large compressive stretches while seated.   

For the SCI group, the µ and α values of the proximal thigh were between those of the 

middle and distal thigh regions. The middle thigh regions had the largest µ and the smallest α 

values. The distal thigh had the smallest µ value and the largest α values. The SCI group tended to 

have smaller µ values, indicating the softer tissue. This finding is supported by previous work 

showing an increase in intramuscular fat and decrease in muscle in the buttocks and thighs, which 

would lead to softer tissue responses [78], [80], [245]. In the middle and distal thigh regions, the 

decreases in µ values were significant for the SCI group. Additionally, the between-group 

comparison of the µ parameter had a medium effect size in the proximal thigh. Such an effect size 

suggests that a larger sample of participants would likely result in a significant difference between 

the SCI and AB groups. Moreover, parameters indicated that the middle thighs were the softest in 

the SCI group, while the distal thighs were softest in the AB group. Thus, there were differences 

in trends within the thighs of the SCI and AB groups. 

Overall, the proximal and middle thigh regions of those who had SCIs were softer than the 

same regions as AB individuals, while the distal thigh regions were stiffer. The Ogden model used 

to describe the tissues of AB group consistently had larger µ values than the models of the SCI 

group across all regions, indicating softer tissues in SCI group. In the distal thigh, the α values of 

the models of the SCI group were larger than those of AB group, indicating the stiffer tissue. In 

the proximal and middle thigh regions, the smaller µ values and similar α values in SCI group 

relative to the AB group indicated softer tissues. Due to these variations in stiffness, it is critical 

to consider wheelchair users and AB individuals separately in design and modeling applications. 

Further, future studies may consider the varying degrees of SCIs, such as the level of the injuries 
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and whether they are complete or incomplete. Doing so will provide a more complete description 

of the material properties individuals with SCIs because it is known that complete SCI leads to 

more intramuscular fat than incomplete SCI, ultimately leading to higher risk of PI development 

[78], [241].   

 Limitations of this work included the ratio of males and females in the SCI group. The 

clinic we tested has a comparable number of males and females over the course of a year, however 

more men volunteered for our study than women. Additionally, to convert the force-deflection 

data sets to stress and stretch, MRI or ultrasound measurements would have been ideal. 

Circumference measurements of the thighs, and ratios to relate the thigh circumferences to the 

posterior compartment thicknesses, were used instead of imaging or direct measurements of the 

anterior-posterior thicknesses of the thighs. Either of these methods would have provided a more 

direct measurement of initial tissue thickness and will be utilized in future work. Future work will 

identify approaches that can that identify other options for in-clinic measures. Lastly, the location 

of the proximal thigh region was used to represent the regions around the ischial tuberosities, as 

they are prone to PI development. The indentation testing for the proximal thigh region occurred 

with the center of the indenter just distal to the ischial tuberosities, while the proximal half of the 

indenter overlapped the ischial region. The tissue over the ischia region has a different underlying 

anatomical structure than the middle and distal thigh regions. Thus, variation within a given group 

due to region of testing could be attributed to anatomical differences. This anatomical difference 

was not addressed as part of this study, but is likely to be relevant for modeling.   
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Supplementary Material 

Tissue Testing Protocol 

A custom-made indenting tool previously reported was used to collect continuous force 

and deflection data for this study [236]. A five centimeter by five centimeter square indenting 

surface was mounted on a six-axis load cell (Figure 3.2a). A linear potentiometer was attached to 

the indenting tool to record deflections during tissue indentation. Before each indentation, the tool 

was positioned flush with the skin without deforming the tissue. At this point was a zero force 

value and the largest distance between the tool and a fixed reference pole [236]. This was defined 

as the undeformed thigh position for each region (Figure 3.2b). This was unique for each region 

of each individual and depended on body geometry. Distance measurements during indentation 

recorded by the tool were accurate within 2 mm, and force measurements were accurate to within 

2 N. The tool was then pressed into the thigh using a constantly increasing load until the soft tissue 

no longer compressed, at approximately 40 kPa of pressure (Figure 3.2b). The load was then slowly 

removed. Deflection was calculated by subtracting the reference measurement from the distance 

measurements. During each indentation, the indenting tool moved perpendicular to the long axis 

of the thigh and was positioned at the height of each test region (e.g. the proximal, middle, and 

distal thigh). Two trials were completed for each region; a five minute rest period for tissue 

recovery was provided after testing before a second trial was conducted. 

 

Material Parameter Estimation 

The experimental data were mapped to the Ogden material model and model parameters 

obtained. To map to the model, force and deflection data collected during the indentation tests 

were transformed into stress and stretch data. The force data were converted into stress by dividing 
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the magnitude of the force by the area of the indenting tool’s face. The deflection data were 

converted to stretch using each individual’s thigh geometry. The undeformed tissue thickness for 

every thigh region was determined through the use of previously published data and 

anthropometric measurements from each individual [10], [221]. Based on published literature, the 

ratio of the total anterior-posterior thickness of the thigh with respect to the thigh circumference 

was identified as 0.33 [10]. The portion of soft tissue thickness in the thigh posterior to the femur 

has been reported to be 0.55 of the entire anterior-posterior thickness of the thigh [221], [222].  

Thus, the undeformed tissue length was computed by multiplying these two ratios with each 

individual’s thigh circumference. The final equation to determine the undeformed thickness of the 

thigh tissue was Eq. 3.1.  

 𝛿𝑜 = 𝑐𝑡
𝑡𝐴𝑃

𝑐𝑡

𝑡𝑝

𝑡𝐴𝑃
= 𝑐𝑡 × 0.33 × 0.55 

In Eq. 1, ct was the measured thigh region circumference, tAP was the anterior-posterior thickness, 

and tP was the thickness of the thigh tissue posterior to the femur. The undeformed thickness of 

each region and the deflection data were used to calculate stretch perpendicular to the long axis of 

the thigh using Eq. 3.2. 

 𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 𝜆1 =
𝛿𝑜−𝛿𝑑

𝛿𝑜
 

In Eq. 3.2, δo was the undeformed thickness of the tissue thickness, and δd was the deflection.  

 The stress and stretch data were used to fit parameters in an incompressible first order 

Ogden material. The strain energy function of this material was given by Eq. 3.3. 

𝑊(𝜆) =
𝜇

𝛼
(𝜆1

𝛼 + 𝜆2
𝛼 + 𝜆3

𝛼 − 3) 

(Eq. 3.1) 

(Eq. 3.2) 

(Eq. 3.3) 
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λ1, λ2, and λ3 were the principal stretches. λ1 specifically was the stretch in the direction 

perpendicular to the femur. µ was a linear stiffness parameter with the units of Pascals, while α 

was a unit-less nonlinearity parameter. The stress in any direction was defined as the product of 

the stretch itself and the derivative of the strain energy function with respect to the stretch in that 

direction. The stress perpendicular to the long axis of the femur was defined by Eq. 3.4. 

𝜎1 = 𝜆1  
𝜕𝑊(𝜆1, 𝜆2, 𝜆3)

𝜕𝜆1
= 𝜆1 [𝜇𝜆1

𝛼−1 +
𝜇

𝛼
(

𝜕𝜆2
𝛼

𝜕𝜆1
+

𝜕𝜆3
𝛼

𝜕𝜆1
)] 

Incompressibility was enforced by conserving the volume of the buttock and thigh tissue, with 

λ1λ2λ3 = 1 at all times. Only internal forces, which were assumed to be the same in both directions 

due to the isotropic nature of the Ogden model, acted in the transverse directions; thus the stretches 

in the transverse directions were equal (λ2 = λ3 =λ1
-1/2).  The relationship between the stress and 

stretch during the uniaxial compression was described using Eq. 3.5. 

𝜎 = 𝜇 (𝜆1
𝛼 − 𝜆1

−
𝛼

2) 

Stress and stretch perpendicular to the femur were represented by σ and λ1, respectively. The values 

of µ and α were calculated to best fit the stress and stretch data of each thigh region in each 

individual.  

 

 

  

(Eq. 3.4) 

(Eq. 3.5) 
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CHAPTER 4: SHIFTING LOADS AND PERFUSION RESPONSES AS A RESULT OF 

CHAIR ARTICULATION IN THE CONTEXT OF PRESSURE INJURIES 

 

Introduction 

 

Pressure injuries (PIs) disproportionately affect wheelchair users, such as those with spinal 

cord injuries (SCIs). Prevalence rates are as high as 47% in some care facilities [7], [17]. PIs can 

take months to heal and incur an average cost of $35,000 per incident, with some PIs costing over 

$120,000 [8], [13], [14], [16].  Recurrence rates up to 53% indicate that PIs can become chronic, 

debilitating conditions that disengage people from their daily lives [246]. Further, the prevalence 

of PIs, cost of treatment, and recurrences result in annual costs estimated near $27 billion in the 

United States alone [15].  

PIs are localized soft tissue injuries, usually around bony prominences [24]. However the 

mechanisms that cause PI formation have yet to be confirmed [24], [25]. One thought is that 

interface pressures on soft tissue occludes the blood perfusion to the affected area and deprives 

tissue of nutrients, resulting in necrosis [119], [213]. This theory was supported by studies 

reporting decreased blood perfusion in tissue experiencing normal and shear pressure [101], [120]. 

Another potential mechanism is that tissue dies due to direct mechanical compression [26]. Animal 

studies have shown that tissues experienced necrosis within two hours with sufficient compressive 

pressure [104]–[107]. Regardless of the mechanism, sustained pressures have been linked to PI 

development. Thus, it is imperative to identify new approaches of decreasing pressures on high-

risk areas to reduce PI incidence.   

Sustained pressure is especially salient for individuals with SCIs, as many use wheelchairs 

and have limited sensation, making it difficult for them to determine when body regions experience 

such pressures. Those with SCIs have numerous regions of the body susceptible to PI formation, 

including the heels, greater trochanters, ischial tuberosities, sacrum, coccyx, and scapulae [17], 
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[30]–[33], [51]. In particular, the soft tissue in the buttocks (beneath the ischial tuberosities, or ITs, 

and around the coccyx) and lower back (behind the sacrum) are high-risk areas, in part due to lack 

of a thick layer of soft tissue overlaying the bony prominences [16], [51], [182]. One PI prevention 

strategy is seated repositioning, either with back recline or whole-body tilt to change pressure 

patterns [2], [161], [247]. Whole-body tilt as implemented in current chairs is a simultaneous back 

and seat pan rotation where the angle between the back and seat pan remains constant at 

approximately 90°, resulting with the wheelchair user facing upwards. The effects of back recline 

on risk factors associated with PIs are mixed [108], [248]. And although whole-body tilt has shown 

promise for reducing factors related to PI incidence, maximum benefits in terms of pressure 

reduction are achieved at large tilt angles, which are the least popular because they disengage 

people from tasks of daily living [247], [249]. A robust study on the effects of both back recline 

and isolated seat pan tilt on seated pressure and blood perfusion has yet to be published. 

Understanding how these individual movements affect pressure and perfusion is essential to 

identifying seated positions that can reduce PI risk.  

There are limited investigations into how changes in interface pressures on the buttocks 

due to wheelchair repositioning affect blood perfusion [69], [100], [247]. Some studies have 

probed the effects of normal pressure, shear pressure, and skin temperature on perfusion, but these 

have not replicated seated pressures [3], [100], [101]. Research to address the relationships 

between pressures and perfusion in various seated positions needs to be expanded for a more 

comprehensive assessment of PI risk. Therefore, the goals of this research were to evaluate the 

ability of an articulating chair design with isolated back recline, seat pan tilt, and back articulations 

to 1) redistribute pressures on the body and 2) change blood perfusion.  
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Methods 

Participant Recruitment 

Twenty able-bodied adults, ten male and ten female, gave consent to participate in this 

study. Approval for this study was granted by the Biomedical and Health Institutional Review 

Board at Michigan State University. 

 

Figure 4.1 a) Pressure mats were also affixed to the chair during portions of testing, b)  

Schematic of the rotations of the articulating chair, with the back, thorax, pelvis and seat 

pan identified. The thorax and pelvic supports rotated about their centers, and the back and 

seat pan rotated about the point labelled CoR 

 

Articulating Chair Design 

An articulating chair was designed with an independently rotating (tilting) seat pan, as well 

as independently rotating pelvic and thoracic supports. The pelvic and thoracic supports were 

mounted on a reclining back, as seen in Figure 4.1. All three supports were attached to six-axis 
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load cells (AMTI, Watertown, MA) and covered by a thin layer of foam with a vinyl cover. A 

“neutral” chair position was defined when the seat back was vertical (0° recline), the seat pan was 

horizontal (0° tilt), and the pelvic and thoracic supports were parallel to the back (vertical). The 

back recline was able to move from vertical to 20° rearward of recline [2]. The front of the seat 

pan was able to tilt up to 30° with respect to horizontal, such that the front edge of the seat pan 

was higher than the back. The rotation center for the chair back and seat pan (CoR in Figure 4.1b) 

was located approximately at the hip joint center. Both the pelvic and thoracic supports (which 

rotated about their centers) were able to rotate 15° in either direction (i.e. upward facing 15° or 

downward facing 15°). The thoracic support was rotated to face downward 15°, and the pelvic 

support was rotated to face upward 5°to create a concave surface for a slouched (kyphotic) back 

articulation. The opposite rotations were used to support an erect (lordotic) articulation [250] 

(Figure 4.1b).  

The articulating chair was used to collect data in two sequential sessions, as described in 

the following sections. Pressure data were collected in 27 seated positions. Based on the results of 

the pressure data during pilot testing, a second set of tests were conducted in nine positions to 

collect perfusion data. These nine positions were those chair configurations that had the largest 

effects on pressure in the regions of the ITs. Note, chair back articulations had the least effect on 

the IT pressures; therefore only back recline and seat pan tilt were used during the collection of 

perfusion data.  

Table 4.1 Combinations of chair back recline, seat pan tilt, and back articulation in which 

pressure measurements were taken. Each back recline was used with each seat pan tilt and 

back articulation resulting in 27 different chair positions 

Back Recline Seat Pan Tilt Back Articulation 

No recline (0°) No pan tilt (0°) Slouched 

Half recline (10°) Half pan tilt (15°) Neutral 

Full recline (20°) Full pan tilt (30°) Erect 
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Back and Seat Pan Pressure Measurements 

Pressure measuring mats (Tekscan, Boston, MA) covered the seat pan and the pelvic and 

thoracic supports of the articulating chair (Figure 4.1a). Each mat was an array of 42 by 48 sensors. 

The pressure mats were secured to the seat pan and back supports to maintain consistent alignment. 

To quantify interface forces, the seat pan, pelvic, and thoracic supports were mounted on load cells 

located in the centers of their cross sections. All load cells were calibrated before the participant 

sat in the chair. 

Each participant was instructed to sit with their buttocks in contact with the pelvic support 

while the chair was in a neutral position (i.e. no back recline, no seat pan tilt, neutral back 

articulation). The chair was then articulated into each of 27 positions (Table 4.1) with a 

randomization strategy. A measurement of the pressure on the buttocks and back was obtained 

while in each position with simultaneous recordings from the load cells.   

 

Pressure Data Analysis 

The total force measured by the pressure mats (in Newtons) on the seat pan and back 

supports were compared to the perpendicular forces measured by the load cells (also in Newtons) 

beneath the supports [251], [252]. Uniform scaling factors (the force measured by the load cell(s) 

divided by the force measured by the pressure mat) were applied to the pressure measurements (in 

kPa) on each pressure mat to ensure the sums of the forces measured by pressure sensors equaled 

the total force obtained by the load cells, described by Eq. 4.1. 

 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 =
𝐹𝑜𝑟𝑐𝑒𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙(𝑠)

𝐹𝑜𝑟𝑐𝑒𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑚𝑎𝑡
× 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑟𝑎𝑤 (Eq. 4.1) 
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The total back pressure mat force was compared to the sum of the pelvic and thoracic load cell 

forces, and the total seat pan pressure mat force was compared to the seat pan load cell force. The 

value of each sensor with a nonzero measurement of pressure (Pi,j) was then reported as the average 

value of nine sensors (the sensor itself and all eight adjacent sensors). This process is described by 

Eq. 4.2. 

𝑃𝑖,𝑗 =
∑ ∑ 𝑃𝑚,𝑛

𝑗+1
𝑛=𝑗−1

𝑖+1
𝑚=𝑖−1

9
  

where the indices ‘i' and ‘j’ were the row (1-42) and column (1-48) of the individual pressure 

sensor. The indices ‘m’ and ‘n’ were defined as the ranges from ‘i-1’ to ‘i+1’ and ‘j-1’ to ‘j+1’, as 

indicated in Eq. 4.2. 

 

Figure 4.2 Segmentation of the seat pan (left) and back (right) pressure mat readings into 

regions. The seat pan was split up into the buttocks and thigh regions. The back was split up 

into the upper, middle, and lower back regions. 𝜹, the location of the maximum pressure,  

was measured in mm from the posterior edge of the pressure mat in the buttocks and thighs 

and from the inferior edge of the pressure mat for the upper, middle, and lower back regions 

 

Regions of interest were determined by segmentation of the back and seat pan pressure mats. The 

back regions were determined by the segmentation of the back pressure mat into thirds from 

(Eq. 4.2) 
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superior to inferior (upper, middle, and lower). The seat pan pressure mat was segmented into 

posterior and anterior halves, labeled the buttocks and thighs (Figure 4.2). The locations and 

magnitudes of the sensors recording the maximum pressures within each body region were 

recorded (i.e., the row of the measurement from the pressure mat). These rows were used to 

determine the superior-inferior location of the maximum pressures on the back and the anterior-

posterior location of the maximum pressures on the seat pan. The locations of the maximum 

pressures were recorded as the distances from the posterior edge of the seat pan in millimeters for 

the buttocks and thighs (𝛿𝑏𝑎𝑛𝑑 𝛿𝑡, respectively, larger values indicated more anterior); and 

locations of the maximum pressures in the back regions were recorded as distances from the 

inferior edge of the back (𝛿𝑢𝑏 is the upper back location, 𝛿𝑚𝑏 is the mid back location, 𝛿𝑙𝑏 is the 

lower back location, and larger values indicated more superior), as seen in Figure 4.2. 

 

Perfusion Measurements 

An initial analysis of pressure data indicated that back recline and seat pan tilt had much 

larger effects on the magnitude and locations of pressure concentrations in the buttocks than back 

articulation. Therefore, perfusion data were collected on the skin over the right IT in the nine 

combinations of back recline and seat pan tilt indicated in the first two columns of Table 4.1, while 

the back articulation was maintained in the neutral position.   

All participants wore athletic shorts so a perfusion sensor could be attached directly to the 

skin over the right IT. Participants were instructed on how to identify the IT via palpation; and 

once identified, a researcher attached a laser Doppler flowmetry sensor (Perimed, Järfälla, 

Sweden) to the tissue with a double-sided tape ring under and tape over the sensor to ensure good 

contact throughout the session. Participants sat in the position for two minutes to allow perfusion 
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to stabilize [164]. Perfusion measurements consisted of recording 30 seconds of data in each of 

the nine positions during which participants did not move. 

 

Perfusion Data Analysis 

The average values of perfusion over each recording period were calculated. Perfusion data 

were then normalized for each individual by dividing the average measurement in each position 

by the maximum average measurement recorded for that individual, meaning the values reported 

spanned between zero and one. Such normalization has previously been conducted to ensure that 

comparisons between chair positions were not affected by inter-person differences in perfusion 

magnitude [247]. 

 

Statistics 

A repeated measures ANOVA, followed by a Tukey test, was conducted to determine the 

effects of the back recline, seat pan tilt, and back articulation on the magnitudes and locations of 

the maximum pressures in the three back regions, buttocks, and thighs. A second analysis was 

conducted to determine the effects of the seat pan tilt and back recline on the blood perfusion in 

the tissue over the IT.  

 

Results 

Participants 

Ten males (average age 22.2 ± 3.0 years, average height 178.8 ± 4.2 cm, average mass 78.6 

± 11.6 kg), and ten females (average age 22.7 ± 3.6 years, average height 165.5 ± 5.4 cm, average 

mass 58.9 ± 9.3 kg) participated in this study. 
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Seated pressures and perfusion were analyzed within each sex. There were no differences 

in trends of pressure or perfusion between sexes with respect to recline or seat pan tilt. There were 

also no differences in pressure trends in response to changes in back articulation. Thus, the seated 

loading data and perfusion for both sexes were analyzed together and are presented in the results.  

 

Recline 

The effects of back recline on the magnitudes and locations of the maximum pressures in 

each region are reported in Figures 4.3 and 4.4, respectively. Reclining the chair back increased 

the maximum pressure in the buttocks (p < .0001) and lower back (p < .0001) regions, while it 

decreased the maximum pressures in the upper back (p < .0001) and thigh (p < .0001) regions. 

Reclining the back also caused a significant posterior shift of the maximum pressures in the 

buttocks (p < .0001) and inferior movement of maximum pressure in the middle back (p < .0001).  

 

 
Figure 4.3 The effects of back recline on the magnitudes of the maximum pressures within 

each region. Columns are grouped by regions. Statistical differences between recline angles 

are indicated by asterisks (*). Increases in back recline angle consistently resulted in 

significant decreases in maximum pressures in the upper back and thighs and increases in 

maximum pressure in the lower back and buttocks 
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Figure 4.4 The effects of back recline on the locations of the maximum pressures within each 

region. Statistical differences between recline angles are indicated by asterisks (*). Increases 

in back recline angle resulted in the maximum pressure shifting inferiorly for the middle 

back and posterior shifts in the buttocks 

 

Seat Pan Tilt 

The effects of seat pan tilt on the magnitudes and locations of the maximum pressures in 

each region are reported in Figures 4.5 and 4.6, respectively. Increasing seat pan tilt decreased the 

maximum pressures in the buttocks (p < .0001) and lower back (p < .0001) regions and increased 

the maximum pressures in the thighs (p < .0001) and in the upper (p < .0001) and middle (p < 

.0001) back regions. The maximum pressures in the middle (p < .0001) and lower (p = .0005) back 

regions shifted superiorly when the seat pan was tilted. The maximum pressures in the buttocks 

shifted anteriorly with increasing seat pan tilt (p < .0001). 
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Figure 4.5 The effects of seat pan tilt on the magnitudes of the maximum pressures within 

each region. Statistical differences between seat pan tilts are indicated by asterisks (*). 

Increases in seat pan tilt corresponded to increased maximum pressure in the upper back, 

middle back, and thigh regions and decreased maximum pressure in the lower back and 

buttocks regions 

 

 

Figure 4.6 The effects of seat pan tilt on the locations of the maximum pressures within each 

region. Statistical differences between seat pan tilts are indicated by asterisks (*). Increasing 

seat pan tilt corresponded to superior shift of maximum pressures in the middle and lower 

back regions and the anterior shift of maximum pressures in the buttocks region 
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Articulation of the thorax and pelvic supports – slouched, neutral, erect 

The effects of thorax and pelvic support articulations on the magnitudes and locations of 

the maximum pressures are reported in Figures 4.7 and 4.8, respectively. When changing 

articulation from slouched to erect, the maximum pressures in the upper back increased (p < 

.0001), while the maximum pressures in the middle (p < .0001) and lower (p = .0106) back regions 

decreased. Changing articulation from slouched to erect shifted the maximum pressures inferiorly 

in the upper (p < .0001) and middle (p = .0012) back regions and superiorly in the lower back 

region (p < .0001).  

 
Figure 4.7 The effects of back articulation on the magnitudes of the maximum pressures 

within each back region. Statistical differences between back articulations are indicated by 

asterisks (*). When changing articulation from slouched to erect, the maximum pressures in 

the upper back region increased, while the maximum pressures in the middle and lower back 

regions decreased 
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Figure 4.8 The effects of back articulation on the locations of the maximum pressures within 

each back region. Statistical differences between back articulations are indicated by asterisks 

(*). When changing articulation from slouched to erect, the maximum pressures in the upper 

and middle back regions shifted inferiorly, while the maximum pressures in the lower back 

regions shifted superiorly 

 

Effects of Chair Articulation on Perfusion 

The average perfusion values at each back recline and seat pan tilt angle are shown in 

Figure 4.9. Perfusion values were observed to have stabilized in each position before/during each 

measurement (slope of -.01±.14 perfusion units/second over the duration of each recording period). 

Participants had less perfusion in positions with larger back recline angles than in positions with 

no recline (p = .0450). Increasing seat pan tilt increased blood perfusion in the buttocks regardless 

of back recline angle (p = .0006). Participants had greater perfusion in positions with the half tilt 

angle relative to positions with no tilt (p = .0265) and greater perfusion in positions with full tilt 

than positions with half tilt (p = .0158).  
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Figure 4.9 Average buttock perfusion values for each back recline (left) and seat pan tilt 

angle (right). Statistical differences between back recline or seat pan tilt angles are indicated 

by asterisks (*). Perfusion decreased in the full back recline positions relative to the no back 

recline positions and increased with seat pan tilt, regardless of the back recline angle 

 

Discussion 

The primary goal of this research was to investigate the effects of chair articulation on 

interface pressure and perfusion while seated. This goal was met by determining the relationships 

between isolated chair articulations, seated pressures, and perfusion measurements. Of particular 

interest were the buttocks and lower back regions due to the prevalence of PIs in those areas. Our 

data suggested that implementing only back recline, which is a commonly recommended approach 

for wheelchair users to reduce pressure on the ITs, may not be effective at relieving the pressure 

concentrations in those high-risk regions. On the contrary, our data indicated that the opposite 

occurred, and back recline increased pressure on the ITs. However, tilting the seat pan 

independently of the back significantly decreased the maximum pressure in the buttocks and 

caused a shift in pressure concentrations to different body regions. Furthermore, an increase in 

blood perfusion was consistently seen with seat pan tilt, further supporting the use of an isolated 

seat pan tilt for PI risk reduction. These findings indicated that with the correct combination of 

chair articulations, we can affect changes in parameters that are linked to PI formation. 
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 Trends in these data showed that back recline and slouching increased the maximum 

pressures on the buttocks and lower backs, thus increasing the risk of PI formation. This is 

problematic because back recline is the most common pressure relief movement for wheelchair 

users [2]. Moreover, both recline and slouching moved the locations of the maximum pressures 

towards bony landmarks around which PIs form (sacrum, ITs, and coccyx), further increasing risk 

in those areas [30], [51].  

The data from the seat pan tilt articulation and erect back articulation showed the opposite 

trends, indicating potential protective effects in the buttocks and lower back. These movements 

led to reduced pressures and, in the case of seat pan tilt, increased perfusion. Seat pan tilt shifted 

pressure from the buttocks onto the thighs and shifted the maximum pressure locations anteriorly 

in the buttocks region, away from the ITs and coccyx. In the back, the erect articulation decreased 

the maximum pressure in the lower back and shifted its location superiorly, offloading the bottom 

area of the lower back near the sacrum. These movements reduced risk factors associated with PI 

formation in the buttocks and lower back, both of which are PI prone areas. 

This research study provides new insights into how seated articulations affect key PI risk 

factors. Previous research indicated that tissues can survive large loads, as long as they are applied 

intermittently [106], [253]. Thus, the work presented here indicates that one potential strategy to 

reduce PI risk would be a new wheelchair design that cyclically loads and unloads different regions 

of the body while seated. Not only would such a regimen intermittently unload regions of the body, 

our research indicates that it restores perfusion to areas that may experience decreased perfusion 

while seated, such as the ischium. Further research is needed to confirm these effects in wheelchair 

users, but these initial findings in able-bodied individuals are promising. 
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Conclusions 

This work conducted tests on able-bodied individuals in an articulating chair to investigate 

the effects of seated repositioning on interface pressure over the entire body and blood perfusion 

in the buttocks. Results indicated that 1) tilting the seat pan while seated reduced the pressure on 

the buttocks and lower back, 2) reclining the back reduced pressure on the upper back and thighs, 

and 3) reductions in pressure in the buttocks coincided with increased perfusion under the ITs. 

Based on these results, a seated repositioning regimen to cyclically reduce pressure on body 

regions and promote blood flow can be used, thus leading to a reduction of reduce pressure injury 

risk. Future work will investigate whether pressure and perfusion trends seen in able-bodied 

individuals are also the same in wheelchair users. 
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CHAPTER 5: KEY COMPONENTS RELATED TO PRESSURE INJURY FORMATION: 

UNDERSTANDING PRESSURE DISTRIBUTION AND BLOOD PERFUSION 

RESPONSES IN WHEELCHAIR USERS  

 

Introduction 

PIs have been shown to cause significant challenges for wheelchair users, including 

prevalence rates as high as 47%, hospital stays of up to 22 weeks and increased risk of infection 

[7], [14], [16], [254]. Furthermore, studies showed that recurrence rates were as high as 53% [246]. 

Treatment costs of PIs have also been reported to be significant with expenses of $120,000 per 

incident [8]. These factors contributed to the reported annual costs of $27 billion for PI treatment 

in the United States [15]. The problem of PIs for wheelchair users is not trivial. 

The regions that have the largest incidence of PI formation were predominately found 

around bony landmarks that experience large loads while seated [16]. Specifically, the ischial 

tuberosities, coccyx, sacrum, and shoulder blades have been reported as having the highest incident 

of PI formation [16], [17], [21], [32]. Wheelchair users have been reported to spend 10-12 hours a 

day in their chair with limited movement; studies have shown that the seated position produced 

larger tissue stresses in their buttocks than able-bodied people [2], [82], [255], [256]. Reduced 

capillary blood flow, or blood perfusion, combined with the increased internal tissue stresses for 

extended time in the seated position has been shown to result in tissue necrosis and PI formation 

[17], [27], [101]. Thus, loading and blood perfusion have been frequently been used by researchers 

as metrics for the risk assessment of PI development [28], [91], [120]. 

Several strategies have been utilized by clinicians and wheelchair users in an attempt to 

reduce the incidence of PI formation. These strategies have included specialized cushions, whole-

body-lifts executed by the patient (e.g., using their arms to lift their buttocks off the seat pan) and  

seated repositioning [21], [257] [146]. Studies reported that cushions were able to reduce, but not 



 

86 

 

eliminate, the occurrence of PIs [21], [147], [148]. Also, the literature reported that whole-body-

lifts required more mobility than some wheelchair users possess [164]. The most commonly used 

repositioning strategies in wheelchairs were back recline and whole body tilt, yet limited evidence 

has been published to support their ability to reduce pressures in high-risk regions [2], [108], [125], 

[248]. A recent study found that whole body tilt and back recline could improve perfusion in the 

buttocks, however, this was true only if the tilt and recline angles were large [161]. Tilted positions 

also were shown to have some negative outcomes, such as increased pressure on the sacrum and 

disengaged patients from tasks of daily living [68], [249]. Thus, a need exists for PI prevention 

strategies that are accessible to all wheelchair users and have evidence to support their usage. 

Seated repositioning has been one strategy for PI prevention, but existing research on 

repositioning is limited both by the populations tested and the modalities of recorded data. Two 

published studies were located that included individuals with SCIs and evaluated the effects of 

isolated seat pan tilt and whole-body tilt on seated interface pressure. One study investigated 

isolated seat pan tilt, but it did not include any other movements of the chair, and interface pressure 

data were only collected on the seat pan [258]. The second study investigated pressure changes in 

the buttocks and back due to whole body tilt, but isolated back recline or seat pan tilt were not 

investigated [68]. Neither of these studies included isolated back recline, which is the most 

commonly used position for pressure relief in wheelchair users [2]. Existing work noted that peak 

loads on the buttocks of individuals with SCIs were greater than those of able-bodied individuals, 

deepening the need for an improved understanding of interface pressure data from wheelchair users 

using common repositioning strategies [21], [108], [160]. Pressure changes on tissue have been 

shown to affect perfusion in the tissue [100], [101], [119], [259]. While one study investigated 

how perfusion in the buttocks changes with seated repositioning and pressure changes, it focused 
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on able-bodied individuals [161]. Since pressures in wheelchair users are larger than able-bodied 

individuals, there is a need to understand perfusion responses in the buttocks of that population as 

well.   

The research reported here was designed to address some of these gaps.  Thus, the goals of 

this study were to evaluate the effects of back recline, seat pan tilt, and back articulation on the 

interface pressures and buttock perfusion across a sample of wheelchair users.  

 

Methods 

Participant Recruitment 

Ten adult male wheelchair users volunteered to participate in this study. Exclusion criteria 

included active wounds on the buttocks or thighs, vascular diseases, or an inability to transfer into 

or change position in the laboratory chair. Approval for this study was granted by the Biomedical 

and Health Institutional Review Board at Michigan State University. 

 

Articulating Chair Positions 

A custom designed articulating chair was used to collect data for this study, shown in 

Figure 5.1. The articulating chair had independently rotating seat pan, pelvic, and thoracic 

supports; and the pelvic and thoracic supports were mounted on a reclining back. Both the seat pan 

and back rotated about a point approximately at the hip joint center of a seated individual (labeled 

‘CoR’ in Figure 5.1). The seat pan, pelvic, and thoracic supports were each mounted to a six-axis 

load cell (AMTI, Watertown, MA) located in the middle of their cross sections and covered with 

a thin foam layer and vinyl. Angles of back recline, seat pan tilt, and rotation of the pelvic and 

thoracic supports are reported in Table 5.1. The angle of the back was measured relative to the 
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vertical axis (up to 20° of recline), the seat pan relative to the horizontal axis (up to 30° of rearward 

tilt) (Figure 5.1). The rotation of the thoracic support face was downward 15° for the slouched 

back articulation, while the rotation of the pelvic support face was 5° upward with respect to the 

overall recline [250]. The opposite rotations were used for the erect back articulation. For the 

neutral back articulation, both supports were parallel to one another. Controls were positioned on 

the arm of the chair to adjust the motors that drove articulations. 27 combinations of back recline, 

seat pan tilt, and back articulation were included in the study, with a “neutral” position being no 

back recline, no seat pan tilt, and a neutral back articulation. 

 

Figure 5.1 a)  Schematic of the rotations of the articulating chair, with the centers of rotation 

for the back and seat pan (CoR), pelvic support, and thoracic support identified. b) Pressure 

mat placement on the articulating chair during testing. c) Wheelchair user sitting in the 

articulating chair during testing 

 

 Based on the results of pilot work, it was found that back recline and seat pan tilt caused 

the largest changes in pressure (both magnitude and locations) under the buttocks and thus also 

affected perfusion the most. Therefore, a subset of positions with three back recline angles and 

three seat pan tilt angles (9 in total) were repeated with the addition of a perfusion probe under the 

right ischial tuberosity.  
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Table 5.1 Combinations of chair back recline, seat pan tilt, and back articulation in which 

pressure measurements were taken. Each back recline was tested with each seat pan tilt and 

back articulation 
Back Recline Seat Pan Tilt Back Articulation 
No recline (0°) No pan tilt (0°) Slouched 

Half recline (10°) Half pan tilt (15°) Neutral 
Full recline (20°) Full pan tilt (30°) Erect 

 

Interface Pressure Data Collection & Analysis 

 Pressure and force data were collected in all 27 chair positions. Two pressure mats 

(Tekscan, Boston, MA), consisting of 42 rows of 48 sensors, covered the seat pan, pelvic, and 

thoracic supports (Figure 5.1b). One mat covered the seat pan, and the other covered the pelvic 

and thoracic supports. Consistent alignment throughout the testing was maintained by securing the 

pressure mats to their respective supports. The load cells mounted beneath each support were 

calibrated before participants transferred into the chair and were used to collected forces on each 

support. 

Participants transferred into the chair while it was in a neutral position, and each participant 

sat with their buttocks contacting the back of the chair along the pelvic support. The chair was then 

articulated, using a randomization strategy to select the back recline angle, seat pan tilt angle, and 

back articulation until data were collected in all positions.  

The forces measured from the load cells were used to calibrate the pressure data. The total 

forces measured by each pressure mat were related to the forces perpendicular to the face of each 

support measured by each load cell [251], [252]. The magnitudes of each pressure sensor 

measurement on the seat pan were multiplied by the ratio of the perpendicular force measured by 

the load cell under that support divided by the total force measured by the pressure mat on the seat 

pan. The magnitudes of every pressure sensor measurement on the back were multiplied by the 

ratio of the sum of the perpendicular forces measured by the load cells behind the pelvic and 
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thoracic supports divided by the total force measured by the pressure mat on the back. This process 

is described by Eq. 5.1:   

𝑃𝑚,𝑛 =
𝐹𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙(𝑠) 

∑ ∑ 𝑃𝑥,𝑦𝐴𝑥,𝑦
48
𝑦=1

42
𝑥=1

× 𝑃𝑥,𝑦 

where 𝑃𝑥,𝑦and 𝐴𝑥,𝑦 were used to represent the pressure magnitude (in kPa) and area (in mm2) of 

each sensor in the mat, 𝐹𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙(𝑠)as the perpendicular force (in N) measured by either the load 

cell under the seat pan or the sum of the load cells behind the pelvic and thoracic supports, and 

𝑃𝑚,𝑛 represented the pressure adjusted so that the total force matched that of the load cell. 

After adjustment, the final pressure value for each sensor was determined to be the average 

value of the sensor itself and the eight surrounding sensors. This process is summarized by Eq. 

5.2: 

𝑃𝑖,𝑗 =
∑ ∑ 𝑃𝑚,𝑛

𝑗+1
𝑛=𝑗−1

𝑖+1
𝑚=𝑖−1

9
 

where 𝑃𝑖,𝑗 represented the final averaged pressure value for the sensor in the ith row (1-42) and jth 

column (1-48). 

 

Regional Analysis of Pressures 

Each pressure mat was split into regions based upon the rows of sensors. The pressure mat 

on the seat pan was split into anterior and posterior halves, termed the thighs and buttocks. The 

pressure mat on the back was split into thirds from inferior to superior, termed the lower back, 

middle back, and upper back (Figure 5.2). The locations of the ischial tuberosities and sacrum 

were in the buttocks and lower back regions, respectively. Both magnitudes and locations of the 

(Eq. 5.2) 

(Eq. 5.1) 



 

91 

 

largest pressure values in each region were recorded. Locations on the seat pan (𝛿𝑏 for the buttocks 

and 𝛿𝑡 for the thighs) were measured as distances in millimeters from the posterior edge of the seat 

pan, and locations on the back (𝛿𝑙𝑏 for the lower back, 𝛿𝑚𝑏 for the middle back, and 𝛿𝑢𝑏 for the 

upper back) were measured as distances from the inferior edge of the pelvic support. 

 

Figure 5.2 Break down of the seat pan (left) and back (right) pressure mat readings. The seat 

pan was split up into the buttocks and thigh regions with the zero reference point being at 

the most posterior location of the mat. The back was split into the upper, middle, and lower 

back region with the zero reference being at the most inferior point of the mat (near sacrum)  

 

Perfusion Measurements & Analysis 

The right ischial tuberosity was located via palpation, and a laser Doppler flowmetry sensor 

(Perimed, Järfälla, Sweden) was attached to the soft tissue over the right ischial tuberosity with 

double-sided tape beneath the sensor and medical tape over top of the sensor. Participants then sat 

in the articulating chair in a neutral position. With the participant seated and a neutral back 

articulation, the chair was then moved into one of the 9 combinations involving back recline and 

seat pan tilt. The participants sat in that position for two minutes before perfusion measurements 
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were obtained [164]. Thirty seconds of blood perfusion data were collected; and if the participant 

moved or encountered a spasm during a recording, the recording for that position was started over 

after the movement or spasm finished. The reported measurement for each position was the 

average value of the perfusion recording over the thirty seconds. Lastly, the perfusion 

measurements were normalized within individuals by dividing them by their largest perfusion 

measurement across all positions. This permitted comparisons of the changes caused by posture 

changes across individuals [247].  

 

Statistics 

A repeated measures ANOVA was used to determine the effects of back recline, seat pan 

tilt, and back articulation on magnitudes and locations of the maximum pressure data across all 

positions. A second repeated measures ANOVA was used to determine the effects of back recline 

and seat pan tilt on perfusion measurements in the buttocks. Differences in the magnitudes and 

locations of the maximum pressures and perfusion data due to the articulations were detected with 

post-hoc Tukey tests. 

 

Results 

Participants 

 Ten male wheelchair users (average age 37.1±7.89 years, average time using a chair 

21.8±12.85 years, average height 174.8±13.21 cm, average mass 76.4±16.53 kg) participated in 

this study. Participants reported spending an average of 11.50±2.51 hours per day in their chair 

and had a range of conditions and injuries that resulted in wheelchair usage. These included spinal 

cord injuries, cerebral palsy, and spina bifida. 
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Articulation Effects on Pressure 

Recline 

 Back recline affected the magnitudes and/or locations of the maximum pressures in the 

upper back, lower back, buttocks, and thighs, shown in Figures 5.3 and 5.4. The maximum 

pressures in the buttocks and lower back regions increased with back recline (p < .0001 for both 

regions), while the maximum pressures in the upper back (p < .0001) and thighs (p = .0003) 

decreased. The locations of the maximum pressures shifted posteriorly in the buttocks (p = .0002) 

and thigh regions (p = .0136) with back recline.  

 

 

Figure 5.3 The effects of back recline on the magnitudes of the maximum pressures within 

each region. Increasing the back recline angle increased maximum pressures in the buttocks 

and lower back and decreased maximum pressures in the upper back and thighs. Differences 

between recline angles are indicated by asterisks (*) 
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Figure 5.4 The effects of back recline on the locations of the maximum pressures within each 

region. Increasing the back recline angle caused a posterior shift in the maximum pressure 

regions of the buttocks and thighs. Differences between recline angles are indicated by 

asterisks (*) 
 

Seat Pan Tilt 

Seat pan tilt affected the magnitudes and/or locations of the maximum pressures in the 

upper back, middle back, buttocks, and thighs, shown in Figures 5.5 and 5.6. The maximum 

pressures in the buttocks decreased (p < .0001) and maximum pressures in the middle (p < .0001) 

and upper (p < .0001) back regions increased with seat pan tilt. The locations of the maximum 

pressures in the middle (p < .0001) and lower (p < .0001) back regions shifted superiorly and 

locations shifted anteriorly in the thigh (p < .0001) regions with seat pan tilt. 
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Figure 5.5 The effects of seat pan tilt on the magnitudes of the maximum pressures within 

each region. Increasing the seat pan tilt angle increased the maximum pressures in the upper 

and middle back and decreased maximum pressures in the buttocks. Differences between 

seat pan tilts are indicated by asterisks (*) 

 

 

 
Figure 5.6 The effects of seat pan tilt on the locations of the maximum pressures within each 

region. Increasing seat pan tilt angle caused a superior shift in the maximum pressure 

regions of the middle and lower back and an anterior shift in the maximum pressure regions 

in the thighs. Differences between seat pan tilts are indicated by asterisks (*) 
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Back Articulation 

Back articulation affected the magnitudes and/or locations of the maximum pressures in 

upper, middle, and lower back regions, shown in Figures 5.7 and 5.8. No significant effects due to 

back articulation were detected in the magnitudes or locations of the maximum pressures in the 

buttocks and thighs. The maximum pressures increased in the upper back (p < .0001) and decreased 

in the middle back (p < .0001) regions when changing back articulation from slouched to erect. 

The locations of the maximum pressures shifted inferiorly in the upper back (p < .0001) and 

superiorly in the lower back (p < .0001) when changing back articulation from slouched to erect.  

 

 

Figure 5.7 The effects of back articulation on the magnitudes of the maximum pressures 

within each region. Articulating the back from slouched to erect increased maximum 

pressures in the upper back and decreased maximum pressures in middle back. Differences 

between back articulations are indicated by asterisks (*) 
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Figure 5.8 The effects of back articulation on the locations of the maximum pressures within 

each region. Articulating the back from slouched to erect caused an inferior shift in the 

maximum pressure regions in the upper back and a superior shift of the maximum pressure 

regions in the lower back. Differences between back articulations are indicated by asterisks 

(*) 

 

Postural Effects on Perfusion 

Mixed results were observed with respect to blood perfusion in the wheelchair users. 

Perfusion values were observed to have stabilized in each position before/during each 

measurement (slope of .00±.20 perfusion units/second over the duration of each recording period). 

Participants fell into two groups: 1) those who experienced an increase in blood perfusion in the 

buttocks in response to seat pan tilt (termed responders), and 2) those who did not experience an 

increase in perfusion in response to seat pan tilt (termed non-responders). Four participants 

experienced an increase in perfusion with increasing seat pan tilt (p = .0013) and were designated 

the responder group. The non-responder group included two participants who had no change to 

their buttocks perfusion with seat pan tilt and four participants who experienced a decrease in 

buttock perfusion with seat pan tilt (p < .0001). The perfusion values for the entire cohort and 

responder group are reported in Figure 5.9.  
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Figure 5.9 Normalized perfusion values for the entire cohort (left) and responders (right) at 

every back recline and seat pan tilt angle. Seat pan tilt increased perfusion in the responder 

group (p = .0013) 

 

While both the responder and non-responder groups experienced the smallest maximum 

pressures in the buttocks in the positions with the maximum seat pan tilt, the magnitudes of the 

pressures differed between the two groups. The average maximum pressure in the buttocks of the 

responder group was 22.7 ± 3.6 kPa in positions with a full seat pan tilt. This average pressure was 

significantly smaller (p < .0001) than the average maximum pressure in the buttocks of the non-

responder group in the same position (66.3 ± 4.3 kPa). Though there was a significant difference 

between pressures in the responder and non-responder group, there was not a significant difference 

between the masses of the responders (81.1 ± 7.6 kg) and non-responders (73.3 ± 6.5 kg) (p = .50). 

 

Discussion 

 This research was conducted to evaluate the effects of chair articulations on interface 

pressures and buttocks perfusion of wheelchair users while seated. This research filled a 

knowledge gap, permitting a detailed understanding of how changes in seating position of 

wheelchair users affect interface pressures and blood perfusion.  
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 Wheelchair users experienced increased pressure in the buttocks and lower back with back 

recline. In addition, they experienced a posterior movement of pressure concentrations in the 

buttocks. These two findings combined indicated that back recline produces circumstances that 

negatively affect factors known to increase PI formation. This is specifically true for body regions 

where PIs are common, the buttocks and lower back. However, one of the strategies wheelchair 

users are encouraged to implement frequently is to recline – the common clinical advice being that 

reclining would reduce pressures in these regions [2]. Based on our findings, the clinical 

suggestion of recline as a pressure relieving mechanism for the buttocks (ischial tuberosities and 

coccyx) and lower back (sacrum) should be re-evaluated.  

Seat pan tilt decreased pressure on the buttocks, which supports its use for the reduction of 

PI risk in the buttocks. The superior shift in maximum pressure of the lower back with seat pan tilt 

further suggests that seat pan tilt may reduce PI risk around the sacrum. However, few wheelchairs 

offer the ability to change the seat pan tilt as an option; many times tilting is done as a whole-

body-tilt, where the seat back and pan tilt together as a single motion. Our research also indicated 

changes in the back supports which created erect and slouched positions also showed the ability to 

shift pressure from one body region to another. An erect back articulation was observed to shift 

pressure concentrations in the lower and upper back towards the middle of the back and away from 

the bony prominences of the sacrum and scapulae. The presented data show that chair articulations 

such as seat pan tilt and back articulation are able to affect factors that are known to cause PIs.  

Despite the consistent reduction of pressures in the buttocks with seat pan tilt, all 

participants did not exhibit a consistent change in perfusion. Some participants showed an increase 

in perfusion, while others showed no change, and some exhibited a decrease with seat pan tilt. This 

issue needs further exploration. These differences could be related to the anatomy of the individual 



 

100 

 

(less muscle mass and more adipose tissue), or the fact that the sample had varying types of 

injuries/diseases, or that there was a minimal layer of foam on our chair as compared to a thicker 

cushion. Those who did not experience an increase in buttock perfusion had approximately three 

times as large a pressure concentration in the buttocks as those who had increased perfusion, 

providing insight into the relationship between pressure and perfusion changes. While seat pan tilt 

alone did not increase the buttock perfusion of all the participants in our chair, it could be used in 

conjunction with other pressure reducing tools, such as specialized cushions, to further reduce 

pressure in the buttocks to a magnitude small enough that all wheelchair users are able to 

experience an increase in perfusion. 

 Based on the findings of our research, seated repositioning has promise as a tool to reduce 

the incidence of PIs by shifting the magnitudes and locations of interface pressure concentrations, 

and for some individuals, by increasing perfusion. Prior research indicated that tissues were able 

to survive external pressures for limited lengths of time [213]. Therefore, seat articulations such 

as the ones evaluated in this study could be used to cyclically load each region of the body, 

reducing the risk of PIs in any specific region by limiting exposure to pressure [106]. Doing so 

would be protective of the ischial tuberosities, coccyx, sacrum, and scapulae, all bony landmarks 

where PIs frequently occur [51]. Thus, a regimen of timed articulations presents one additional 

strategy in the prevention of PIs in wheelchair users. 

 

Limitations 

 This work investigated the seated pressures under the buttocks and backs of wheelchair 

users. Although the cohort of wheelchair users in this study had ten people, there were no females 

who volunteered to participate. Additionally, we did not have a homogenous group in terms of 
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their injury or disease which required wheelchair use. Both of these limitations should be addressed 

in future studies. A limitation of the perfusion measurements was that the positions in which the 

maximum perfusion measurements were taken were not consistent for all individuals. Ideally, the 

maximum measurements could have been obtained in a position with the buttocks unloaded for all 

individuals, but such a position was not feasible with this cohort. In future studies, accessible 

perfusion data collection protocols will be explored for a position with no load on the buttocks 

Such a position can be used as a consistent maximum perfusion position with which to normalize 

all perfusion data. Future work may also consider normalizing loads by the body weight of the 

participants as an alternative to comparing raw pressure values to describe trends in the load data. 
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CHAPTER 6: THE EFFECTS OF PANTS AND CUSHION COVER MATERIAL ON 

SHEAR FORCES EXPERIENCED WHILE SEATED  

 

Introduction 

 There are over 3 million wheelchair users living in the United States [1]. These wheelchair 

users are at an elevated risk of developing pressure injuries (PIs), with up to an 80% lifetime risk 

of experiencing one [61]. Incidence of a PI is highly disruptive, as treatment for PIs almost always 

involves consistent repositioning to offload the area around the wound, debridement of the wound 

itself, and dressings that need to be changed, among many other lesser used treatment strategies 

[260]. Further, treatment of PIs cost about $27 billion in the United States each year [15]. Thus, 

PIs are serious issues in how widespread, disruptive, and expensive they are. 

 One of the most consistent factors cited in the development of PIs is the presence of shear 

loading on the tissue [91], [98], [122], [261]. Shear loading has been implicated in the formation 

of PIs that start in superficial tissues and spread to deeper tissues [27]. Shear causes internal stress 

in tissues to which it’s applied, as estimated by finite element models, and also a decrease in blood 

perfusion to the loaded tissues [3], [101], [120], [124], [175]. Both internal stress and reduced 

blood perfusion contribute to tissue necrosis over time, which can lead to PI formation. 

 Soft tissues in the buttocks and thighs experience shear loading while seated, which creates 

a higher risk for PI development [101], [262]. Almost half of all pressure injuries occur in the 

buttocks and thighs, indicating a need to address the shear loading those regions experience [16]. 

Despite evidence showing that the buttocks and thighs experience increased shear load while 

sitting in reclined positions, reclined positions are the most popular positions for wheelchair users, 

and they are prescribed for pressure relief clinically [2], [108], [249], [263], [264]. The popularity 

of reclined positions while seated, paired with the prevalence of PIs in the buttocks and thighs, 
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underscore a need to reduce the shear loading on the buttocks and thighs while seated, especially 

in reclined positions. 

 One method by which the shear load on the buttocks and thighs may be reduced is by 

selecting materials for the cushion covers that have low coefficients of friction. Standard cushion 

covers use materials such as vinyl, however those materials may have relatively high coefficients 

of friction, causing increased shear loading on the buttocks and thighs while seated. Another 

material, such as the nylon used in transfer sheets in hospitals, may provide a lower friction surface 

that helps lower the shear force and therefore reduce the risk of PIs. By using a material with a 

lower coefficient of friction for a cushion cover, the maximum amount of friction the cover can 

sustain is reduced, and that provides a mechanism by which shear on the buttocks and thighs is 

reduced. 

 Friction is generated by contact between two surfaces; and thus the interaction between the 

cushion cover material and that of clothing is an important factor in order to understand shear 

force. Numerous studies have investigated the effects of moisture and temperature on friction 

between skin and textiles commonly used to make clothes [113], [115], [265]. These studies found 

that increasing moisture on the skin increased friction, correlating two factors that are thought to 

contribute to PI risk [91]. However, there is a dearth of literature describing the friction generated 

between cushion cover materials and materials commonly used to make pants while seated. As 

such, there is a need to evaluate the frictional properties of cushion covers when paired with 

clothing to reduce shear loading. 

 Though there is a lack of information regarding the interactions of the material on the 

cushion cover and the clothing worn by the wheelchair user, this interaction is critical to the 

generation of shear force on the buttocks and thigh tissues. Thus, it is necessary to determine the 
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friction and shear forces on these material pairings. As stated, reducing the coefficient of friction 

between pants and cushion cover reduces the maximum amount of shear that can be sustained by 

a pair of materials before sliding occurs, potentially reducing friction on the buttocks and thighs. 

Additionally, understanding the effects of a commonly used positioning method – back recline – 

on shear force is also important. 

 Therefore, the goals of this study included using a tilting seat pan 1) to determine the 

coefficients of friction between three cushion covers (vinyl, one-layer nylon, and two-layer nylon) 

and two clothing fabrics commonly worn by able-bodied individuals and wheelchair users (cotton 

denim and cotton-polyester blend) using a laboratory system (called a sled) to simulate the 

buttocks, 2) to compare the coefficients of friction found using the sled to coefficients found with 

human participants, and 3) use a chair with back recline to  evaluate the ability of the cushion 

covers to reduce shear loading on the buttocks and thighs while seated in reclined positions.   

 

Methods 

Overview 

 Three specific hypotheses were tested in this work to address the three specific goals. The 

first hypothesis was that the coefficients of friction when pairing pant materials with seat pan 

covers would differ and that pairings of pant materials with covers made from nylon would have 

smaller coefficients of friction than pairings with vinyl covers. This was tested using a mechanical 

system that consisted of a weighted wooden sled, whose bottom was covered by the pant materials. 

This experimental work utilized the tilting seat pan surface of the articulating chair designed for 

the work in chapters 4 and 5.  
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 The second hypothesis was that coefficients of friction could be determined using humans 

instead of the sled and that the frictional coefficients would be the same with either the sled or the 

humans, even though humans have deformable soft tissue in their buttocks and thighs. To test this 

hypothesis, participants sat in the articulating chair while wearing pants made of the same material 

tested with the sled, and the seat pan was tilted until the participants started to slide. This was done 

for each of the pant materials and each of the seat pan covers used in the sled testing.  

 The third hypothesis was that the seat pan covers would affect the shear forces on the 

buttocks and thighs while seated in reclined positions, specifically that the nylon seat pan covers 

would reduce shear on the buttocks and thighs. To do this, motion capture data and force data were 

collected as participants sat in the articulating chair, and the chair was reclined. Shear force data 

were collected at three levels of recline, as determined by motion capture, and compared between 

the pairings of seat pan cover and pant materials for which the coefficients of friction were 

previously determined. 

 

Articulating Chair Design 

 The custom-designed articulating chair designed for chapters 4 and 5 was also used for this 

research. The articulating chair had independent, motor-driven back recline and seat pan tilt 

movements. The back was able to recline rearward from vertical to nearly 20 degrees and the seat 

pan was able to tilt up to 40° such that the anterior edge of the seat pan was higher than the posterior 

edge. Two reflective markers were attached to the chair back, and four reflective markers were 

attached to the seat pan to record the orientations of the back and seat pan, respectively (Figure 

6.1). The seat pan was mounted on a six-axis load cell (AMTI, Watertown, MA) to collect normal 

and shear force data on the seat pan during testing. 
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Determination of Coefficients of Friction via a Sled to Simulate the Buttocks 

 Static and kinetic coefficients of friction were determined for the pairings of two pant 

materials (denim and cotton-polyester blend) and three cushion covers (vinyl, one-layer nylon, and 

two-layer nylon) using a sled that simulated the buttocks (Table 6.1). The sled had a square cross-

sectional area of 225 cm2, was designed to hold 45 N of weight (weight carried by the ischial 

tuberosities while seated), and had interchangeable fabrics attached to the bottom [5], [266]. The 

seat pan covers were attached to the seat pan with Velcro. For the one-layer covers, and for the 

bottom layer of the two-layer nylon cover, the material was attached with Velcro to the lateral and 

anterior edges of the seat pan. The top layer of nylon for the two-layer nylon cover was attached 

to the posterior edge of the seat pan to ensure that it could freely slide on top of the bottom layer. 

Four reflective motion capture markers were attached to the sled to determine its position in space 

(markers S1-4 in Figure 6.1). 

 

 
Figure 6.1 Articulating chair setup for the sled testing. The markers on the front right (FR), 

front left (FL), back left (BL), and back right (BR) were used to determine the orientation of 

the seat pan (𝒆𝟏̂). The markers on the sled, S1-4, were used to determine the sled’s position. 

The anterior (AA) and posterior (AP) markers on the chair arm were used to determine the 

back recline. All positions were given in the coordinate system in the top left of the figure 
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Table 6.1 Material pairings for the pants materials and seat pan covers 

Seat pan cover material Sled bottom material 

Vinyl 
Denim (100% cotton) 

One-layer nylon 

Cotton (60%)-polyester (40%) blend 
Two-layer nylon 

 

Motion capture data were collected at 60 Hz to determine the static and kinetic coefficients 

of friction of the different material pairings using the position of the sled and the orientation of the 

seat pan.  The position of the sled (𝑠) was the average position of the four markers on the sled (i.e. 

∑ [𝑆𝑖,𝑥 𝑆𝑖,𝑦 𝑆𝑖,𝑧]4
𝑖=1

4
). The orientation of tilt of the seat pan was determined using two of the markers 

(Front left (FL) and back left (BL) in Figure 6.1) and Eq. 6.1. 

𝑒1̂ =
𝐹𝐿⃑⃑ ⃑⃑⃑ − 𝐵𝐿⃑⃑⃑⃑⃑⃑

‖𝐹𝐿⃑⃑ ⃑⃑⃑ − 𝐵𝐿⃑⃑⃑⃑⃑⃑ ‖
 

where 𝐹𝐿⃑⃑ ⃑⃑⃑ was the position vector of marker FL, 𝐵𝐿⃑⃑⃑⃑⃑⃑  was the position vector of marker BL, and 𝑒1̂ 

was the unit vector that represented the orientation of the seat pan. The angle of tilt of the seat pan 

was determined using vector 𝑒1̂ and Eq. 6.2.  

𝜃𝑡 = tan−1 (
𝑒1,𝑧

𝑒1,𝑦̂

̂
) 

where 𝑒1,𝑦̂ was the y-component of the seat pan orientation vector, 𝑒1,𝑧̂ was the z-component of 

the seat pan orientation vector, and 𝜃𝑡 was the angle of tilt of the seat pan. The position of the sled 

along the seat pan was calculated using the orientation of the seat pan and the positions of the sled 

and marker BL in space. This is described in Eq. 6.3. 

(Eq. 6.1) 

(Eq. 6.2) 
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𝑟 = 𝑒1̂ ∙ (𝑠 − 𝐵𝐿⃑⃑⃑⃑⃑⃑ ) 

where 𝑟 was the position of the sled along the seat pan. 

 

 

Figure 6.2 Free body diagrams for the sled before (left) and after (right) it starts to slide. The 

friction before the sled starts to slide is determined by the static coefficient of friction (𝝁𝒔), 

and the friction after it starts to slide is determined by the kinetic coefficient of friction (𝝁𝒌) 

 

 The sled was placed on the seat pan while it had 0° of tilt. The seat pan was then tilted until 

the sled started to slide along the seat pan. Just prior to the sled starting to slide along the seat pan, 

the angle of tilt (𝜃𝑡,𝑚𝑎𝑥) was held constant. The only forces acting on the sled were gravity, friction 

parallel to the seat pan, and the force normal to the seat pan (Figure 6.2). As such, the static 

coefficient of friction (𝜇𝑠) for the material pairing was determined using Eqs. 6.4 through Eq. 6.6.  

Σ𝐹𝑡 = 𝜇𝑠𝑚𝑔 𝑐𝑜𝑠(𝜃𝑡,𝑚𝑎𝑥) − 𝑚𝑔 sin(𝜃𝑡,𝑚𝑎𝑥) = 0 

𝜇𝑠𝑚𝑔 𝑐𝑜𝑠(𝜃𝑡,𝑚𝑎𝑥) = 𝑚𝑔 sin(𝜃𝑡,𝑚𝑎𝑥) 

𝜇𝑠 = tan(𝜃𝑡,𝑚𝑎𝑥) 

All motion of the sled was along the seat pan orientation vector (𝑒1̂). Thus, the acceleration (𝑎⃑) of 

the sled along the seat pan was determined by using changes in the position of the sled along the 

seat pan (𝑟) to determine mean acceleration between frames. To determine velocity, the change in 

(Eq. 6.4) 

(Eq. 6.6) 

(Eq. 6.5) 

(Eq. 6.3) 
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position along the seat pan was tracked from frame to frame. Since the frequency of data collection 

was known (60 Hz), the change in position was divided by time between frames to determine the 

velocity of the sled during frames when it slid. Changes in velocity between frames were then 

divided by the time between frames to determine the acceleration of the sled during frames when 

it slid. The acceleration while the sled was sliding was used to determine the kinetic coefficient of 

friction (𝜇𝑘) for the material paring using Eq. 6.7. 

𝜇𝑘 =  tan(𝜃𝑡,𝑚𝑎𝑥) −
|𝑎⃑|

𝑔 cos(𝜃𝑡,𝑚𝑎𝑥)
 

where 𝑔 was the gravitational constant (9.81
𝑚

𝑠2). Ten trials were conducted for each material 

pairing, and the coefficients of friction were averaged among the trials. 

 

Coefficients of Friction with Human Participants 

 The coefficients of friction for each material pairing were also computed with data sets 

collected on human participants. 10 able-bodied individuals (5 male, 5 female) volunteered, and 

testing protocols were approved by the Biomedical and Health Institutional Review Board at 

Michigan State University. Consent was obtained from all participants.   

As with the simulated buttocks, four reflective markers were attached to the seat pan. 

Reflective markers were also attached bilaterally on the participants’ anterior superior iliac spines, 

greater trochanters, lateral epicondyles, and lateral malleoli (Figure 6.3). Motion capture data of 

all the markers were collected. Participants each wore two pairs of pants: denim jeans and cotton-

polyester blend sweatpants, and three cushion covers were tested (Table 6.1). 

 

(Eq. 6.7) 
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Figure 6.3 Reflective marker placements on the lower body of a participants: anterior 

superior iliac spines (ASISs), greater trochanters, lateral epicondyles, and lateral malleoli 

 

 
Figure 6.4 (a) Front view of a participant sitting on a flat seat pan, (b) side view of a 

participant sitting on a flat seat pan, with the arrow indicating the space between the 

participant and the chair back, (c) participant sitting on a tilted seat pan just before starting 

to slide 
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Participants initially sat down on the seat pan with 0° of seat pan tilt, with the back of their 

buttocks 15 cm from the posterior edge of the seat pan, hands placed in their lap, and were 

instructed to not contact the back of the chair with any part of their back (Figure 6.4a and Figure 

6.4b). A footrest was adjusted at the participants’ feet so that their initial knee flexion was 90° and 

thighs were fulling resting on the seat pan. The seat pan was then tilted until the participant started 

to slide or until the participant’s upper back made contact with the back of the chair, whichever 

came first (Figure 6.4c). After the participant started to slide or contacted the back of the chair, the 

seat pan tilt was held constant. The orientation and angle of the seat pan tilt were calculated using 

Eqs. 6.1 and 6.2. The average position of the lateral epicondyles was recorded relative to the seat 

pan, similarly to position of the sled in the previous section. The average position of the markers 

on the lateral epicondyles was used to determine when participants slid along the seat pan because 

the markers on the anterior superior iliac spines and greater trochanters were sometimes obscured 

by the participants’ hands This is described in Eq. 6.8. 

𝑞⃑ = 𝑒1̂ ∙ (𝑘⃑⃑ − 𝐵𝐿⃑⃑⃑⃑⃑⃑ ) 

where 𝑘⃑⃑ was the average position vector of the markers attached to the lateral epicondyles, and 𝑞⃑ 

was the average position of lateral epicondyles along the seat pan. The acceleration of the knees 

along the seat was found using the same process that was used to obtain the acceleration of the 

sled, and the static and kinetic coefficients of friction were calculated using Eqs. 6.6 and 6.7, 

respectively. Three trials were conducted for each participant wearing each pair of pants on each 

cushion cover, and coefficients of friction were averaged across trials. In trials where the vinyl seat 

pan cover was used, participants did not slide along the pan. A seat pan tile of over 30 degrees was 

required to start sliding and by the time the pan reached that angle, participants were unable to 

(Eq. 6.8) 
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keep their upper backs from touching the back of the chair without leaning significantly forward, 

which would have affected results. Thus, coefficients of friction were not found for the material 

pairings including the vinyl cover with human participants. 

 

Evaluating the Effects of Seat Pan Cover on the Shear Forces While Seated  

When back recline happens, shear force on the buttocks and thighs of wheelchair users 

increases. To identify the effects of seat pan cover materials during back recline, a third set of tests 

was run. 

Motion capture data of the participant and chair, and shear force data on the seat pan, were 

collected while participants sat in the articulating chair at multiple recline angles for all the material 

pairings listed in Table 6.1. Participants sat on the articulating chair with the backs of their buttocks 

contacting the pelvic support, their hands in their laps, and their feet resting on the footrest. The 

back was reclined to 17° past vertical and then moved back to the 0° recline (vertical) position 

while the seat pan remained horizontal. Participants then stood up out of the chair to prepare for 

the next trial. Three separate trials were conducted for each material pairing (for a total of 18 trials 

per participant), and motion capture and shear force data were collected during each trial. 

Motion capture and shear force data (collected at 60 Hz and 120 Hz, respectively) were 

used to determine the recline angle of the back and shear force on the seat pan, respectively. 

Markers AA and AP (Figure 6.1) were used to determine the angle of back recline. The shear 

forces in the anterior-posterior direction of the seat pan were recorded when the angle of back 

recline was 5°, 10°, and 15° for each trial. A description of the procedure used to verify the 

accuracy of the shear force measurements on the seat pan is included in Appendix B. 
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Statistics 

A two-way repeated measures ANOVA was used to determine the effects of recline angle 

and material pairing on the shear forces on the seat pan. Tukey tests were then used to identify 

significant differences between the shear forces in different recline angles and material pairings. 

 

Results 

Coefficients of Friction with the Simulated Buttocks 
 

Figure 6.5 Coefficients of friction for each of the material pairings, found using the sled to 

simulate the buttocks. Brighter bars represent static coefficients of friction, while darker 

bars are kinetic coefficients of friction 

 

 The coefficients of friction as found from the weighted sled are reported in Figure 6.5 and 

Appendix C. The static and kinetic coefficients of friction were largest for the vinyl cover, 

regardless of pants material it was paired with; and the coefficients of friction were smallest for 

the two-layer nylon cover for both pant materials. Though the coefficients of friction for the pant 

materials on one layer of nylon were consistently smaller than the coefficients of friction of the 
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pants on the vinyl cover, the reduction in the coefficient of friction was dependent on the type of 

fabric used in the pants. The reduction in both static and kinetic coefficients of friction when 

switching the cover from vinyl to the one-layer nylon cover was 10% for the denim pants material 

and 26% for the cotton-polyester blend. The kinetic coefficients were smaller than the static 

coefficients of friction by a range of 2-9%, with the smallest change occurring in the denim on 

two-layer nylon cover and the largest change occurring in the cotton-polyester blend on one-layer 

nylon cover. 

 In summary, the vinyl seat pan cover had the largest coefficients of friction, and the two-

layer nylon cover had the smallest for both pant materials. The cotton-polyester blend pant material 

had smaller coefficients than the denim pant material on the vinyl and one-layer nylon seat pan 

covers. However, the two pant materials had similar coefficients of friction when interacting with 

the two-layer nylon seat pan cover.  

 

Coefficients of Friction with Human Participants 

  
Figure 6.6 Coefficients of friction for each of the material pairings, found using human 

participants. Brighter bars represent static coefficients of friction, while darker bars are 

kinetic coefficients of friction 
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 Five able-bodied males (average age 22.4 ± 3.1 years, average height = 181.4 ± 5.0 cm, 

average weight = 754.7 ± 85.9 N) and five able-bodied females (average age 23.0 ± 6.2 years, 

average height = 162.6 ± 10.5 cm, average weight = 607.9 ± 39.3 N) participated in this study. The 

coefficients of friction as found from the human participants are reported in Figure 6.6. and 

Appendix C. As stated in the methods, coefficients of friction were not found with human 

participants when a vinyl seat pan cover was involved because the angle of tilt needed start the 

participant sliding was too great, so participants’ backs contacted the back of the chair.  

 For both pairs of pants, the coefficients of friction were smaller on the two-layer nylon 

cover than on the one-layer nylon cover. The kinetic coefficients of friction determined from the 

human trials were between 2.5-3.5% smaller than the static coefficients of friction. 

 

Effects of Seat Pan Cover on Shear Forces  

  
Figure 6.7 Shear forces on the seat pan of each material pairing at each angle of recline. All 

shear forces are in the anterior direction of the seat pan. Recline increased shear force on 

the seat pan, regardless of the material pairing. Asterisks (*) indicate significant differences 

in shear forces on each pair 
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 The shear forces on the seat pan with all three covers and both pants materials at three 

recline angles are reported in Figure 6.7. Interaction effects between the recline angle and material 

pairing were investigated, but there were no significant findings.  All shear forces reported are in 

the anterior direction of the seat pan (+y in Figure 6.1). The data indicated that increasing back 

recline, regardless of seat pan cover, increased the shear force on the seat pan (p < .0001). Though 

there were no significant differences between the shear forces on any of covers across pant 

materials, the two-layer nylon cover reduced shear force on the buttocks and thighs by about 20% 

relative to the vinyl cover. The results also showed that there were several material pairings that 

reduced shear force relative to others.  Denim on vinyl had less shear force than denim on one-

layer nylon (p = .0370) and cotton-polyester blend on vinyl (p = .0071). Denim on two-layer nylon 

(p = .0258) and cotton-polyester blend on two-layer nylon (p = .0487) also had less shear force 

than cotton-polyester blend on vinyl. 

 

Discussion 

 This work was carried out to determine frictional properties of pairings of seat pan covers 

and pant materials. Additionally, this work investigated the effects different seat pan covers had 

on shear force as recline was varied. The methods used to determine frictional properties, the 

frictional properties themselves, and the shear force results have implications that span 

experimental, computational, and clinical biomechanics, in particular as they relate to PI 

prevention. 

 Coefficients of friction of the material pairs were found using a sled and tilted surface. This 

method was previously used to determine coefficients of friction between material samples of 

rocks, whose shape remains relatively constant during testing [266], [267]. However, this was the 
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first published work that applied the method to the human body, specifically the buttocks and 

thighs covered by pants materials. The results indicated that the nylon covers had smaller 

coefficients of friction than the vinyl cover. This is significant because the shear forces that the 

nylon covers can support are smaller than those that of the vinyl cover, providing one mechanism 

by which shear may be reduced on the buttocks and thighs of wheelchair users. This was 

determined using a seated position with a tilting seat pan. Understanding the effects a material 

surface has on shear force generation can help in reducing internal tissue shear as well as 

maintaining positioning of seated occupants. 

 The coefficients of friction of the material pairs were found using the tilted surface method 

with a rigid mechanical system (sled) used to simulate the buttocks and again with human 

participants. The results of this study showed the same trends and similar numerical coefficients 

of friction with the rigid sled and the deformable human. The coefficients of friction for the denim 

and cotton-polyester blend pants on the one- and two-layer nylon cushions were close to one 

another (within 10%) between the simulated buttocks and human participants. It also means that 

using simulated buttocks may be an adequate substitution for human participants when 

determining coefficients of friction. Experiments with simulated buttocks are more repeatable than 

using human participants, as evidenced by the smaller standard deviations of the coefficients of 

friction found using the sled. Because simulated buttocks remove human variation, they provide a 

method to consistently determine coefficients of friction that may be useful for clinical settings 

(by using cushion covers with small coefficients of friction).  

 One finding from this work that directly impacts current clinical care and best practices is 

that back recline increased shear force on the buttocks and thighs regardless of material pairing. 

This finding can be taken in conjunction with previous work that shows that normal forces on the 



 

118 

 

buttocks, specifically over the ischial tuberosities, increase with back recline as well. Together, 

this research does not support the current practice of using back recline as a prevention method for 

PIs in the buttocks. Instead, back recline increases normal and shear pressure on the buttocks, 

which have been shown to increase tissue stress and decrease perfusion, thereby increasing the 

risk of PI formation. 

 From a PI prevention perspective, it was essential to identify material pairings that could 

reduce shear force on the buttocks and thighs while seated. In this study, the three material pairings 

with the smallest amount of shear on the buttocks were denim on vinyl, denim on two-layer nylon, 

and cotton-polyester blend on two-layer nylon. The denim and cotton-polyester blend on two-layer 

nylon were both material pairings with low coefficients of friction as found with the simulated 

buttocks and human participants, and they indicated that the two-layer nylon cover may have the 

potential to yield small shear forces on the buttocks and thighs while seated. The two-layer nylon 

cover decreased the shear force on the buttocks and thighs by about 20% relative to the vinyl cover 

for the denim and cotton-polyester blend pants. The lack of a statistically significant difference 

was due to large standard deviations of the shear force measurements. Nevertheless, that decrease 

in shear force could reduce tissue stresses in the buttocks and thighs, increase perfusion in the skin 

in those regions, and help protect tissues in those regions from PI formation.  

 To implement a shear reducing cover of any kind in a wheelchair, precautions must be 

taken to ensure that chair occupants do not slide into an unintended position or even out of their 

chair. Most manual and powered wheelchairs have foot plates mounted in front of the seat pan that 

provide some protection against the chair occupant sliding forward, and lateral pads and support 

straps can be implemented as well. The combination of shear reducing covers and wheelchair 

supports can reduce the risk of PIs and unintended repositioning at the same time. 
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 This work furthers the understanding of shear forces on the buttocks and thighs while 

seated, thereby aiding in the task of reducing PI incidence. The results from the tilted surface 

method of determining coefficients of friction suggested that it can be used to consistently 

determine coefficients of friction and yields results similar to humans with deformable tissues. 

Shear force measurements from human participants sitting in reclined positions showed that 

recline increases shear on the buttocks and thighs and that the two-layer nylon cover may be able 

to reduce shear. Further testing will be needed to determine the coefficients of friction for other 

commonly worn fabrics (such as polyester) on seat pan covers and other types of material with 

which the two-layer cushion works well. However, these results show that the two-layer nylon 

cover is a promising avenue for shear force reduction, reducing PI risk in seated individuals. 

 A limitation to this work is that the coefficients of friction were not found for pant materials 

on the vinyl cover using human participants. This was because participants contacted the back of 

the chair at the large tilt angles needed to overcome static friction with the vinyl cover. The 

participants touching the back of the chair instead of sliding indicated that the tilting surface 

method of determining coefficients of friction may not be used for humans and materials with high 

coefficients of friction. While the coefficients of friction are not limited for methods using a sled 

on a tilting surface, experiments that use human participants need to limit the magnitude of the 

coefficients of friction tested. Additionally, because one of the seat pan covers tested consisted of 

two layers of nylon attached on different sides of the seat pan, the potential existed for wrinkling 

or creasing. This attachment approach was used to accommodate for the load cell mounted beneath 

the seat pan, which would not permit a complete wrapping around the seat pan of the fabric. 

However, if a two-layer cover is implemented on an actual wheelchair cushion, the top layer of 

the cover could enclose the entire cushion and bottom layer of the cover. Doing so would create 
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tension in the top layer and simulate a conveyor belt, where the occupant could slide on the cushion 

cover without the potential of the cover wrinkling.  
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CONCLUSIONS 

 

 The overall objective of this work was to use novel methods to generate a description of 

the soft tissues of wheelchair users that may be used in finite element models and to develop 

wheelchair technology to address limitations in the practices used to prevent PIs. Additionally, this 

work investigated pant and seat pan cover material pairings to reduce shear forces on the buttocks 

while seated, an area where there is a dearth of research. The components of this research address 

several assumptions used in engineering applications, especially in designs meant for persons with 

disabilities. 

 Accurate representations of soft tissues are integral to designs of engineering models and 

devices with which people interact. Though people spend much of their day in a seated position, 

and many wheelchair users develop PIs, the protocols used to obtain material properties from the 

buttocks and thighs of humans have mostly been limited to able-bodied people while lying down. 

Therefore, it was imperative to determine if the differences between the hip and knee joint angles 

in the seated position versus the lying position affected the reported material properties of the 

buttocks and thighs. Further, creating an accessible protocol to determine the material properties 

of the soft tissues in the buttocks and thighs in a seated or seated-like position was a challenge that 

was overcome. Successfully completing this component of the research allowed for comparisons 

of material properties between able-bodied individuals and wheelchair users. Several challenges 

arose during the path to completion of this work. 

The first challenge was to determine whether hip and knee joint angles affected the material 

properties in the buttocks and thighs. This was done by creating a protocol to collect and analyze 

force and deformation data from the buttocks and thighs of able-bodied individuals in the seated, 

quadruped, and prone positions. The seated and quadruped positions produced similar buttock and 
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thigh tissue responses, while the prone position elicited stiffer tissue responses, indicating that the 

buttock and thighs tissues were affected by hip and knee joint flexions. This meant that it would 

be appropriate to use the tissue response in the quadruped position, but not the prone position, to 

represent the seated position.  

Confirming that the seated and quadruped positions produced similar material responses 

from the buttocks and thighs was critical to being able to obtain and calculate material properties 

from those tissues in wheelchair users. There were numerous obstacles to evaluating wheelchair 

users. They included issues related to balance and support while transferring into and then sitting 

in a laboratory test chair. These challenges were addressed by conducting tests in the quadruped 

position. Thus, the protocol to collect force and deformation data from people in the quadruped 

position was adapted to test people with SCIs in a rehabilitation clinic. The tissue responses were 

obtained and compared to those of able-bodied people. People with SCIs had softer tissue 

responses in the buttocks and more proximal regions of the thighs, while their distal thigh regions 

were stiffer than those of able-bodied people. These findings had implications for both 

experimental and computational biomechanics. First, the differences in tissue stiffness throughout 

the buttocks and thighs of people with SCIs relative to able-bodied individuals showed that it is 

vital to differentiate between groups as differences are significant. Secondly, the differences in 

stiffnesses themselves were considered in conjunction with the effects of body position on tissue 

responses in the buttocks and thighs. Together, these studies indicated that the buttocks and 

proximal thigh tissues of wheelchair users in a seated position were softer than those of able-bodied 

people lying down. Since the soft tissues in the buttocks and thighs are prone to PI development, 

it is important to accurately represent them in all engineering applications that evaluate PI risk and 
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prevent PI occurrence. The comparisons made and the data sets yielded by these new methods will 

benefit wheelchair users through device designs and human body models. 

Equipment designed for the purpose of PI prevention has yet to eliminate these injuries, 

and PIs continue to be a significant problem for wheelchair users. Most commercial wheelchairs, 

if able to reposition the occupant, are limited to back recline and whole-body tilt. The evidence to 

support the use of back recline and whole-body tilt for PI prevention was limited, and spending 

time in those positions affects the tasks occupants can conduct. As such, it was important to 

determine whether those repositioning strategies actually reduced PI risk, and if not, to develop 

new strategies to do so. Therefore, an accessible articulating chair was built to collect interface 

pressure data and perfusion data from the skin over the ischial tuberosities of seated individuals. 

The chair was first tested on able-bodied individuals and had independently rotating seat pan, 

pelvic, and thoracic supports, of which the pelvic and thoracic supports were mounted on an 

independently reclining back. Interface pressure data were segmented into body regions and 

regional averages found over key areas in the thighs, buttocks, lower back, middle back, and upper 

back. Segmentation allowed for specific characterizations of the effects of seated repositioning. 

After analysis, it was found that back recline increased pressure on the buttocks and lower back, 

two regions where PIs are common. Back recline also decreased perfusion in the skin over the 

ischial tuberosities. However, seat pan tilt decreased pressure on the buttocks and lower back and 

increased perfusion in the skin over the ischial tuberosities. Back articulation shifted pressure 

concentrations between back regions. The results of this study suggest that using back recline as a 

method to reduce pressure on the buttocks, though popular, may actually have the opposite effect. 

Instead, new repositioning strategies, such as seat pan tilt or changes in back articulation, may be 
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effective ways to protect the buttocks and lower back. Studying these movements required a 

custom, laboratory chair because these features are not available via any commercial chair. 

As with the studies on the factors that affect material properties of the buttocks and thighs, 

it was necessary to determine whether the results of seated repositioning were the same for 

wheelchair users as they were for able-bodied individuals. Similarly to able-bodied individuals, 

back recline increased pressure on the buttocks and lower back, and back articulation was able to 

shift pressure concentrations between back regions. Seat pan tilt decreased pressure on the 

buttocks, with mixed results on the lower back. Seat pan tilt only increased perfusion in wheelchair 

users whose maximum buttocks pressures were similar to those of able-bodied individuals. 

Wheelchair users who had larger maximum buttocks pressure did not experience an increase in 

perfusion. These results indicated that the use of specialized cushions, or other pressure 

distributing strategies, may be necessary with seat pan tilt to increase perfusion in wheelchair users 

with high buttocks pressures. Though the effects of the chair articulations on the interface pressures 

of wheelchair users were similar to able-bodied individuals, the differences in the perfusion trends 

between the two groups were not predictable based on the able-bodied data alone. The data 

collected from the wheelchair users, while they still suggest that seat pan tilt and back articulation 

are viable strategies for PI prevention, illustrate the need to include people with disabilities. 

Lastly, a study was conducted on the shear forces experienced while seated on various seat 

pan covers. Though shear loads on soft tissue have been repeatedly implicated in the formation of 

PIs, and there has been research on how to reduce shear on individuals while lying down, there is 

relatively little research on how to reduce shear on seated individuals.  Recent attempts to create a 

shear reducing seat pan cover had limited success. 
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This work aimed to further understand how seat pan covers may be used to reduce shear 

forces while seated. To do this, the coefficients of friction of vinyl, one-layer nylon, and two-layer 

nylon seat pan covers were determined experimentally when paired with materials commonly used 

to make pants. The shear forces experienced while reclining in the articulating chair were then 

quantified for each of the three seat pan covers. It was found that the coefficients of friction 

between the one- and two-layer nylon covers were consistently smaller than those of the vinyl seat 

pan cover, regardless of the pant material with which they were paired. Further, the two-layer 

nylon seat pan cover showed trends towards reducing shear forces on the buttocks and thighs while 

seated. Regardless of seat pan cover, shear force on the buttocks and thighs increased at higher 

back recline angles, indicating that again, recline may not be a viable seated repositioning strategy 

to reduce PI risk. The methods used to 1) determine the coefficients of friction between two 

materials using the simulated buttocks and 2) measure the shear force on the buttocks at multiple 

back recline angles can be used to evaluate other material pairings that may reduce shear forces on 

the buttocks and thighs while seated. The results of this research yielded useful material pairings 

for clinicians and input parameters for modelers investigating the effects of shear force on soft 

tissue. 

This research has implications for clinical, experimental, and computational biomechanics. 

This work included novel methods and experimental approaches, with associated computations to 

obtain these findings. This research yielded first-of-its-kind continuous, in-vivo material response 

data from people with SCIs. The articulating chair that was developed included chair articulations 

not available in commercial chairs and also evaluated common seated repositioning strategies, 

with the resulting data suggesting that the current methods for PI prevention need re-evaluation. 

Finally, the experiments to determine the coefficients of friction for material pairings that 
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commonly occur between pants and seat pan covers showed that seat pan covers can significantly 

affect the coefficients of friction and that simulated buttocks can be representative of human 

participants.  

Overall, this work contributes significantly to our understanding of components related to 

human in-vivo material properties, device design and frictional properties – all which play 

significant roles in the formation of PIs.  
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APPENDIX A: REPEATABILITY OF TISSUE INDENTATION PROTOCOL 

Repeatability of the indentation protocol was investigated by considering multiple trials per 

individual. Since there were two trials per testing region per body position for each individual, the 

force and deflection data from the first trial were compared to the second. A sample of force and 

deflection data from all three regions in all three positions for one participant are provided in Figure 

A.1. The data indicate that the protocol has very good repeatability. 

 
Figure A.1 Force and deflection data from repeated indentation protocols on the proximal 

(left), middle (middle), and distal (right) thigh regions in all three body positions for one 

participant. Data from each region in each position are consistent, showing very good 

repeatability  
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APPENDIX B: CONFIRMATION OF SYSTEM ACCURACY WITH VINYL COVER ON THE 

SEAT PAN 

 

 The load cells used in this research have been shown to accurately measure normal and 

shear forces on a rigid surface attached to the load cell itself. However, it was important to ensure 

that shear forces measured on a deformable surface with a cover were accurate because wheelchair 

cushions are deformable and have covers; and thus testing for this research occurred on a thin 

deformable foam layer whose thickness was approximately 1 cm. To do this, shear force 

measurements were obtained for the sled on the foam layer with the vinyl cover for seat pan tilt 

angles up to 30°. The vinyl cover was chosen because it could support the shear forces on the sled 

at large tilt angles. 

 The same markers used in the protocol to determine the coefficients of friction using the 

sled were attached to the articulating chair to determine the seat pan’s orientation and tilt angle, 

and force data were collected by the load cell beneath the seat pan. The sled was placed on the seat 

pan while it was covered by the vinyl cushion cover and had a tilt angle of 0° to record the weight 

of the sled. The seat pan was  then tilted to 30° while the sled was on the seat pan. Force and 

motion capture data were collected at 60 Hz throughout the tilting movement. This was done with 

the sled weighing 45 Newtons because that was weight of the sled during the trials to determine 

the coefficients of friction, and 110 Newtons because that weight represented the average contact 

pressure of a seated person over the area of the sled bottom [5]. 

 Theoretical and normal shear forces on the seat pan were calculated for the sled at seat pan 

tilt angles using the free body diagram from Figure 6.2. The normal force of the sled on the tilted 

seat pan was 𝑁𝑠𝑙𝑒𝑑 = 𝑊𝑠𝑙𝑒𝑑cos (𝜃𝑡), where 𝑁𝑠𝑙𝑒𝑑 was the normal force on the sled, and 𝑊𝑠𝑙𝑒𝑑 was 
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the weight of the sled on the flat seat pan. The shear force of the sled on the tilted seat pan was 

𝑁𝑠𝑙𝑒𝑑 = 𝑊𝑠𝑙𝑒𝑑sin (𝜃𝑡).  

 Experimental motion and force data collected on the seat pan were compared to the 

theoretical calculations. The angle of the seat pan tilt was determined using 𝑒1̂, and the normal and 

shear forces on the seat pan were plotted against the angle of seat pan tilt in Figure 6.8. The largest 

difference between the experimentally measured and theoretical values of shear force were 

approximately 1.5 Newtons for the 45 Newton sled and 3.5  Newtons for the 110 Newton sled, 

which were both within the sensitivity of the load cell beneath the seat pan.  

 

Figure B.1 Experimental and theoretical normal shear forces on the seat pan at tilt angles 

up to 30° for the 45 Newton sled (left) and 110 Newton sled (right)  
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APPENDIX C: COEFFICIENTS OF FRICTION CALCULATED USING THE SLED AND 

HUMAN PARTICIPANTS  

 

Table C.1 Static coefficients of friction for each pair of materials during the sled trials 

  Cover Material 

  Vinyl 
One-Layer 

Nylon 

Two-Layer 

Nylon 

Pants 

Material 

Denim (100% cotton) 0.61 ± .016 0.55 ± .048 0.27 ± .006 

Cotton (60%)-

polyester (40%) 

blend 

0.58 ± .022 0.43 ± .016 0.27 ± .011 

 

Table C.2 Kinetic coefficients of friction for each pair of materials during the sled trials 

  Cover Material 

  Vinyl 
One-Layer 

Nylon 

Two-Layer 

Nylon 

Pants 

Material 

Denim (100% cotton) 0.58 ± .020 0.52 ± .034 0.27 ± .008 

Cotton (60%)-

polyester (40%) 

blend 

0.53 ± .008 0.39 ± .009 0.26 ± .008 

 

Table C.3 Static coefficients of friction for each pair of materials during the human trials 

  Cover Material 

  Vinyl 
One-Layer 

Nylon 

Two-Layer 

Nylon 

Pants 

Material 

Denim (100% cotton) -- 0.50 ± .044 0.29 ± .059 

Cotton (60%)-

polyester (40%) 

blend 

-- 0.44 ± .067 0.30 ± .038 

 

Table C.4 Kinetic coefficients of friction for each pair of materials during the human trials 

  Cover Material 

  Vinyl 
One-Layer 

Nylon 

Two-Layer 

Nylon 

Pants 

Material 

Denim (100% cotton) -- 0.48 ± .064 0.29 ± .059 

Cotton (60%)-

polyester (40%) 

blend 

-- 0.43 ± .068 0.29 ± .037 
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