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ABSTRACT 

One of the foremost problems in rehabilitation today is the 

prevention of bedsores or decubitus ulcers in spinal cord-injured 

patients. For those patients who must spend great lengths of time in 

a wheelchair, the wheelchair cushion is of vital importance in avoiding 

the high forces on the skin that could cause tissue breakdown. 

The finite element method was used to analyze a two-dimensional 

model of the human buttocks. The normal and shear stresses in the 

flesh were determined for several body types supported by a variety of 

cushion materials. Results permitted a comparison of external pressure 

measurements made experimentally with calculated internal stresses. 

Thus, analysis supplemented clinical observations in evaluating the 

ability of cushion materials to minimize stresses in the flesh. 
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1.1 Introduction 

With recent advances in medicine and growing awareness among the 

American public of the problems of the handicapped, the opportunity for 

a spinal cord-injured person to return to a normal, functioning role in 

society after rehabilitation has become widely available. Modified 

housing and work areas are being constructed, special transportation 

services are being initiated and employers are encouraged to hire appli¬ 

cants who must use a wheelchair. As a result, paraplegics and quadri¬ 

plegics are spending many more hours in the wheelchair to participate 

in daily activities than they ever did in the hospital. 

Along with the progress wheelchair users have made towards inde¬ 

pendent living however, a problem that has plagued hospital staffs for 

years has developed into one of the foremost obstacles in rehabilitation. 

Medically known as decubitus ulcers, bedsores afflict not only those 

confined to bed, but many people who are inactive and have medical 

problems such as poor circulation or incontinence as well. Improve¬ 

ments in nursing care have considerably reduced the occurrence of 

decubitus ulcers in the hospital. Once a patient is released, the 

responsibility for prevention rests with the individual. This is 

extremely difficult even for the most conscientious patient. 

Decubitus ulcers are characterized by an open wound where tissue 

decay has escalated in response to externally applied stresses (Figure 1). 

Treatment involves the complete relief of pressure from the affected 

area and often long hospital stays to avoid infection and other compli¬ 

cations. If wound healing does not progress within a reasonable length 

of time, plastic surgery is often necessary to obtain closure. The 

cost of curing a decubitus ulcer can range from $5,000-$20,000, in 
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Figure 1: A Typical Pressure Sore (55) 

addition to the discomfort and pain suffered by the patient and days 

or months lost from home and work. 

Necessarily, physicians, nurses, physical and occupational thera¬ 

pists and researchers have directed much of their efforts into investi¬ 

gating the causes and means of prevention of decubitus ulcers in spinal 

cord-injured people. Initially, of primary importance is the determi¬ 

nation of the normal structure and function of skin and flesh and the 

mechanisms of tissue failure. With this information, various ways of 

pressure relief can be designed and evaluated. 

1.2 Physiology 

The skin has been called the largest organ of the human body and 

performs many functions; for example, it covers the internal organs 

and structures, protects them from outside injury and invasion as well 

as preventing them from drying out. In addition, the skin is an 

important part of the sensory nervous system, regulates body temperature 
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and releases some body wastes while absorbing other nutrients (25). 

Structurally, the skin is composed of two layers, a thinner, outer layer 

or epidermis and an inner layer known as the dermis. The epidermis 

consists of closely packed cells biologically cemented together which, 

because they have no vascular supply, are no longer living cells. The 

outer cells continually slough off and therefore the function of the 

epidermis is primarily protective. (25, 28). 

The dermis is extremely strong and flexible and contains a network 

of blood vessels, lymph vessels, nerves, glands and hair follicles. 

These structures provide nutrients to the skin and remove wastes, as 

well as contributing to bodytemperature regulation, excretion and 

absorption through the skin and skin sensation. The physical character¬ 

istics of the dermis are determined by the meshing of two types of 

connective tissue; fibrous tissue, with low extensibility but high 

tensile strength and yellow connective tissue, which has elastic re¬ 

covery properties. A ground substance with a viscosity that varies 

from fluid to gel-like fills the space between the connective tissues 

and the vessel network. (25, 28). 

Beneath the skin lies an additional layer of connective tissue 

known as subcutaneous tissue. This tissue is similar in structure to 

the dermis, but also contains a number of fat cells which cause it to 

vary in thickness, depending on the individual body and the location 

of the tissue on the body. Due to the large number of fat cells stored 

in the subcutaneous tissue, it is not as well vascularized as the dermis. 

(25) Figure 2 shows the relationship between the epidermis, dermis and 

subcutaneous tissue which together make up the structure of human flesh. 

Living flesh is supplied with the nutrients and oxygen necessary 
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Figure 2: The Anatomical Structure of Flesh (28) 

for cell metabolism by the arterial blood vessels. The large arteries 

branch out into a network of minute capillaries which run through all 

the peripheral tissues of the body including the dermis and subcutaneous 

tissue. De-oxygenated blood is returned to the heart and lungs through 

the veins which connect to the arterial system at the capillaries. The 

pressure of blood as it enters the capillaries is approximately 30 mm 

Hg. and will decrease to about 10 mm Hg. at the venous ends of these 

vessels. Thus, the pressure of blood flowing through the capillaries, 

which are 7-9 microns in diameter and 1 micron thick, is much lower 

than the pressure of 85-100 mm Hg. observed in the large arteries. (27). 

The removal of waste products from the flesh is also accomplished 

by the blood with the aid of the lymphatic system. The lymph vessels 

are primarily involved with removing proteins, large particles and 

excess fluids which cannot be accomodated by the blood from the inter¬ 

stitial spaces. Lymph flow increases whenever the interstitial fluid 



s pressure rises above its normal level of -7 mm Hg. (27) In summary, 

thê "Kümàh“bodyuses'a carefully regulated transport system to supply 

the flesh with the.nutrients needed for.cellular function .and to. re¬ 

move waste products that do result. 

1.3 Mechanics of Skin Breakdown 

While the normal structure of skin and the physiological pro¬ 

cesses involved in maintaining healthy tissue are fairly well under¬ 

stood, the causes and mechanisms of skin breakdown in decubiti are not 

entirely clear. During normal activities such as sitting, .lying and 

leaning against another surface, relatively small volumes of flesh 

can be compressed between the internal bony skeleton and any external 

surface used for support. Since most of the body weight is carried by 

the skeleton, extremely high pressure can be generated in the flesh. 

Decubitus ulcers are assumed to be caused by pressure ischemia, or 

starvation of the tissues, which results when the nonrigid walls of 

blood and lymph vessels collapse under pressures much higher than that 

of the fluids inside them. In addition, mechanical disturbance of the 

flesh due to a high level of stress or more moderate, repetitive forces 

is thought to be of importance in resultant tissue damage. (11, 26) 

Several studies have investigated the relationship between 

pressure and time in the formation of decubiti using animal models. 

(34, 35, 42) Varying magnitudes of pressure were applied to the skin 

of rats, dogs and rabbits for different time intervals and the ensuing 

tissue damage determined both visually and microscopically. Newell, 

et al have combined the results of this experimental work in a series 

of generalized pressure versus time curves (Figure 3). Skin tissue 

is shown to tolerate low pressures indefinitely. Moderate pressures 

cause some damage, characterized by redness and swelling of the tissue, 
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Figure 3: The Effects of Time-at-Pressure on Tissue (50) 

which is reversible if pressure is removed soon enough. Ulceration 

and death of the tissue (necrosis) occur as the pressure is increased 

or more moderate pressures are applied for a long period of time. 

An attempt has also been made to correlate the pressure at which 

tissue damage happens with the fluid pressures in the circulatory system. 

While capillary blood pressure can be as low as 10 mm Hg., Hickman et 

al (28) noted that as pressure on compressed flesh was released gradually, 

blood circulation returned before the tissue had recovered much of its 

original thickness. When the pressure on the tissue was reduced to 

30 mm Hg., the blood flow was more vigorous than normal. It was there¬ 

fore concluded that skin could support external pressures above capillary 

pressure before blood flow was significantly disrupted. 

Ischemia due to pressure does not completely describe the mecha¬ 

nism of tissue failure, however. Dinsdale (20) reported that there 

was no close relationship between the pressure required to produce 

skin necrosis and those exerted on the human skin during normal activi¬ 

ties. His work introduced friction as an accessory factor in the 
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formation of ulcers. Tests on normal and paraplegic swine indicated 

that animals receiving both pressure and friction were more susceptible 

to decubiti than animals receiving pressure alone at pressures up to 

S00 mm Hg. Further isotope clearance studies demonstrated that friction 

did not impair circulation and thus must cause direct mechanical damage 

to skin. 

In addition to shear forces produced by friction, Bennett (6, 7) 

has theorized that shear resulting from large variations in compressive 

forces will apply severe mechanical shear stresses to the skin. As the 

result of recent experimental work, he concluded that shear force 

plays a significant part in the occlusion of blood vessels but large 

compressive forces must already be applied in order for stable shear to 

develop. His work indicates that the pressure level capable of dis¬ 

rupting blood flow can be reduced by one-half by the presence of shear 

forces. (10) 

Thus the existence of normal and shear stresses in the flesh and 

the ability of these forces to create the conditions conducive to skin 

breakdown have been documented. Controversy still exists however, as 

to the sequence of tissue failure. Barton, McDougall and Petersen 

(4, 44, 52) presume that the formation of the initial lesion is due to 

skin surface necrosis while Krouskop et al (39) and Kosiak (36) postu¬ 

late that the damage originates in the subcutaneous tissue. Gross, (26) 

in a review of this dispute, advocates deep tissue lesions caused by a 

well distributed compressive load or slippage of the superficial layers 

in shear. The latter could result in pressure, distortion and possibly 

ruptures The poor vascularization of the subcutaneous cells could 

also influence the initial lesion formation. 
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1.4 Methods of Pressure Relief 

Normally, humans can sense pain and discomfort before tissue damage 

can occur and intermittent weight shifting prevents ulceration. People 

with impaired spinal cord function, however, lack the ability to sense 

tissue distress and/or the ability to relieve discomfort through motion. 

In addition to being confined to bed or a wheelchair for long periods 

of time, these people may also suffer from incontinence, spasticity, 

edema, malnutrition and infection that can contribute to skin deteri¬ 

oration. (30, 48) 

In the case of a person using a wheelchair daily, the surface area 

most prone to ulceration is that beneath the ischial tuberosities, 

which are the two lowermost points on the pelvis (Figure 4). In sitting, 

Figure 4: The Bony Pelvis (29) 

these bony prominences carry the majority of body weight and are 

covered by a comparatively thin layer of muscle and flesh. Isobar 

representations of surface skin pressures obtained experimentally have 

shown that regions of peak pressure occur at each tuberosity (Figure S) 

with values as high as 140 mm Hg. being recorded for a subject seated 

on a wooden board. (16, 30, 43) Other than surgery in an extreme 
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ISCHIAL 

* TUBEROSITY 

Figure 5: Pressure Distribution at the Buttock-Cushion Inter¬ 
face. All pressures are in mm Hg. (A) With the 
patient's feet hanging free. (B) The patient's feet 
are supported. (43) 

case, the wheelchair patient must rely on the mechanical properties of 

a seat cushion to minimize the pressure on sensitive skin areas. 

Ideally, the goal of cushion designers is to create equal pressure 

distribution over the entire area available for sitting. This would 

eliminate large pressure gradients that could cause damaging shear 

stresses as well as maintaining normal forces below the level at 

which tissue breakdown begins. Based on the work of Hickman, and 

measured arterial capillary pressure levels, the desired maximum pressure 

level should be 30 mm Hg. (16, 43, 48). Theoretically, Kosiak deter¬ 

mined that skin pressure could be reduced to a uniform 26 mm Hg., 

however NASA has obtained somewhat higher figures for normal adults 

C 48-) • and no cushion has been made that will decrease pressure to 

this level (Figure 6).(43) 
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Figure 6: Pressure Distribution on Normal Subjects 

Although the ideal cushion has yet to be realized, manufacturers 

have produced a wide array of cushions and cushion materials, many of 

which have been effective in preventing decubiti. The difficulty that 

physicians and occupational therapists have had is in evaluating these 

products and devising a rationale by Which the most suitable cushion 

can be located for an individual patient. Evaluation is complicated 

by the fact that pressure distribution qualities are only one element 

of cushion design; heat and moisture exchange, stability, weight and 

cost are also relevant parameters. (48) Weight and stability are 

particularly vital considerations in choosing cushion materials. Since 

many wheelchair users are able to transfer themselves to and from the 

chair and in and out of vehicles, they prefer a cushion that is easily 

moved in order to maintain their independence. A heavy cushion that 

requires assisted transfer may soon be discarded. Cushion stability 



is an even more important design criterion as Cochran (16) points out 

that an ideal cushion that could control surface pressure below 30 mm 

Hg as well as eliminating shear forces would be so unstable as to 

make sitting impossible. Decreasing the rigidity of a cushion that 

will be used by a person with limited to non-existent muscle tone great¬ 

ly increases their risk of falling out of the chair. 

Choices for seated pressure relief systems have included molded 

seats, dynamic seats that employ a power source to alternate pressure 

and static cushions. Currently, the static cushion has been of the 

most benefit to wheelchair patients as the molded seats limit their 

ability to redistribute weight and the dynamic systems are more appli¬ 

cable on a stationary hospital bed than a mobile chair. Static cushions 

have been manufactured from a large variety of materials including 

polyurethane foams, silicone, vinyl and other elastomer gels and air- 

filled or liquid-filled membranes. The relative merits of these cushion 

types based on evaluation by the Rehabilitation Engineering Center of 

The Institute for Rehabilitation and Research are presented in Figure 7. 

Although medical personnel rely predominantly on clinical experience 

in prescribing a particular type of cushion, research efforts to eval¬ 

uate the pressure distribution properties of cushions have resulted 

in several techniques by which the interface pressures can be measured. 

(12, 16, 23, 30, 43, 48). As there is no practical method to obtain 

the actual forces in the flesh, interface pressure studies are the only 

objective means of comparing cushion performance in relation to human 

subj ects. 

During the last fifteen years, several researchers have used 

surface pressure studies, and in one case, an animal study, to investi- 
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Static Wheelchair Cushions (22) 

Type Advantages Disadvantages 

Air-Filled 1. Lightweight 
2. Cleanable 

1. Subject to puncture 
2. Not easily repairable 
3. Air pressure must be 

checked against leakage 

Flotation-Filled 1. Cleanable 1. May be too heavy for 
2. Relatively some patients 

inexpensive 2. Subject to puncture 

Flotation-Gel 1. Adjust to 1. Heavy 
body's movement 2. Difficult to transfer 

2. Simulate body 3. Patients lose tolerance 
fat tissue to to other cushions 
produce better 
pressure relief 
for some patients 

4. Must be stored flat 

Polymer Foams 1. Very readily 1. Wear out more quickly 
available than other types 

2. Large variety 2. Not cleanable 
of types 3. Foam is subject to 

3. Inexpensive changes in climate 
4. Lightweight and temperature 
S. Easily 4. Should not be used in 

transferred 
6. Can be cut into 

any size, shape 
thickness 

7. Breathable 
8. Foam can be modi- 

direct sunlight 

fied via cutting, 
wedging, etc., to 
further reduce pressure 
As a group, foams 
appear to produce 
lower pressures than 
other types of 
cushions 

Figure 7 
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gate the relative merits of various cushion types. Sophistication of 

pressure measurement methods has increased vastly, but the accuracy 

of actual numerical values determined between two soft, deformable sur¬ 

faces is only fair. Therefore, only the general, more reliable, trends 

should be examined. 

Although polymer foam cushions have been shown to be mediocre 

in stress distribution characteristics (45), they are highly rated 

with respect to other use requirements and thus are popular with 

patients. Modern advances in foam technology have produced materials 

of many different stiffnesses and cushions made of one or more types 

of foam with different material properties have been effective in im¬ 

proving pressure distribution (22). Cut-outs in the foam that avoid 

creating large force gradients have also been shown to reduce inter¬ 

face pressure, but repositioning in the correct manner is difficult. 

(48) Recently, Bushong, et al. (13) have completed a study on the 

feasibility of wedging the underside of wheelchair cushions to provide 

optimal pressure distribution. Some types of wedging proved worth¬ 

while and the study is continuing. 

Gel cushions were conceived as materials that would mimic the 

mechanical properties of flesh. An animal study on paraplegic dogs 

performed by the designer of silicone gel (57) showed Spence gel to 

be more effective in preventing ulcers than a regular mattress, a 

foam pad, an alternating pressure mattress and equal to a water bed. 

Newell et al (50) and Houle (30) reported a more uniform distribution 

of pressure for the same gel than a foam, but Mooney et al (48) noted 

severe handling problems and Cochran et al (16) showed relatively high¬ 

er maximum'pressures. The similarity of mechanical properties between 
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gels and flesh should minimize shear forces however, an advantage 

that could account for the clinical success of the cushion. 

Theoretically, fluid-filled cushions .could provide the most uni¬ 

form pressure variations possible. Those cushions filled with liquids 

such as water have proved unacceptable due to leakage, instability 

and heavy masses. Mooney (48) observed.also that the surface tension 

of the retaining membrane prevented even pressure distribution. Air- 

filled cushions, on the other hand, seem to hold more promise with 

regard to pressure relief. Static air cushions with convoluted surface 

geometries that can be inflated to variable internal pressures:have 

recently been successful in clinical use. 

Thus, choosing a cushion for patient use is still primarily a 

matter of clinical intuition. Adding to the confusion on the relative 

effectiveness of different cushion types is the variable of body type. 

It is easily observed that human bodies range from obese to emaciated 

and tall to short, with many combinations in between. In spinal cord 

injured patients, wasting of the leg muscles can occur while the upper 

body may be poorly muscled or well developed. All of these factors 

influence pressure distribution on the buttocks but no definite 

relationships between body types and cushion contact pressures have 

been determined. This additional information is vital if more defini¬ 

tive methods of cushion selection are to be developed. 



2.1 Objective 

The preceeding sections have described what is currently under¬ 

stood about the mechanism of tissue failure in the formation of 

decubitus ulcers. Based on this knowledge, several types of wheelchair 

cushions have been designed and available experimental means applied 

to determine the usefulness of these cushions in preventing ulcer¬ 

ation. The exact role of shear and normal forces in ulcer initiation 

is poorly defined however, while experimental work has yielded only 

general results. 

In order to progress towards a rationale by which the effect¬ 

iveness of a wheelchair cushion can be evaluated, a more complete 

description of the stresses in the human buttocks during sitting must 

be obtained. Although a few early attempts have shown the feasibility 

of applying engineering analysis methods to the flesh problem (S,6,7,8, 

9,15,49), the use of this type of approach to examine the effects of 

cushion type and body type on the stresses in the flesh has not 

heretofore been attempted. Therefore, this study was designed to 

obtain values for the stresses in human flesh in the region near the 

ischial tuberosities analytically, specifically using the mthod of 

finite element analysis. 

Finite element analysis has been successfully applied to many 

continuum problems in which the behavior of the system could not be 

derived by less complicated means or determined experimentally. Based 

on the principle of discretization, the finite element method is 

used in structural analysis to solve for the displacements of a 

number of discrete elements into which a larger system has been 

divided. If the laws of equilibrium are satisfied and the displacement 
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compatibility of adjacent elements maintained, the displacements 

of each element may be used to define the stresses in the elements, 

thus providing an approximation of the stresses throughout the whole. 

Depending on the number of elements, the accuracy of the model used 

to approximate the variations of displacements within the element and 

the degree to which the actual problem characteristics can be 

determined, it is possible to compute a reasonably precise stress 

distribution. 

The method of finite element analysis was employed to calculate 

the stress distribution in the human buttocks for a variety of 

body types and supported by several cushions with different physical 

properties. It was anticipated that these results would supplement 

laboratory and clinical observations on the effectiveness of pressure 

relief materials in order to aid rehabilitation personnel in providing 

an optimal pressure distribution for each patient. 



3.1 System Parameters 

The initial step in the finite element procedure is choosing a 

representation of the problem that can be discretized for analysis. 

System geometry must be accurately known, the loads on the system de¬ 

fined and the material properties of the system components determined. 

This data serves as input for analysis. 

In the case of the human buttocks, an accurate, three-dimensional 

modeling would be difficult to perform without the extensive use of 

cadaver disection and X-rays. Computer implementation of such a model 

would also be extremely complicated and costly. Although the use of 

three dimensions in analysis may be necessary in the future, for the 

specific region near the ischial tuberosities»a two-dimensional model 

of one ischium should provide a reasonable estimate of the stress 

distribution in the flesh. 

A two-dimensional model of the problem was defined by visualizing 

a slice taken through the sagittal place of the seated human body at 

one ischium. The system consists of a layer of bone joined to the 

soft body tissue, the wheelchair cushion and &n interface between 

flesh and cushion surfaces (Figure 8). The length of the model 

corresponds to the size of the standard wheelchair cushion. Since 

the pelvis is generally symmetric and pressure studies have shown no 

significant difference in pressure levels between the right and left 

sides in patients without physical deformities, no distinction was 

made between the two sides of the body. (12) The sagittal slice also 

includes the femur which articulates with the pelvis at the hip joint 

(Figure 9). In this model, the primary function of the bone is load 

distribution and therefore the femur was assumed to be artificially 
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Figure 9: The Hip Joint (29) 

joined to the ischium. The bone geometry at the flesh interface was 

determined from a tracing of a preserved skeleton of average dimensions. 

The full vertical dimensions of the bone were not necessary, instead 

an average height of 0.5 inches was considered adequate. 

System variables were chosen to represent those parameters which 

have been shown to influence the stresses in the buttocks, primarily 

flesh thickness, thigh mass and cushion properties. Patient studies 

have shown no correlation between upper body weight and interface pressure 

(48) and thus upper body load was held constant. 

Flesh thickness is composed of both skin, subcutaneous tissue 

and muscle tissue over the bone. The major muscles covering the ischial 

tuberosity are the gluteus maximus and the hamstrings which act as 

extensors of the hip joint. (29) In people without muscular function, 

the unused muscle tissue deteriorates so its properties become similar to 

that of the dermis. For this reason, the muscles in the buttocks were not 

modeled as a separate unit and their material characteristics were assumed to 

be the same as those of the overlying tissues. The Committee on 
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Radiological Protection in the Report of the Task Group on Reference Man 

(56) has reported that the average thickness of skin and subcutaneous 

tissue on the back of an adult is approximately .26 inches. Consider¬ 

ing this figure, the flesh thicknesses used in soft tissue analysis 

for muscle and surface tissue combined ranged from 0.5-1.5 inches. 

While extremes beyond this range are not uncommon, these flesh thick¬ 

nesses should be indicative of general patient characteristics. 

System loads were calculated based on a body weight of 170 pounds 

assumed to be a median weight among patients . In sitting, most of 

the upper body weight will be divided between the two ischia with 

the exception of any mass supported by a backrest, armrests or distri¬ 

buted over the fleshy area of the lower body. Cadaver measurements 

have determined that approximately 68% of the body weight of an adult 

male is located in the head, trunk and upper limbs. (18) Allowing 

for some distribution of the upper body weight, the force on each 

ischial tuberosity in a seated 170 pound man will be about 45 pounds. 

In the system model, a forty-five pound load was applied to the bone 

section representing the ischial tuberosity. 

The percentage of total body weight in each thigh is about 10%, 

or 17 pounds for the 170-pound standard. The mass centroid is located 

43% of the length of the femur from the hip joint for the average man. 

One lower leg and foot carry close to 6% of the total body weight and 

the mass is distributed in a similar way to the thigh. C18) The lower 

body weight of spinal cord-injured patients however, is not normally 

distributed. Unused leg muscles can retain fluid thereby increasing 

leg mass or atrophy, and greatly decrease leg mass in proportion to 

the rest of the body weight. An additional difficulty in trying to 
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determine the average loading due to the legs in wheelchair users is 

the footrest which can be adjusted by the individual to support as 

little or as much of the lower leg mass as the person finds comfortable. 

As a result, no precise measurement of leg masses and centroids could 

be defined for the problem. In order to simulate the loads on the 

thigh for analysis, a constant end load of eight pounds was assumed 

to correspond to the force applied by the lower leg and foot. An 

additional load was located at an approximation of the thigh centroid, 

correlated with cadaver research (18), in an effort to account for the 

upper thigh mass not included in the model. The latter was varied 

from 2-9 pounds, a range which could demonstrate the effects of light, 

normal and heavy thighs on stress distribution. 

In determining cushion parameters for analysis, the object was 

not to duplicate a specific commercial product but to examine a typical 

range of cushion properties that could be used for pressure relief. 

The cushion types chosen for representation in the finite element model 

had the mechanical properties of a soft foam, a stiffer and more dense 

foam, a half and half combination of the two foams with soft foam 

next to the flesh and a silicone gel. The foam cushions were modeled 

with three-inch thicknesses and the gel, a two inch thickness, which 

are standard commercial sizes. Although air-filled cushions do see 

a lot of clinical use, they must be constantly monitored for leaks 

and pressure variation. Therefore a foam or gel that can provide ade¬ 

quate pressure relief is considered more reliable for common use. 

While it would be desirable to evaluate each variable in every 

combination with the other system parameters, it would also be costly 

and in some cases, not very informative. As an alternative, a ’'normal" 
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of one -inch flesh thickness and five pounds upper leg load was defined. 

The cushion choices, flesh thicknesses or thigh masses were varied 

while one of the standards was held constant. The systems analyzed 

are tabulated in Table 1 in terms of system variables. 

Table 1 

Cushion Systems for Analysis 

Flesh Leg 
Cushion Thickness Load 

A. Foam 1 1. 
♦ 

0.5 inches 5 pounds 
(soft) 2. 1.0 5 

3. 1.5 5 
4. 1.0 2 
5. 1.0 9 

B. Foam 2 1. 0.5 5 
(hard) 2. 1.0 5 

3. 1.5 5 
4. 1.0 2 
5. 1.0 9 

C. Foam 1+2 1. 0.5 5 
2. 1.0 5 
3. 1.5 "5 
4. 1.0 2 
5. 1.0  9  ... 

D. Gel 1. 0.5 5 
2. 1.0 5 
3. 1.5 5 
4. 1.0 2 
5. 1.0 9 

3.2 Material Properties 

For any sort of engineering stress analysis, the physical character¬ 

istics of the system under analysis must be known. For man-made sub¬ 

stances like the foams and gels used in wheelchair cushions, this infor¬ 

mation can be experimentally determined. Biological materials however, 

present a much more complicated problem. Human body tissues are living 

entities with the ability to change and adapt depending on their needs. 
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Generally, thç more numerous the functions a tissue is required to per¬ 

form, the more complex the material will be to respond to those de¬ 

mands. In the case of skin, for example, its properties must be very 

versatile and hence it is practically impossible to characterize as an 

engineering material. 

Like skin and most other biological materials, bone is a composite, 

anisotropic, fibrous structure. Although mechanical properties are 

known to vary between different bones as well as with age and nutritional 

factors, Young's modulus of elasticity for compact bone in compression 

is on the order of 1x10^ psi. As the applied loads on the bone in the 

model were comparatively low and the bone primarily acted to load the 

flesh, it was assumed isotropic. Also, since the material properties of 

the ischium were not available, those reported for the femur were 

applied in the problem. (33, 58] 

Bone and muscle tissue are attached to each other by an elastic 

membrane which prevents their separation. In a static activity such 

as sitting, it is unlikely that much relative motion between the bone 

and muscle will occur. Therefore the existence of the membrane was 

ignored for the purposes of analysis and bone and flesh were assumed 

coupled at their interface. 

While extensive research programs have been and are being carried 

out to determine the mechanical properties of flesh, the only conclu¬ 

sions that have been agreed upon are that it is an anisotropic, non¬ 

linear, nonhomogeneous, viscoelastic, multicomponent material C21, 32). 

Although there has been some debate on the matter, skin has been shown 

to have a volume compressibility less than that of water, indicating 

that deformation occurs at essentially a constant volume 0*1» 51). 
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Thus, skin is incompressible and a Poisson's ratio of .49 may be 

assumed. 

The generalized stress-strain curve of soft tissue in tension has 

been fairly well documented (17, 32, 54] and is shown in Figure 10. 

O 200 400 600 900 IOOO 

Uo4 (9 ) 

Figure 10: Stress-Strain Curve of Normal Skin (54) 

Very large initial deformations occur at low loads, a response that is 

attributed to microstructural rearrangement and uncoiling of collagen 

fibers that are part of the tissue's structural network (32). Ridge 

and Wright (54) have used a logarithmic law of the formî 

Extension * x + y (Load) 

where x and y are constants to describe this initial region on the load- 

deformation curve. As additional loads are incurred, deformation magni¬ 

tude decreases and the stress-strain relationship approaches a stiffer, 

almost linear condition. During this transition the fibrous mesh in 

the tissue becomes fully oriented and more densely packed. The final 

tangent modulus of the curve is close to that of collagen alone (32). 

The load-deformation equality for this effect determined by Ridge and 

Wright is a power law: 

Extension * k (Load)^ 

where k relates to the specimen dimension and b is a constant determined 
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by the properties of the collagen fibers. The final phase of the curve 

shows the fibers sliding over one another in yielding. Shear and 

compression stress-strain gTaphs also exhibit similar characteristies. (28,32) 

Although the shape of the load-deformation curve for flesh is 

well-known, the actual calculations that could provide engineering con¬ 

stants for analysis are not available. While skin can be tested in the 

laboratory, it is stressed in its physiological state and shrinks when 

removed from the body. Therefore, results obtained for excised skin 

do not correspond to the properties of living skin. In addition, 

skin has been shown to be anisotropic over the entire surface of the 

body. Lines of minimal extensibility known as Langer*s lines have been 

determined experimentally using cadavers (Figure 11). Langer*s lines 

are of great importance to surgeons who must make incisions perpendicular 

to them in order to reduce scarring. (46) Any sample used to determine 

the material properties of flesh must have its relative orientation to 

Langer's lines specified. 

Figure 11: Langer*s Lines - plotted by joining the major axes 
of the ellipses produced by puncturing the skin 
with a circular awl. (54) 
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Further hindering attempts to rigorously characterize the 

mechanical properties of flesh, results of other studies have shown 

flesh to exhibit creep at a constant stress, stress relaxation 

at constant strain, hysteresis under cyclic loading and dependence of 

the elastic modulus on strain rate (Figure 12, 13, 14, 15). (3, 24, 31, 

33). Thus it is evident that no precise engineering definition of 

skin as a material is available. For the purposes of this study, many 

of the described phenomenon were ignored on the assumption that the pri¬ 

mary influences on ulcer formation were the consequences of small de¬ 

flection, single loadings applied under quasi-static conditions. Such 

restrictions eliminated strain and loading history effects and limited 

load-deformation values to the initial, low stiffness portions of the 

curve. Creep and stress relaxation were also considered negligible. 

Evaluating the experimental values of Young1s modulus and shear 

modulus for analysis was still somewhat difficult due to a wide range 

of results obtained from different testing methods. While laboratory 

tests of excised skin are probably the most accurate with respect to 

experimental technique, disruption of the tissue is necessary and the 

response of the deeper tissues cannot be included. Kenedi (33) has 

shown that the subcutaneous tissues are important in both supporting 

loads and absorbing energy through deformation. .Therefore experimental 

work that measures the characteristics of the entire flesh while it is 

attached to a living subject will be more useful, particularly in a 

study concerned with tissue breakdown from stress. The results from 

in vivo testing methods provided Young*s modulus for flesh normal to 

the skin surface, perpendicular to and parallel to Langer*s lines in 

the plane of the skin. (38, 59) By comparison of the system model 
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with the plot of Langer's lines over the buttocks (Figure 16), the 

system z-axis was assumed parallel to Langer1s lines and the x-axis 

perpendicular. Directional values of E were matched accordingly. 
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Figure 16: Anisotropy of Intact Human Skin. The superimposed, 
broken lines represent Langer's lines. (33) 

The properties of the interface between the flesh and cushion 

have an important effect on the formation of decubitus ulcers. Friction¬ 

al effects vary with clothing, cushion coverings, cushion materials 

and the general condition of the skin itself (i.e. perspiration^ in¬ 

continence, etc.). Although, the actual presence of these elements 

in the system model was ignored, the properties of the interface, 

specifically friction and stiffness were necessarily included in 

order to provide a reasonably accurate description of stresses in the 

flesh. Experimental work has shown that the coefficient of friction 

between a cushion and clothing materials can vary from 1.0-1.6 at 
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realistic contact pressures. (14) A low interface stiffness was 

calculated based on the belief that most of the contact force was 

applied to cushion deformation. (19) 

The mechanical properties of the cushion materials were available 

from manufacturersrliterature and clinical personnel. (22, 37, 40) 

3.3 Finite Element Analysis (Theory) 

In general, the finite element method is a procedure by which 

continuum problems may be solved through the use of discretization. 

The system to be analyzed is divided into a finite number of elements 

connected by nodal points. If a force-displacement relationship for 

each, of these elements can be calculated, by establishing displace¬ 

ment compatibility and equilibrium at each nodal point, the force- 

displacement characteristics of the entire system can be assembled. 

Inclusion of boundary conditions provides a set of simultaneous 

equations which can be solved for the nodal point displacements and 

resultant element stresses. Thus by means of discretization, a 

description of the stresses and displacements in the continuum may be 

obtained. 

For the static situation which has been assumed in the decubitus 

ulcer problem, the element force-displacement equation of equilibrium 

is as follows: 

where [Kg3 is the element stiffness matrix, , the element nodal 

displacement vector and Q} > the element nodal force vector. (1) 

The element stiffness matrix is calculated from the element material 

properties prescribed by the problem. The nodal force vector is the 

sum of the loads applied to the element: 
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{Feî ■ VJt * 
w * applied nodal load vector 

{Ac} » nodal acceleration vector 

pg » element mass matrix 

Again, nodal force components are determined from individual element 

characteristics. 

Summation of stiffness and force components for individual ele¬ 

ments is easily accomplished by combining values for nodes common to 

several elements. 

The final equation becomes: 

*lFnî+S[Mel£Acî 

or DO{a} - £?} 

Insertion of boundary conditions {a , results in a matrix of numbers 

that can be solved for {a} in addition to {F } > the reaction forces 

created by the boundary constraints (1). 

K* K 
r rr 

£•1 ■ -tFVWM* 
W WWtSrltsi 

Calculated displacements and reaction forces may be used to determine 

element stresses. 

The element force-displacement relationship formulated above is 

derived from the virtual work principle equating a variation in internal 

strain energy with a variation in external work due to the applied loads. 

SU - Sv 



This derivation will be simply reviewed in terms of a two-dimensional, 

plain strain modeling such as that used in the current problem. 
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The strain at any point in a two-dimensional plain strain element 

is determined by the displacements of that point so that, 

: 

e* 1 ' d/d* o 

T s O tda 
J d/d5- 

r u 

} 
or £e* - UK u}. (61) 

In the application of the finite element method, the actual displace¬ 

ments of any point within an element is approximated by the expression: 

£U1 = CNKael5 
where UA - 

with u^ and v^ representing the respective x and y translations of the 

node point i. The M matrix is known as the shape function matrix 

and is prescribed individually for different element types as long as; 

NfCXi^f) * I and N^x^y..) * ^(x^y^ * 0, etc. (61) 

Using this approximation, the strain in an element may be written as: 

tel ■ C»K«.Î 
letting * CLlLl3 

The stresses in the elements can be defined in terms of the strains 

Ori - 
M = CO U1 
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A change in element internal strain energy can be easily computed 

once the stress-strain relations are known. Thus, 

S U * "l'area SîrfV'ï" 

« U - hTarea S L»lîs3 "• 
The change in external work for each element is obtained from the. 

effects of mass body forces calculated using the matrix shape functions. 

s»- »j;rei 
when OT * body force due to weight 

and h * uniform thickness of element. 

Equating the two terms for energy variation gives, 

l'area M * C°1 " * Jarea * £»1 

When the applied nodal forces are added to this equation and the integral 

terms expressed as matrices, the original element force-displacement 

equation is obtained. 

OellsV tF„3 * 
CV1 ■ Tarea &3 * ^ t B] dA 

0,1 tAc3 * Jarea [«3 *03 dA 

The element stress can be calculated from the stress-strain equations 

when the displacements are known. (61) 

£«-■} =■ CmsICa} 
3.4 Finite Element Analysis (Implementation of Program) 

While a simple finite element procedure may be performed manually, 

the systems of equations that result from more complicated problems with 

a large number of elements are more efficiently solved on a digital 

computer. As the popularity of this method has increased, commercial 

programs with a wide range of program capabilities have become available. 

In the analysis of the seated human buttocks, the ANSYS Engineering 
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Analysis System, a digital computer program developed by Swanson 

Analysis Systems, Inc. was utilized. The ANSYS program can be used 

in any number of structural analysis applications. Element displace¬ 

ments and stresses are obtained by the matrix displacement method 

of finite element analysis described previously. A number of plotting 

routines are also provided to demonstrate system discretization as 

well as deformed geometry and stress contours. Following the 

establishment of system parameters, implementation of the ANSYS ' 

program was accomplished for the cushion problem in a six-step 

procedure. The form of the input provided in each step was 

determined by instructions in the ANSYS Users’ Information Manual 

issued August 1, 1978 and updated July 1, 1979. (19) 

1. analysis options chosen 
2. element types determined 
3. system discretized 
4. material properties input 
5. boundary conditions input 
6. loads applied 

In accordance with the assumptions and restrictions presented 

earlier for analysis of the buttocks, static, two-dimensional» small 

deflection program options were defined. The characteristics of the 

four system components were matched with the capabilities of the 

elements provided in the ANSYS element library. Two-dimensional 

material elements were required for the bone, flesh and cushion sections 

while a one-dimensional element was allowable for the flesh-cushion 

interface. 

Bone, flesh and cushion were modeled by an isoparametric element 

which is standardly used in analyzing two-dimensional solid structures. 

The element is a four node element with two degrees of freedom, trans- 
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1ations in the x and y directions, at each node. The element can be 

easily used in plane strain and has a number of other capabilities not 

applicable to this problem. 

The shape functions used for the isoparametric element in finite 

element analysis are written in terms of the local coordinate system 

displayed in Figure 17. The displacement functions used by ANSYS 

Figure 17: Isoparametric Solid Element (1) 

allow translation of the element nodes and a parabolic deformation along 

the element edge. — . , These functions 

are written as: 

u(s,t) * .25 £(l-s) (1-t)^ + (1+s)(l-t)Uj + (1+s)(l+t)Uj^ + 

(l-sKl+t)^*] + (l-s2)Cl + (l-t2)c2 

v(s,t) = .25 Ql-s)(l-t)vi + (1+s) (l-t)Vj + (l+s)(l+t)vk + 

(1-s)(l+t)v[) + (l-s2)c3 + (l-t2)c4 

where u^. ^ ^ and v^ . ^ ^ are the respective node point displacements 
i 

and Cj, c2, Cy c4 are program constants. The element displacements 

are used to generate a 12x12 stiffness matrix which is condensed to 

an 8x8 matrix as the elements have only two degrees of freedom at each 
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node. Input requirements for the two-dimensional isoparametric element twere 

element nodes,nodal point locations, material density and the directional 

values of Young's modulus and Poisson's ratio. Printed output provided 

the centroid location, the angle of the principle stresses with respect 

to the element x-y axes, the stress intensity, the equivalent stress 

and <T . <f , 'Y , <f , . , 'Tw/ for each element. The 
x y* xy’ max min max 

material properties used for input are shown in Table 2. 

The interface between flesh and the cushion was modeled by a 

two-dimensional interface element with the ability to support com¬ 

pression in the direction normal to the flesh and cushion surfaces and 

shear in the tangential direction. The element is defined by two nodes 

with two degrees of freedom at each node, again translations in the x 

and y directions (Figure 18). When the surfaces are in contact, the 

: n 

Figure 18: Interface Element (1) 

interface acts as a linear spring in both the normal and tangential 

directions as long as the tangential force F , is less than or equal to 

the absolute value of the normal force F , multiplied by the interface 

coefficient of friction^. When Fs is greater than jujF^j » sliding 

results. If contact between the two surfaces is broken, no forces are 

transmitted. The stiffness matrix for the element depends on the 



Table 2 

Element Input Constants 

Element Type Property Input Value Reference 

Bone Ex (psi) 1.3xl06 (58) 

\?xy .46 (53) 

density (lb/in3). 069 (56) 

Flesh E 
X 

100 (59) 

E 
y 

250 (38) 

E z 217 (59) 

Vxy .49 (41) 

density .034 (56) 

Flesh- K (lb/in) 20 (19) 
Cushion 
Interface M 1.3 (14) 

Foam 1 E 
X 

12 (40) 

Vxy .33 (37) 

density .0032 (40) 

Foam 2 E 
X 

50 (37) 

Vcy .33 (37) 

density .0073 (22) 

Gel E 
X 

25 (9) 

Vxy .40 (9) 

density .03 (22) 
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interface condition. Cl) 

Fs''«lFn' 
"K 0 -K o" 

0 K 0 -K 

-KO KO 

0 K 0 K 

s,i 

n,i 

u . 
s,J 

.u . 
^ n,j 

element element element 

stiffness displacement load 

Fs*/4Fn' 

0 0 0 0 

OK 0 -K 

0 0 0 0 

0 -K OK 

F 0 
n 

[ol « = Col 
K = input surface stiffness 

A - surface interference 

Uq= distance that nodes i and j slide with respect to each other. 

Element input included nodes i and j, node point locations, the angle 

of the interface plane, the surface stiffness, the initial displacement 

interference and the interface coefficient of friction. These values 

were determined individually .^depending on element;, location .-exceptifor 

the stiffness and frictional coefficient which were the same for all 

elements (Table 2). The program output for each element showed the 

calculated normal and tangential forces and the gap size and sliding 

distance resulting from system loading. 

The size and shape of individual elements was determined by 
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system properties as well as output requirements. In the area of the 

flesh near the ischial tuberosity, many elements were definecL.. -to 

capture the stress gradients and tà provide detailed output for 

interpretation. Bone and flesh elements were joined by common nodes 

at their connection so that no relative motion between the two occurred. 

Interface elements were defined between adjacent flesh and cushion 

nodal points. The discretized model is shown in Figure 19. 

The choice of boundary conditions and loads were obtained from 

system parameters and definitions. The two lower corners of the wheel¬ 

chair cushion were prohibited from motion while the rest of the cushion 

bottom was restricted to motion in the x-direction. The loads were 

applied as described to the properly located node points. Loads 

and boundary conditions are also displayed in Figure 19. 

Each time a new system was input for analysis, a check run 

was performed initially to locate any input problems or inconsist¬ 

encies. The complete ANSYS data was then submitted for computation. 
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4.1 Results 

The stresses in the flesh elements were computed for three leg 

loads, four cushion types and three flesh thicknesses. As compressive 

normal and shear stresses, represented on the program printout by 

negative values of and all values of 'F , are known to have a„. 

role in causing decubitus ulcers, the elements in which the magnitude 

of these stresses were greatest were located. Generally, maximum 

normal and shear forces occurred for the elements in the region between 

the ischial tuberosity and the femur. The stresses in the elements 

to the left of the ischial tuberosity and beneath the femur were 

relatively small. In the stressed regions, the highest stresses were 

in the elements on the surface of the flesh at the cushion interface. 

Therefore, in order to determine the effects of cushion type, leg mass 

and flesh thickness on the flesh stress distribution, four surface 

elements, labfeled 10, 20, 30 and 40 in Figure 20, were chosen for 

comparative plotting. Since the only non-invasive method of determining 

the forces on the flesh experimentally is surface pressure measurement, 

evaluation of the stresses in the surface elements will also be of 

the most relevance to the clinical situation. 

Each of the four cushion types, the soft foam, the stiffer foam, 

the equal combination of both foams and the gel were modeled with three 

different leg loads at one inch flesh thickness and with three flesh 

thicknesses under five pounds upper leg load. Overall, the combination 

of the soft foam and the hard foam with the soft foam next to the skin 

surface provided the smallest level of stress both normal to the flesh 

(Figures 21, 22, 23) and in shear (Figures 24, 25, 26) regardless of 

flesh thickness or leg load. With respect to normal forces, the soft 
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ELEMENT 

LOCATIONS 

Figure 20 
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foam (Foam 1) showed maximum values in elements 10 and 20 and a 

minimum in element 40, thus providing very little support at the point 

of maximum load and no redistribution of forces to other locations on 

the flesh. The gel cushion model also showed high normal forces in 

element 10 but generally lower stresses in the other elements. These 

results correspond to experimental surface pressure measurements showing 

higher maximum pressures (than foams), but better overall pressure 

distribution in many subjects. (48) Shear stresses in elements 10 and 

30 were also higher for the gel cushion model than for all of the foams, 

although gels have been assumed to reduce shear by simulating the 

properties of flesh. The gel did show a large reduction in shear stress 

in element 20, however the shear stress distribution characteristics 

of the foam combination was preferable since the stress level in element 

20 was low compared with that of elements 10 and 30. Shear stress in 

element 40 was negligible. 

Normal and shear stresses were calculated for each cushion type 

under two, five and nine pounds upper leg loading at one inch flesh 

thickness. For every cushion, the trends were identical, however 

the amount that element stresses changed under different leg loads was 

less than .3%. Therefore, although the stress flu ctuations will be 

discussed, no plots were drawn as the actual variations were not 

significant. Compressive stress for each cushion type in eletofeBtSs 

10 and 20 decreased as leg load increased while the stress in elements 

30 and 40 increased. As upper leg load was added, shear stress increased 

in elements 10 and 30 and was reduced in element 20. Since maximum 

normal stresses occur in elements 10 and 20 (Figure 21), increasing leg 



44 

load provides a more favorable distribution of normal forces. The 

increase in shear stress in elements 10 and 30 is not beneficial however, 

as these elements are already subject to higher shearing forces (Figure 

24). 

Flesh thicknesses, on the other hand, had a considerable effect 

on stress distribution. Overall, the maximum normal stress, produced 

in element 10, increased with flesh thickness regardless of cushion 

type. (Figures 27, 28,29,30) An increase in flesh thickness caused 

a decrease of normal stresses in the other surface elements for all 

cushions with the exception of an increase in element 40 for gel at 

the maximum flesh thickness.(Figure 30) Due to the fact that the 

stress distribution characteristics with respect to flesh thickness 

were similar, the surface element shear stresses were plotted for the 

foam combination cushion type only. Since the combination was shown 

to be optimal in stress distribution properties, it was of the most 

interest for further examination. The surface shear stress plotted 

for the combination foam in Figure 31 shows a reduction in stress with 

an increase in flesh thickness for elements 10 and 30 and the reverse 

for element 20. Thus, although the maximum normal surface force 

increases with flesh thickness, the shhar distribution in the thicker 

flesh is largely improved over that in the thinner flesh. 

It is also of some interest to consider the changes in stresses in 

the flesh vertically as the elements become closer to the bone. Examining 

the variations in normal and shear stress for the foam combination cushion 

in elements 10, 11, 12 and 13 (Figure 20) reaffirms the sufface results 

showing that, with the exception of the normal stress in element 10, the 

stresses in the flesh decrease significantly as thickness increases. 



The vertical plots also indicate that normal forces decrease close to 

the bone as do the shear forces for the two smaller flesh thicknesses. 
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At the largest flesh thickness (1.5 inches), the shear in the element 

near the bone is greater than the two elements closer to the surface 

although the maximum shear stress still occurs in the surface element. 
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5.1 Conclusions 

The results of the two-dimensional finite element analysis have 

presented physical reason for what has previously been only clinical 

observation as well as new information to be interpreted and hopefully 

applied in a patient situation. ’ The presence of the maximum com¬ 

pressive and shear stresses in the surface elements indicates that 

surface pressure measurements are a valid means of comparative cushion 

evaluation. Even so, surface pressure is not always an accurate 

representation of the overall stress state in the flesh shown by the 

high surface compressive stress at a 1.5 inch flesh thickness but 

otherwise lower stresses elsewhere. Thus, the use of a universal 

pressure threshold is not advisable. 

The cushion that provided the optimal stress distribution in all 

cases was a two-layered foam constructed from equal amounts of the 

soft and hard foams. Presumably this combination deformed to the shape 

of the flesh to distribute load while still providing enough support. 

The soft foam caused maximum stress distribution characteristics which 

are probably similar to the high pressure observed clinically when 

a cushion "bottoms out". An increase in cushion thickness could 

possibly alleviate this problem. Raising the stiffness of the foam 

reduced the element stresses but still did not give the improved stress 

distribution allowed by the ability of a softer foam to mold to the flesh. 

The gel cushion, with different physical properties from the 

foams, is supposed to mimic the human flesh. In reality, gel character¬ 

istics are not very similar to those of flesh, nor did the predicted 

improvement in shear distribution for gel over the foams appear in 

analysis. In fact, shear stresses were higher, in addition to the high 
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maximum compressive stresses correlating with experimental findings. 

Therefore, the ability of the gel cushion to prevent ulceration 

remains in doubt. 

The loads used to simulate the thigh mass for analysis had no 

significant effect on stress distribution in the flesh. It can be 

projected however, that for a very large increase in thigh mass, 

compressive stresses can be reduced but shear stresses will become 

greater. 

Flesh thickness was shown to be an important factor in stress 

distribution for several reasons. Lower shear and normal forces are 

generated in thicker flesh except for the point on the skin surface 

directly below the ichial tuberosity. Low stresses for thick flesh 

corresponds with the clinical knowledge that thinner patients are 

more prone to ischial decubiti while the locations of ulcers in those 

heavier patients that do suffer from skin breakdown are not under the 

bone but in the loose flesh adjacent to it. It was noted that the 

pattern of shear stress distribution in the flesh for the foam cushions 

changed considerably at a 1.5 inch flesh thickness. Along the surface, 

the location of maximum shear shifted while the vertical shear contour 

became irregular. It is possible that this change in shear stress 

distribution could influence the formation of decubiti in another 

fleshy area. Since the gel cushion does not show the same variation in 

stress pattern, its usefulness in avoiding ulcers in overweight patients 

should be considered. 

Brief comparisons of the results of analysis with clinical 

concerns have shown that the results of the two do show some corres¬ 

pondence. The access to shear stress characteristics is particularly 
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helpful in determining the effectiveness of a cushion material to 

actually reduce stress and not just surface pressure. Therefore the 

method of finite element analysis appears to be a valid means of 

determining otherwise unavailable stress distribution characteristics 

in the human buttocks. Continued utilization of clinical histories 

in relating calculated stresses to physiological skin distress should 

aid rehabilitation personnel in predicting the usefulness of a given 

cushion type for an individual patient. 
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