
 

 

  

Abstract—In the United States, 1.4 million people who rely on 

wheelchairs for mobility develop serious pressure ulcer (PU) at 

pressure areas such as ischium and sacrum due to prolonged sitting. 

Recently, functional electrical stimulation (FES) has been proposed as 

a means to prevent development of PU through the redistribution and 

the reduction of the internal stresses within the deep tissue of the 

buttock, which were achieved by the increase of the muscle thickness, 

particular in the gluteus maximus. However, rare information about 

how much reduction of the incidence of deep-tissue injury in the FES 

application for PU prevention are positively induced through the 

internal stress relief resulting from the alteration of the muscle 

thickness achieved by the FES is currently available. The objective of 

the current study was therefore to identify if the FES application may 

efficiently reduce the incidence of deep-tissue injury, by evaluating a 

degree of the internal stress relief through the alteration of the gluteus 

maximus muscle thickness using Finite Element (FE) analysis 

combined with MRI image analysis. Four FE models were created 

through 3D reconstruction model made from buttock-thigh MRI 

images, which were obtained in an actual sitting posture of a specific 

subject. The internal von Mises stresses within the gluteus maximus 

were computed and analyzed with alterations of the gluteus maximus 

muscle thickness considered in the current study. The results showed 

that the distributions of the high internal von Mises stresses within the 

gluteus maximus were gradually decreased with the increase of the 

gluteus maximus muscle thickness. However, the maximum von Mises 

stresses within the gluteus maximus were irregularly changed. The 

current study confirms that the internal von Mises stress relief effects 

of the FES application for PU prevention may have substantial 

benefits in terms of reduction of the incidence of the deep-tissue 

injury. It can be concluded that incorporating the FES system into a 

rehabilitation and treatment program for individuals who have 

sitting-related PU wounds may promote the healing progress while 

maintaining their mobility. 
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I. INTRODUCTION 

N the United States, many of the 1.4 million people who rely 

on wheelchairs for mobility develop serious tissue breakdown, 

i.e., pressure ulcer (PU), at pressure areas such as the ischium 

and trochanter due to prolonged sitting [1-5]. Generally, it is 

accepted that the primary etiology of the PU on the buttock is 

prolonged external sitting loading. Therefore, for a 

breakthrough in prevention of PU, it is necessary to obtain a 

better understanding of mechanical responses on the buttock by 

prolonged external sitting loading. This will provide design 

criteria for optimal pressure relieving strategies. 

Recently, functional electrical stimulation (FES) has been 

proposed as a means to prevent PU development through the 

redistribution and the reduction of the internal stresses within 

the deep tissue of the buttock, which were achieved by the 

increase of the muscle thickness, particular in the gluteus 

maximus [6-13]. The therapeutic effects of the FES application 

for PU prevention were first observed early in the 20
th
 century 

and this technique has been widely employed as a clinical 

treatment over recent decades [6-13]. Taylor et al [6] found that 

subjects who received the FES exhibited positive changes in 

regional tissue health, i.e., significant increases in thigh blood 

flow and in quadriceps muscle depth. Levine et al [7-10] found 

that the FES application on the gluteus maximus increased the 

regional blood flow and the decreased sizable pressure under 

the ischial tuberosity with the redistribution of the pressure 

occurring over other parts of the seating surface. Bogie et al 

[11-13] showed that the FES application for PU prevention 

exhibited positive changes in tissue health through statistically 

significant reduction in the ischial interface pressure, increase in 

the gluteus maximum muscle thickness, and derivation of 

dynamic weight shifting while seated in the wheelchair. 

However, rare information about how much the therapeutic 

effects of the FES application for PU prevention are positively 

induced through the internal stress relief resulting from an 

alteration of the muscle thickness achieved by the FES is 

currently available.  

The objective of the current study was therefore to evaluate a 

degree of the internal stress relief through an alteration of the 

gluteus maximus muscle thickness, by using Finite Element 

(FE) analysis combined with MRI image analysis. 
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II. MATERIALS AND METHODS 

A. FE Model Development 

MRI examination of the buttocks was performed for a healthy 

subject (24yr, 165.0cm, 70.0kg) at one real sitting position 

(576x576 matrix, 35 cm FOV, 288 slices, 0.6 mm thickness). A 

FE model as a healthy model was then created based on 3D 

reconstruction model of the buttock-thigh structure obtained 

from MRI examination (Fig. 1).  

Contours of anatomic structures (femur, pelvis, skin, fat and 

five muscle groups) were identified and digitized from images 

obtained from MRI examination. The digitized information was 

then translated into HyperMesh (Altair Engineering, Inc., Troy, 

MI) to create FE mesh. The final FE model consisted of 453,502 

four-node modified tetrahedral solid elements for the pelvis, 

femur, inner side of the skin, fat and five muscle groups, and 

33,924 three-node triangle membrane elements for the outer 

side of the skin (Fig. 1). 

 

 

 

B. Representation of Gluteus Maximus Muscle Thickness 

Change 

Based on the healthy FE model above, three modified FE 

models were developed to represent status of the buttock before 

the FES application as a reference model, after the regular 

short-term FES application as a mild treatment model, and after 

the regular long-term FES application as an effective treatment 

model (Fig. 2). Here, the effect of the FES application was 

represented as the increase of the gluteus maximus muscle 

thickness below the ischial tuberosity.  

For the reference model, the thickness of the gluteus maximus 

muscle below the ischial tuberosity was decreased to 40% 

relative to that of the healthy model. The thicknesses of the 

gluteus maximus muscles below the ischial tuberosity for the 

mild and the effective treatment models were increased to 30% 

and 60% relative to that of the reference model, respectively. 

Here, the alterations of the muscle thicknesses for the models 

were determined based on the findings obtained from the 

clinical evaluations reported by Taylor et. al. [6], Levine et al. 

[7-10], Bogie et. al. [11-13]. 

 

 

 

C. Material Model for FE Model 

First order Ogden model as in Eq. (1), which can account for 

large deformation behaviors of materials, was employed for 

skin, fat and muscle and static analysis was performed. 
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where W is the strain energy per unit of reference volume; µ, 

α, and Di are the temperature-dependent material parameters; J 

is the total volume ration; J
el
 is the elastic volume ration; and the 

deviatoric stretches are represented by following Eq. (2).  
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Fig. 2 Reference, mild treatment and effective treatment models 

modified from the healthy model. 

Fig. 1 Three-dimensional reconstruction model (left on the top) 

and final FE model (right on the top) and its structural elements 

(bottom) for the muscle groups considered in the current study. 
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ii J λλ 3/1−=                (2) 

 

where λi are the principal stretches. 

 

The material parameters for skin, fat and muscle were 

determined based on values obtained from literature [14]. Here, 

Di was regarded as zero for all soft-tissues, based on an fact that 

the materials were nearly incompressible (Poisson 

ratio ≅ 0.495). Stress-strain curves determined by Ogden 

Hyperelastic Material Model and Material Coefficients used in 

the current study were shown in Fig. 3. 

Contours of anatomic structures (femur, pelvis, skin, fat and 

five muscle groups) were identified and digitized from images 

obtained from MRI examination. The digitized information was 

then translated into HyperMesh (Altair Engineering, Inc., Troy, 

MI) to create FE mesh. The final FE model consisted of 453,502 

four-node modified tetrahedral solid elements for the pelvis, 

femur, inner side of the skin, fat and five muscle groups, and 

33,924 three-node triangle membrane elements for the outer 

side of the skin (Fig. 1). 

 
 

D. FE Model Simulation and Analysis 

The developed FE models were simulated considering the 

realistic boundary (constraints against medial-lateral and 

longitudinal motions) and loading conditions (sitting loading, 

skin tension, and muscle tone) and solved by ABAQUS 

6.5package (ABAQUS, Inc., Providence, RI USA).  

The internal von Mises stresses within the gluteus maximus 

were computed and analyzed with alterations of the gluteus 

maximus muscle thickness considered above. 

 

III. RESULTS 

The results showed that the distributions of the high internal 

von Mises stresses within the gluteus maximus were gradually 

decreased with the increase of the gluteus maximus muscle 

thickness (Figs. 4 and 5). However, the maximum von Mises 

stress within the gluteus maximus was irregularly changed. The 

maximum von Mises stresses within the gluteus maximus for the 

reference, the mild treatment, and the effective treatment 

models were 54.5MPa, 69.7MPa, and 60.8MPa, respectively. 

 

 
 

IV. DISCUSSIONS AND CONCLUSIONS 

The current study may be valuable by identifying for the first 

time the therapeutic effect, i.e., internal von Mises stress relief 

by muscle thickness increase, of the FES application for PU 

prevention. This finding may contribute to designing a 

prevention or treatment program for individuals with 

sitting-related PU wounds. It also can be concluded that 

incorporating the FES system into the rehabilitation and 

treatment program may promote the healing progress while 

maintaining their mobility. 

Reference Model Mild Treatment Model Effective Treatment 

Model 

Comparison 

Fig. 4 Internal von Mises stress distribution on the whole 

buttock-thigh structure. The high internal von Mises stress 

distribution was gradually decreased with the increase of the 

gluteus maximus muscle thickness. 

Fig. 3 Stress-strain curve determined by Ogden Hyperelastic 

Material Model and Material Coefficients used in the current 

study. 
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The FE analysis as non-invasive and non-destructive 

approach is currently a unique tool allowing examination of the 

mechanical responses within the deep tissues of the buttock to 

external sitting loads. Several such FE models have been 

developed to provide some insight about the mechanical 

responses in the deep tissues of the buttock subjected to sitting 

load [3-4, 14-19]. However, several intrinsic weaknesses are 

associated with these models. First, the geometry and the 

material characteristics were overly simplified to approximate 

the complicated anatomical structure. Second, for those models 

of which the geometry established based on accurate MRI 

recording, the MRI measurements were not performed in a 

setup which was close to real sitting, but in supine posture [20], 

which differs intuitively from that in sitting posture in the sense 

of joint configuration. However, our FE models developed 

considering the complicated anatomical structures composed of 

the buttock in the actual sitting posture may exhibit more 

reasonable results comparing with those of other studies. 
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Fig. 5  Internal von Mises stress within the gluteus maximus.

The high internal von Mises stress distribution was gradually 

decreased with the increase of the gluteus maximus muscle 

thickness. 
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