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ABSTRACT

In the field of computational mechanics, ever since the publication of guideline
for validation of finite element analysis by the American Society of Mechanical Engineers
in 2006, uncertainty modeling is becoming an important issue not only in the industries
but also in the academic research because they require huge computational cost when
Monte Carlo simulation is used. The uncertainties of input parameters for finite element
analysis are usually expressed by probability density function (pdf). However, epistemic
uncertainty is lacking in accuracy of pdf and confidence. In other words, there remains a
problem in the uncertainty modeling when it is hardly expressed by pdf. Also in the Monte
Carlo simulation, the prediction of the critical value of quantity of interest (Qol) is not
easy and the case with very low frequency is hard to be validated because it will rarely
happen in real life situation.

Hence, this thesis proposed practical sampling scheme for Monte Carlo simulation
with focus on Qol in the tail distribution, which was named as stepwise limited sampling
(SLS) method. The uncertainty parameters with and without defined pdf were considered
in this study. Mathematical description of those uncertainty parameters and every
computational procedure were presented. This method consists of three steps. The first
step is the convergence check of the expected value of Qol. New methodology for
convergence check was proposed and verified. The second step is the definition of limited
sampling zone. The parameters in this limited sampling zone may result in a critical value

of Qol. It was approximated by polygon after choosing two parameters among many



parameters, which contributed to the automatic processing in the computer program and
also for the projection process to reduce the number of uncertainty parameters. The third
step is the analysis of tail distribution by generating random numbers in the limited
sampling zone.

This proposed method was then applied to biomechanics analysis of pressure ulcer
with assumption that tiny damage in fibril tissue at the bone-muscle interface in human
buttock is the trigger of this disease. Seven parameters were taken into consideration
including Young’s modulus of fat and muscle, shear modulus of fat, volume fraction of
fat and muscle, loading condition, length and location of fibril tissue damage modeled by
cutout in finite element method. Three parameters with respect to the mechanical
properties of fat and muscle were expressed by pdf. On the other hand, pdf was not given
to other four parameters. The proposed SLS method could successfully analyze the tail
distribution and critical combination of parameters were obtained that result in very high
shear strain value at the cutout tip at the bone-muscle interface following the prediction
of occurrence of pressure ulcer. The biomechanics analysis could also explain the
reoccurrence of pressure ulcer even after the surgical treatment. Through this
demonstration of SLS method, the reliability and usefulness of the obtained tail
distribution were proven together with its cost-effectiveness to be used in wide

engineering fields.
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CHAPTER 1

Introduction

1.1 Motivation

The quality assurance of engineering simulation is essential ever since the
American Society of Mechanical Engineers (ASME) published the guidelines for
verification and validation (The American Society of Mechanical Engineers, 2006, 2009,
2012). In Japan, The Japan Society for Computational Engineering and Science (JSCES)
published two standards on the quality management and model procedure for engineering
simulation (The Japan Society for Computational Engineering and Science, 2011a,
2011b). These two JSCES standards followed ISO and NAFEMS (Hellen, 2004) in the
United Kingdom. The main concern of verification and validation is to assess the
accuracy of a computational simulation, which is required to provide confidence that the
results from the computational models are accurate and to solve the intended problem. It
is important in engineering and biomechanics fields to obtain validation by creating a
model that is an accurate representation of a real object. However, validation must be
preceded by code and solution verification.

ASME (2012) defines verification as the process of determining that computer
model accurately represents the underlying mathematical equations and their solution.
The verification process has two aspects: code verification and calculation verification.

Code verification is the process of ensuring that there are no programming errors and that
1



the numerical algorithms used will yield accurate solutions. Calculation verification is
defined as the process of determining the solution accuracy of a particular calculation.
Again, ASME (2012) defines validation as the process of determining the degree to which
a computational model is an accurate representation of the real world from the perspective
of the intended uses of the model. Validation process involves the comparison of
computational results of the modeling and simulation process with experimental data
from various sources (Oberkampf et al., 2004; American Institute of Aeronautics and.
Astronautics, 1998). A method proposed by Coleman and Stern (1997) uses the concept
from experimental uncertainty modeling to consider the errors and uncertainties in both
the solution and the data (The American Society of Mechanical Engineers, 2009).

A graphical representation of this verification and validation process can be seen
in Fig. 1.1, which was made based on the figure made by Society for Computer
Simulation (SCS) in 1979 (Oberkampf et al., 2004). The figure shows two types of model,
conceptual and computerized model. The conceptual model contains mathematical
modeling data and equations while the computerized model contains an operational
computer program that implements the conceptual model itself. With the verification and
validation, the accuracy of the conceptual and computerized model can be assessed.

Subsequently, the uncertainty modeling of practical problems in the engineering
and biomechanics fields is becoming a matter of interest. In the experimental works, it is
quite natural to consider the uncertainty. On the other hand, in the engineering simulation,
the consideration of uncertainty usually requires huge computational cost and therefore
most of the industries are hesitating to carry out the probabilistic and/or stochastic

analysis. ASME (2012) described the numerical error in detail, but
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Figure 1.1: Phases of modeling and simulation and the role of verification and validation.

the practical computational methods are not discussed except very classical Monte Carlo
method and Latin Hypercube Sampling (LHS). JSCES standards (The Japan Society for
Computational Engineering and Science, 2011a, 2011b) described nothing about the
uncertainty modeling and simulation. On the other hand, NAFEMS summarized more
practical computational methods and many examples in industries (Thacker, 2008). Some
more details on the state-of-the-art of probabilistic/stochastic finite element methods are
discussed in Chapter 2.

However, there still remain many problems in the probabilistic/stochastic finite
element analysis. The case with very low frequency is hard to validate because it will
never happened in real life situation. Engineers have difficulties due to the lack of
knowledge about some parts of a process and as such it is difficult to describe the true
behavior of real-world system with sufficient accuracy (Rauh, 2011). Meanwhile, an
accurate prediction of tail distribution is important especially when human life is put into
consideration. Risk can be minimized but not eliminated completely (Haldar and

Mahadevan, 2000). Serious accident can happen in very rare case of combination from

3
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Qol, Qol(x)

Figure 1.2 Very rare case X is located at Qol(x) = Qol.. The sampling scheme in this
thesis is to find a sampling point X € (Qol(x) = Qol,).

internal and external parameters. The missing combination of very rare case can be found
in the tail region. Shown in Fig. 1.2, tail region is defined as the region where the quantity
of interest (Qol) of input parameter x is larger than or equal to Qolc. The probability
function of Qol in the tail region is the tail distribution and the integral in the tail is the

tail probability as shown in the following equation:

| £(Qol(x))dx (L.1)
QoI(x)=Qol,

The practical and effective computational scheme for tail distribution analysis is still an
open problem. This thesis will give a methodology to resolve that problem.

In this thesis, the term “tail distribution analysis” or “analysis of tail distribution”
was defined by finding a very rare case x where X € (Qol(x) = Qol,). After that, the
sampling points are analyzed by FEM. The probability is not calculated but the term tail
region is not a clear term so tail distribution is used. The term in the thesis title “sampling
scheme with focus on tail distribution” means how to find this very rare sampling case of
X. The term tail distribution was used because there was known term for the above group
of(Qol(%) = Qol,).

Uncertainties in engineering design are unavoidable and it is important for current
industry to have a method that can handle very large number of uncertainty parameters

with high accuracy and low computational cost. This in turn will help the industry to

4



make a better decision in design. Measures of uncertainty is difficult to obtain but
uncertainty in software can still be measured (Dienstfrey, 2012). ASME (2006) and
NAFEMS (2008) defines two kinds of uncertainties, irreducible uncertainties (aletory)
and reducible uncertainties (epistemic). In finite element analysis and Monte Carlo
simulation, reducible (epistemic) uncertainties are often discussed now. Both of these
uncertainties can be defined in the form of a probability density function (pdf) by mean
values and standard deviation but not all uncertainties can be defined in pdf form, because
there are some cases that the uncertainties cannot represent the situation in pdf form
correctly. In that case, discrete sample points are instead defined for that particular
uncertainties. The necessary statistical information can be extracted following Fig. 1.3
for steps in probabilistic study based on Haldar and Mahadevan (2000).

The probability density function (pdf) is a function to express the scattered data,
which is defined by the histogram of raw data with always some assumption or
approximation. Even if the number of raw data is enough, it is not good to assume the
normal distribution, which is also written in ASME (2006). In the past project on the skin
biomechanics study for microneedle array design, mixed Weibull distribution was
assumed. In that experience, the accuracy of the assumed pdf is not good especially in the
area leading to the tail distribution of Qol. This thesis does not give guide when pdf
should be used and when histogram should be used in the definition of input parameters
with pdf and without defined pdf, which is up to the users.

Currently, there are several known methods to analyze uncertainties in modeling
such as stochastic finite element method (Stochastic FEM), stochastic response surface
method (SRSM), and most probable point uncertainty analysis (MPPUA). These methods

will be discussed more in Chapter 2.



Another known method is the Monte Carlo simulation that can perform
uncertainty analysis regardless of the complexity of the model but has a drawback of a
very high computational cost to solve it (Schenk and Schuéller, 2005; Gamerman and
Lopes, 2006; Rubinstein and Kroese, 2008; Sakata et al., 2013b). In this thesis, a
computational procedure is proposed to obtain both sufficiently accurate expected value
of the quantity of interest and the tail distribution in the Monte Carlo simulation with
finite element analysis. This method consists of three-step procedures. First, the Monte
Carlo simulation is suspended when the expected value of quantity of interest reaches the

convergence. Second, the limited sampling zone is determined by the calculated results

Real world
[ Relevant information ]

Sample
Space

Mathematical representation 1
of uncertain quantities J
Histogram

Y

Density or Statistics or
distribution /\ parameters
function estimation

4{ Define performance criteria ]4—

[ Risk evaluation ]
A 4

[ Consequence ]

{ Design decision ]

Figure 1.3: Steps in probabilistic study.



in the first step so that the probable combination of input parameters in this zone will lead
to critical results. Variety of uncertainty parameters are considered and some of them are
not expressed by probability density function. A projection scheme is proposed in the
second step for those parameters without defined probability density function, which
contributes to the reduction of number of parameters. Finally, the second Monte Carlo
simulation is performed to analyze the tail distribution using only the random sample
points in the limited zone. This three-step scheme is named the stepwise limited sampling
(SLS) method. See Fig. 1.4 for a graphical representation of this SLS method.

This method was then applied to analyze the tail distribution analysis of pressure

ulcer. Pressure ulcer is a disease that occurs in the human body and involves human life.

1.2 Organization of Thesis

This thesis is organized into seven chapters. The introduction shown in Chapter 1
here focused on drawing the whole view of the current activities for verification and
validation of engineering simulation as a motivation of this research work. Following it,

more detailed literature review from the academic viewpoint in the finite element method,

Stepwise Limited Sampling

STEP-1 STEP-2 STEP-3
Monte_Carlo Monte Carlo simulation
simulation that . . .
Limited Sampling Zone using only the random
suspends when . ; ,
TS O generation with 1 number generated
projection scheme inside the Limited

expected value is

reached Sampling Zone

Definition of Limited Sampling
Zone and Its Projection
(Chapter 3.3, 5.3 and 5.4)

Convergence Check
(Chapter 3.2 and 5.2)

Analysis of Tail Distribution
(Chapter 3.4 and 5.5)

Figure 1.4: A graphical representation of the Stepwise Limited Sampling (SLS) method.
The method starts with the setup of uncertainty parameters in Chapter 3.1.



several uncertainty analysis methods, and Monte Carlo simulation are introduced in
Chapter 2. The main contribution of this thesis is the development of the new sampling
scheme for practical Monte Carlo simulation highlighting on the tail distribution, named
as stepwise limited sampling (SLS) method, which is presented in Chapter 3.

Chapters 4 and 5 are devoted to the application of the proposed method to a
biomechanics problem of pressure ulcer. Chapter 4 describes the problem setting
beginning with the background from medical viewpoint, assumption of biomechanics,
uncertainty parameters and finite element modeling. The numerical results and discussion
are shown in Chapter 5. Note here that a biomechanics analysis is one of the difficult
problems from the standpoint of validation, because in-vivo experiments are hardly
carried out or in many cases impossible. Therefore, there is a growing need for
computational biomechanics simulation. The applicability of the proposed methodology
to a biomechanics problem is worth discussing in this paper.

Following this demonstrative example, the overall discussion on the proposed
computational scheme is given in Chapter 6. Findings, limitations and future works are
summarized in Chapter 7. A graphical representation of the organization of thesis can be

seen in Fig. 1.5.



Background

Introduction
Chapter 1 Computational Method
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Literature Review
Chapter 2
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Conclusions
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Figure 1.5: Hierarchical approach and respective chapters in this thesis.



CHAPTER 2

Literature Review

2.1 Stochastic Finite Element Method

As mentioned in Chapter 1, there are several ways to perform the analysis in
uncertainty modeling. The first method discussed in this literature review is the stochastic
finite element method. This method is an extension of the classical deterministic finite
element approach to the stochastic framework i.e. to the solution of static and dynamic
problems involving finite elements whose properties are random (Stefanou, 2009). The
method is a broad and sophisticated reliability analysis method that can be used for both
explicit and implicit performance functions (Haldar and Mahadevan, 2000).

An analysis of multiscale stochastic stress analysis of the porous material
considering a microscopic geometrical random variation has been studied (Sakata et al.,
2013a).

The stochastic finite element analysis is considered to be a useful method in
comparison with the conventional sampling method or Monte Carlo simulation when the
computational cost is large (Basarudin et al., 2013). Since first-order or sometimes
second-order perturbation with respect to an input parameter is used, however, the
applications are limited to the uncertainty in material properties and moreover only a

small fluctuation such as the shape and size of the target structure, the calculation of the
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derivative of strain-displacement matrix in finite element method is not accurate enough

due to the nature of the finite difference approximation.

2.2 Stochastic Response Surface Method

Stochastic response surface method (SRSM) constructs a polynomial closed-form
approximation. This method involves in the approximation of both input and output of an
uncertain system. The propagation of input uncertainty through a model using SRSM is
accomplished by expressing input uncertainties in terms of a set of random variables, then
assume a functional form for selected outputs and finally the parameters of the functional
approximation are determined (Isukapalli et al., 1998). Further savings in the computer
resources for SRSM has been performed (Isukapalli et al., 2000). The major advantage
of SRSM is that it allows existing deterministic numerical code to be used as a “black-
box”” within the method. However, the application of stochastic response surface method
to reliability problems has not been investigated sufficiently due to reason such as
computational complexity (Li et al., 2011).

According to Datta and Kushwaha (2011), the SRSM is adopted to achieve the
goal in which the number of model simulations for adequate estimation of uncertainty is
substantially reduced compared to conventional simulation. In that study, an analysis for
a non-linear problem was demonstrated with the groundwater model, in which the
injection of a tracer chemical and its corresponding concentration as a function of time
and distance was presented. The SRSM is based on polynomial chaos theory and in that
study the Polynomial Chaos Expansion (PCE) was applied for quantification and

propagation of the uncertainty of the model output with a limited number of model run.
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It seems that the success of SRSM is strongly dependent on the sampling scheme
to form an accurate response surface. The difficulty always lies in the trade-off between

computational cost and accuracy.

2.3 Most Probable Point Method

The most probable point method is widely used for engineering reliability analysis
and reliability-based design (Du et al., 2010). It has a good balance between accuracy and
efficiency. The concept of this method to analyze uncertainty analysis is to utilize the
cumulative distribution function of a system output by evaluating probability estimates at
a serial of limit states across a range of output performance (Du and Chen, 2001).

Reliability analysis based approaches have better accuracy compared to
sensitivity based approximations and response surface modeling. Reliability analysis
method are characterized by the use of analytical techniques to find a particular point in
design space that can be related or approximated to the probability of system failure. This
point is referred to as most probable point. The method itself has a way to improve the
locating of the most probable point by employing a better search algorithm and strategy
(Du and Chen, 2001).

Compared to the most probable point method, this thesis put highlight on the tail
distribution region including the most probable point. In that sense, the proposed method

in this paper may be categorized as an extension of the most probable point method.

2.4 Monte Carlo Simulation

Monte Carlo simulation is another method that can perform uncertainty analysis
regardless of the complexity of the model but with a drawback of very high computational

cost. The computational cost increases with respect to the complexity of the model.
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Another close example to Monte Carlo simulation is the Latin Hypercube method. The
difference between the two methods is that uncertainty distribution of every single
parameter in Monte Carlo must be specified while in Latin Hypercube method the
distribution is divided into a series of non-overlapping intervals of equal probability
(Bieda, 2012). The Latin Hypercube was described by McKay et al. (2000) and it was
said that it has an advantage when the output is dominated by only a few components.
This method ensures that each of the components represented in a fully stratified manner
without considering the importance.

Another very common method used in Monte Carlo simulation is the Markov
Chain Monte Carlo method which can be used to approximate sample generation from an
arbitrary distribution. Markov Chain is one part of Markov process. Markov process are
stochastic processes whose futures are conditionally independent of their pasts given their
present value. A Markov process with a discrete set is called Markov Chain and Markov
process with a discrete state space and continuous index set is called Markov jump
process (Rubinstein and Kroese, 2008). The Markov chain is a special type of stochastic
process which deals with characterization of sequences of random variables (Gamerman
and Lopes, 2006).

Important sampling is a technique to reduce the standard deviation found in an
advanced Monte Carlo simulation for estimating properties of a particular distribution. It
is one of the most effective variance reduction techniques other than conditional Monte
Carlo (Rubinstein and Kroese, 2008). The reduction is very dramatic that sometimes it
goes to the order of millions. However, the understanding is that, importance sampling is
used when such combination of parameters are already obtained or provided. The
importance sampling itself did not discuss on how to obtain the combination of

parameters.
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The Markov Chain Monte Carlo (MCMC) was proposed by Metropolis et al.
(1953) when they had the idea to generating Markov chain with limits in distribution
equal to the desired target distribution when handling problem in statistical physics. Some
modification of the Metropolis algorithm includes the one made by Hastings (Hastings,
1970). The main idea of the Metropolis-Hastings algorithm is to simulate a Markov Chain
such that the stationary distribution of this chain coincides with the target distribution
(Rubinstein and Kroese, 2008).

Fig. 2.1 describes the basic principle of Monte Carlo simulation based on Schenk
and Schuéller (2005). Statistics are used to give information on variability of the response.
The system is described by L and set of random input variables is in vector x defined in
an m-dimensional vector space mapped to the r-dimensional output y.

In a typical stochastic simulation, randomness is introduced into simulation
models via independent uniformly distributed random variables (Rubinstein and Kroese,
2008). The accuracy of Monte Carlo simulation is very dependent on the random number
algorithm generation and the number of computational cases. Using the Mersenne
Twister to generate 10,000 random sampling points is not good enough for the reliability
to analyze the tail distribution. Therefore, an accurate and practical sampling scheme is

needed for the tail distribution analysis.

deterministic )
. J»)
finite element

analysis

N 7w N

Figure 2.1: The basic analysis on Monte Carlo simulation (Schenk and Schuéller, 2005)
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CHAPTER 3

Computational Method of Tail
Distribution  Analysis by  Stepwise
Limited Sampling

3.1 Setup of Uncertainty Parameters

In uncertainty modeling, there can be two kinds of input parameters: parameters
with probability density function (pdf) with total parameters m; and parameters without
defined pdf with total parameters m.

An input parameter without defined probability density function (pdf) means that
the pdf of this parameter is not created accurately from the histogram of measured data
due to the lack of enough number of data as shown in Fig. 3.1. Note that pdf is created by
approximating the histogram of measured data. Even when more number of measured
data exist, we cannot assume the normal distribution. Therefore, when the number of
measured data is small, which are often encounter, the proposed modeling framework
allows the users to choose whether that they want to use assumed pdf or that they treat it
as a parameter without defined pdf.

In this thesis, when a combination of parameters leading to critical value of Qol
is obtained, the probability of that combination of parameters is not a concern. Therefore,
the probability of a sampling point with respect to a parameter without defined pdf is not

referred, where the sampling point will be chosen from the measured data in Fig. 3.1.
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assumed probability
density function (pdf)
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Figure 3.1 Approximation of pdf performed when the data is not enough

Histogram 1s mostly flat
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Figure 3.2 Case where the histogram to generate the pdf is mostly flat.

The histogram of the measured data and the pdf are quite different. The parameter without
defined pdf should be determined based on the histogram of measured data. Note that, we
do not prohibit to assume pdf if users want to use assumed pdf in the simulation.

There are some cases for parameters without defined pdf such as:

1. When histogram is not measured and the input parameter is not a single value.
2. When histogram was given by measurement but the number of data is not enough.
The user then decided not to assume the pdf.

Another good example of such parameter that cannot be approximated by pdf can
be seen in Fig. 3.2. In this case, the scattering of measured data is very large and the
histogram is preventing the finding of pdf. This is mostly true in inter-individual
difference in biomechanical data. Even if samples were added, the histogram will be
mostly flat.

The parameters with pdf are random parameters because they have histogram.

When one sampling point was taken, then the sampling point can be treated as a
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deterministic parameter until the union of that limited sampling zone was performed in
the projection step. Since the probability of finally obtained combination of parameters
leading to critical value of Qol is not a matter of concern in SLS method, the probability
of each sampling points is not referred in the simulation.
In this method, s is the collection of sampling with

§=(6,9) = (s Xy Vi V) (3.1)
where X is the parameters with pdf and y is the parameters without defined pdf and instead
has discrete sampling cases N(y) or N(yi). The parameters y and y; are written in bold
lettering because they are in the form of vectors of the parameters without defined pdf
and of discrete sampling cases respectively. The parameter x is written in bold lettering
because it is a vector of the parameters x; with pdf. This setup can manage large amount
of input parameters that include both parameters with pdf and without defined pdf as seen
in Fig. 3.3. The total number of combination of discrete sampling cases is determined as

follows:

(3.2)

Figure 3.3: An illustration of the uncertainty parameters considered in the analysis. The
description for each parameter can be seenin Eq. (3.1) and Eq. (3.2). yn = yw is the location
of where the tail distribution will be analyzed and will be explained more in Chapter 3.4.
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The bound for parameter y should be defined when determining the parameters.
It is very common to have a bound and the more sampling points is preferable because
the response surface will not be linear inside that particular range. In order to define this
bound, the user should ask opinion of experts that can help the user to define the bound

from the experience of those experts.

3.2 Convergence Check

The Monte Carlo simulation is performed with parameters x for fixed parameters

Viveos Vo, which is denoted by the collection of sampling 5 as follows:

Vs ¥in, ) (3.3)

Note, in this thesis, the fixed parameters are shown after the symbol

6‘|9,

in the equation.

The number of combination of fixed parameters is H(N(y)) .

The convergence of the expected value is, in general, more easily obtained than
the standard deviation (Takano et al., 2012). This is because the quality of random
numbers generated in the tail distribution is not good enough using 10,000 random
numbers. The convergence can be obtained if Eq. (3.4) is satisfied three times
continuously because the expected value oscillates as the increase of analyses in Monte
Carlo simulation (Takano et al., 2012).

SD(§(100))

EV (S00) ) v/ Nrmax (3.4)

where EV(5) denotes the expected value of Qol, SD(5) the standard deviation and g =

EV (S(100g)) — EV (S00(g-1))) <

1,...,100 in order to stop the Monte Carlo simulation with maximum sampling points Nmax

= 10,000. The number of necessary sampling points is defined as MC_,,(i)

(1=1....,TT(N(»))) . This procedure is automated in the computer program.
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3.3 Definition of Limited Sampling Zone and Its Projection

The purpose of this section is to choose the possible combination of parameters
leading to critical value of Qol by investigating the obtained results whose expected value
is converged. Even if there are a number of input parameters, it is easy to study about sets
of two parameters among all parameters. The possible zone of tail distribution can be
illustrated in 2D plane with respect to the selected set of two parameters as shown in Fig.
3.4. When two parameters xi and Xj where i < j are selected, this zone is called in this
thesis a limited sampling zone, LSZj;. If the zone is approximated by polygon, the zone is
then bounded by multiple linear equations. Thus, LSZj is defined by the following
equation:

LSZj; ={s; paX; + GaX; + 1, 20V a} (35)

= S(Xqyeenr Ximgy Xiszreenr Xjots Xjadreens Xy s Y1 ym2|xi,xj; PaXi +0aXj+1, 20V a) (i< j)
where pa, ga and ra are the coefficient factors of linear equations. In the equation, the
symbol ““;”” denotes the condition of collection sampling. This procedure to define LSZj
can be automated because of the approximation by polygon.

The number of (xi xj) planes is a combination of | C,for each Qol and each N(y).

Those planes can be collected by the following procedure called projection in this thesis.
The limited sampling zone, LSZjj, is individually defined in x;-x; plane for fixed sampling
points of each y. Since the same x;-x; plane is used, it is easy to overlap all limited
sampling zone and to take a union, which is called as projection in my thesis. Figure 3.5
illustrates the concept of projection that uses union operation and is described by the
following equation for a typical case where two parameters yx and y; without defined pdf

where k < | are concerned:
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@)LSZU ={s;p,x, +q,x, +1, 20}
D LSZ, = {s: px, +q,x, +1;, 2 0} QILSZ, = {s; psx, + q,x, +75 2 0}
QLSZ, ={s: p,x, +q,x, +1, 20} GLSZ, = {s: pox, + q,x, +1, 20}
®LSZU =Py, 41 20 Limited Sampling Zone @SZU = (5P by, b 20}
SZU ={s; px, + G X, +1g 2 0}
@)LSZU ={8:poX, +q,X; +7, 20}
SZU = {81 PX, + ¢, x, +1,, 20}
@DLSZU ={s;p,X, + q,x, +77, 20}

. ®

i

Figure 3.4: Concept of definition of limited sampling zone for two input parameters with
pdf notated by xi and x; that are independent to each other. Examples of the approximation
equations forming the limited zones by polygon are shown in the green and yellow areas.

LSZi(y, ) ={S:(J (313 PaX +0,X; +1, 20V a}

_—

LSZIJ(yI

<\ ,
k
/

Figure 3.5: An illustration of a projection of LSZij(yx,y1) following Eq. (3.6).
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LSZ;j (i 70) =€ J 0o 20 Paxi + QX +1, 20V a}
= S(Xgreeer Xicgs X seees X1 Xt Xy s P1veeer Ykt Yot Vit Yisdreor Vi, (3.6)

X2 X2 Pk D15 PaXi +0aXj + 1, 20V a) (i < j k<)
The projection procedure can reduce the number of combination parameters. That

is, in the case of Eq. (3.6), both N(yk) and N(y:) are reduced to 1.
In order to analyze the problem in multi-dimensional parameter space, , C,
number of 2D cross sections are considered. That is, 2D cross sections are taken with
respect to all axes in multi-dimensional parameter space. This was performed by simply

following the mathematical formula. There is no need to recognize the surface in the

multi-dimensional space because it is very difficult to visualize.

3.4 Analysis of Tail Distribution

With the limited sampling zone projected to 2D planes with respect to two
parameters with pdf, the sampling points are generated only in this limited sampling zone
using, for instance, a rejection method and are then used for the 2" Monte Carlo
simulation. In the sense, the proposed method is called stepwise limited sampling (SLS)
method. The re-analysis of tail distribution with a fixed point y» = yw as shown in Fig. 3.3

is performed using the collection of sampling determined as follows:

s ={s < LSZ;;(yx, )"} (3.7)
In SLS, the 1% Monte Carlo simulation provides the expected value of Qol and
the 2" simulation is devoted to analyze the tail distribution very accurately and not
missing a possibility of combination of parameters leading to critical value of Qol. The
most notable feature of SLS lies in the definition of limited sampling zone in 2D planes

approximated by polygon and its projection to reduce the number of parameters.
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CHAPTER 4

Biomechanics Problem  Setting of
Pressure Ulcer

4.1 Background and Literature Review

Pressure ulcer is a disease caused by prolonged pressure that cuts off the blood
supply to cells and/or organs (Bansal et al., 2005). This cut off of blood causes the
surrounding skin cells to die. Only 2 hours of continuous physical pressure is enough to
cause a pressure ulcer (Reddy et al., 2006). Low quality mechanical tissue properties can
cause pressure ulcer, which are known to be caused by aging, wet conditions and a lack
of nutrition (Schoonhoven et al., 2002). The changes in tissue properties are hard to
understand, and as a result most current research is focused more on treatment after a
pressure ulcer occurs and designing special mattresses rather than studying the
biomechanism even though it is very important for the prevention of pressure ulcers.

Pressure ulcers are classified into 4 stages in the medical field with Stage IV as
the worst case (Brem and Lyder, 2004):

@ Stage I: A reddened area on the skin that does not turn white when pressed.

This indicates that a pressure ulcer is starting to develop.
@® Stage Il: The skin blisters or forms an open sore. The area around the sore

may be red and irritated.

22



® Stage I1I: The skin breakdown now looks like a crater. There is damage to the

tissue below the skin.

® Stage IV: The pressure ulcer has become so deep that there is damage to the

muscle and bone, and sometimes to tendons and joints.

Most pressure ulcers occur in situations where the subject is prone to a continuous
mechanical load for a very long time i.e. bedridden people or people who are dependent
on using a wheel chair (Makhsous et al., 2007). The human buttock is always used to
support their weight, and the fact that the human buttock has very little fat over the bone
(Linder-Ganz et al., 2007) shows that the human buttock is the most prone area for
pressure ulcer. Determining the correct nursing care is important in order to reduce the
chance of pressure ulcers occurrences. In this thesis, the application of the SLS method
is performed in order to find the nursing strategy to prevent the pressure ulcer from
occurring by analyzing the critical combination in the tail distribution.

It has been found that internal damage in deep muscle layers covering bony
prominences can result in fatal pressure ulcer (Maeda, 2006; Bouten et al., 2003).
However, the initial location of that damage has not yet been found. Since it is important
to know the local internal strain/stress regions under external pressure, some numerical
studies using CT/MRI image-based FEM have been reported. However, Bouten et al.
(2003) claimed that FEM is not familiar method to clinical and nursing staff. Therefore,
this study aims at developing a practical simulation methodology. Each person has
different material properties that were influenced by age, gender, nutrition intake, and
wet or dry skin. These differences will effect on how the nursing method should be
performed and what positioning will be best for each individual patient.

Some studies on pressure ulcer were performed using the finite element method

varying from 2D to 3D analyses. The 3D analysis did not always have a very good

23



accuracy. Makhsous (Makhsous et al., 2007) used the Mooney-Rivlin model, and a
uniform contact pressure of 20.34 kPa was applied to the 3D model. The differences
between FEM and measurement from MRI images were compared. The measured
displacement at a certain point was 16.8+16.5 mm, while the numerical prediction was
10.7£8.0 mm. In another region, the measured value was 36.6£9.0 mm, while the
predicted one was 18.1+5.8 mm. The accuracy was not very good probably because of
the Neumann condition. On the other hand, the prediction by Linder-Ganz et al. (2007)
was very accurate. The Neo-Hookean model, Prony series expansion type viscoelastic
model and Dirichlet condition using the measured deformation by MRI were adopted.
The measured pressure was 1744 kPa, and the predicted value was 18+3 kPa. Yamamoto
et al. (2008) used a 2D model and Ogden model, but a multi-scale analysis was carried
out to predict not only the strain distribution but also capillary deformation and cutaneous
blood flow. The correlation between blood flow and contact pressure was compared
qualitatively with experimental measurement. It should be noted that Yamamoto’s model
was 2D, but novel advanced simulation was conducted.

An interesting result by Linder-Ganz et al. (2007) was that large inter-individual
differences were seen among 6 subjects. The maximum von Mises stress ranged from 20
to 53 kPa in gluteus muscle and 14 to 25 kPa in enveloping fat. Makhsous et al. (2007)
also noted that the stresses reported by many others showed great variation, which may
be due to differences of the configurations, material parameters, loading and boundary
conditions. We postulate that the consideration of uncertainty parameters in the
simulation is a critical issue, but we can find no literature on this point.

Another interesting result from the work by Linder-Ganz et al. (2007) were the
reported values for maximum shear stress. The values ranged from 12 to 30 kPa in gluteus

muscle among 6 subjects and 7 to 13 kPa in fat, where inter-individual differences were

24



again seen. It was found that if severe shear loading is repeatedly applied to a patient,
pressure ulcer may occur as a result of mode 1l type fibril tissue damage and damaged
area propagation in either mode | or mode Il. More on this will be discussed in the
prediction rule of pressure ulcer occurrence in Chapter 4.6.

This thesis itself will employ 2D model. The consideration of uncertainty
parameters is also a matter of concern in the pressure ulcer analysis because there are
many parameters to be considered in order to predict the occurrence of pressure ulcer but
no literature can be found on this point. Furthermore, in this thesis, seven parameters are
considered, some of which are not expressed in pdf. Also note that the geometrical
parameter is newly considered. In the stochastic finite element analysis, for instance, the
numerical method to include the geometrical parameter using finite difference method

has a problem in the accuracy (Sakata et al., 2013a).

4.2 Assumption of Biomechanics

In the very early stage of pressure ulcer formation, the tissues inside the body are
damaged even though skin surface looks normal. The initial damage that leads to pressure
ulcer occurs in deep muscle layers, however, the initial damaged location has not been
clarified. Therefore, assumption that the tiny damage of fibril tissues at the interface
between bone and muscle in human buttock becomes the trigger of muscle damage. The
tension and/or shear strain first damages loose fibril tissue between the bone and muscle
and that propagation of the damaged area leads to more serious stages. The bio-
mechanism assumption of interface fibril tissue damage is employed in this thesis. Figure
4.1 shows a typical CT image of healthy human buttock. The fibril tissue deforms due to
the external load. Bone, muscle, fat and skin are the main tissues, and the center part is

the target region where muscle covering bony prominences is seen.
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In the finite element analysis, a cutout models the interface damage, because the
exact size of the tiny damage of fibril tissues is unknown at this moment, as it was never
measured. The strains were evaluated at both tips of the cutout. Note here that the skin
was neglected because it was reported that the deformation of skin was much smaller than

that of muscle and fat (Makhsous et al., 2007).

4.3 Uncertainties in Input Parameters

The first step to determine the uncertainties in input parameters is to determine
the mathematical parameters in the model that are going to be analyzed. Figure 4.2 shows
a typical image of a healthy human buttock showing the mathematical parameters

considered in the analysis.

Bone

Muscle
Fat
i 1. Sustained 2. Fibril tissue 3. Pressure
\.@'\/ pressure breaks ulcer
Bone Loose fibril tissue
S;;z;l;leoccurs — scle
S A
Pressure
Muscle Damaged Fibril Tissue Bone
Cutout
Muscle

Figure 4.1: CT image of a human buttock showing the loose fibril tissue. It is a simplified
numerical modeling by assuming that the initial damage occurs at the interface between
bone and muscle by the loose fibril tissue damage.
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Figure 4.2: Typical human buttock with mathematical parameters showing material
properties, contour shape, cutout location and boundary conditition.

Concerning the material properties, Young’s moduli, Poisson’s ratios and shear
moduli of bone, fat and muscle are considered represented by Efat, Emuscle, and Epone for
the Young’s moduli of fat, muscle and bone, vtat, vmuscle @nd vbone fOr their Poisson’s ratios
and Grat, Gmuscle and Ghone for the shear moduli. The bone is much stiffer than the others.
Hence, the properties of fat and muscle, i.e., Efat, Emuscle and Grat, are considered as
uncertainty parameters, which will be described in more detail later.

The dimensions of the model are defined as wap in anterior-posterior direction and
wwmL in medial-lateral direction respectively. They are 266 mm and 468 mm respectively.
The curved shape of the model is defined as lout, Itm, and Imp Where each represents outer
contour, interface between fat and muscle, and interface between muscle and bone. loyt is
used to define the boundary condition and Imp is used to define the interface damage
modeled by a cutout. The outer shape lout is fixed for simplicity because it is very

influential on the boundary condition. Contact area or loading area is defined as
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b=[b,,by]c I, and the constraints asz =[z,,z;] < I,,, . The loading value is assumed

out
to be constant on b and denoted as d. The loading angle 4 is defined as & = "/> for supine
case, 8 = 0 or 8 = x for two lateral cases. The direction of the constraints is defined as u
with ux = 0 when the model is constraint in the x-direction and uy = 0 when the model is
constraint in the y-direction. In this thesis, b is considered as a parameter without defined
pdf associated with the positioning of a patient. Supine position and two lateral positions
are considered.

The volume fraction of fat is defined as Vrat, that of muscle as Vmuscie and that of
bone as Vhone. The volume fractions of fat and muscle are considered. Then, Il is one of
the parameters without defined pdf. To quantify the feature of Im, which will be used as
a measure of the axis Ism in the parameter space, the distance of Im is defined as f(Im) by
the following relation:

FU i) = AV 5 + (1= @)SDiy 4.1)
where « is the weighting factor and SDsat is standard deviation of the thickness of fat h
defined in Fig. 4.2. In this thesis, three types of configuration, i.e., muscle-rich, fat-rich
and very fat-rich cases, are considered. Those are assumed to be represented
quantitatively by only Via, then oo = 1 is assumed in Eq. (4.1).

The fibril tissue damage was modeled by a cutout and the possible location of
cutout is defined asc c | ,,,, and the cutout region is defined asa < c. The center location
of a is denoted as anmig, its length is denoted as La and the location of left and right edges
as a. and ar. The local curved coordinate system along c is used to measure those
parameters La, amid, aL and ar. Among them, La and amiq are considered as uncertainty

parameters without defined pdf.
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Table 4.1: Material properties based on linear isotropic model.

(a) Young’s modulus showing mean value, standard deviation and lower/upper limit.

Material name Young’s modulus, E (MPa)
Mean value Standard deviation Lower limit Upper limit
Fat 8.0 x 102 8.0x 103 4.0 x 102 1.2x10?
Muscle 7.5x 102 7.5x 103 3.75 x 102 1.125x 101
Bone 2.0 x 10 - - -

(b) Shear modulus showing mean value, standard deviation and lower/upper limit.

Material name Shear modulus, G (MPa)
Mean value Standard deviation Lower limit Upper limit
Fat 2.857 x 1072 2.857 x 103 1.429 x 107 4.286 x 1072
Muscle 2.517 x 1072 - - -
Bone 7.692 x 103 - - _

In summary, seven parameters, Erat, Emuscle, Grat, Itm, b, La and amiq are considered
as uncertainty parameters. Three parameters, Etat, Emuscle, Gtat, are assumed to be in normal
distribution, whilst pdf are not determined for the other four parameters. That is, the
number of parameters with and without defined pdf are m; = 3 and m, = 4.

Table 4.1 shows the material properties based on linear isotropic model
(Yamamoto et al., 2008; Elsner et al., 2002; Agache and Humbert, 2004) and normal
distribution is simply assumed. Note that the Young’s moduli and/or shear moduli for
muscle and fat are scattered. The coefficient of correlation between Young’s modulus
and shear modulus for fat was determined so that the Poisson’s ratio does not exceed 0.5.
For muscle, only the variation of Young’s modulus was considered because its Poisson’s
ratio is close to 0.5.

The number of discrete sampling cases that were used for parameters without
defined pdf are as follows: location of cutout (amig) with 3 different sampling locations
{amia1 = 42.34 mm, amig2 = 104.38 mm, amiss = 166.63 mm} bounded between amiq1 and
amias, length of cutout (La) with 2 different sampling lengths {La1 =4 mm, La» = 8 mm}
bounded between La: and Laz, loading condition (b) with 3 different loading sampling {b1

= lateral-A, b, = supine, bz = lateral-B} bounded between b and bz, and configuration
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of muscle and fat (Im) with 3 different sampling configurations {lfm1 = 9.69%, lm2 =
15.20%, ltm3 = 22.92%} following Eq. (4.1) bounded between lsm1 and Ims. Following Eq.

(4.2), the combinations of discrete sampling points gave a total discrete model of:

TTOVO) =] J(NU ), N®), N(L,), N(@ia ) =] [ (332:3) =54 (4.2)

4.4 Experimental Model

Before going into the finite element discretization, a positioning change
experiment was performed in order to understand more about the boundary conditions.
The first experiment was performed to find which area of the patient has the largest force,
whether it was painful or not, and also to find out whether the existence of a bed sheet
has any effects.

The experiment uses the following items as shown in Fig. 4.3:

» 2 tables large for moving the patient.

» 2 pillows used for nursing.

» Cushion for nursing, one large and one small.

>

Bed sheet made from 100% cotton.

Figure 4.3: Items used in the experiment
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The experiment starts by finding out the ways to move a patient from supine
position to lateral position. There are 3 ways to move the patient as follows:
» Supine position into complete lateral position (Right side of the body is
underneath) A shown in Fig. 4.4.
» Supine position into complete lateral position (Right side of the body is
underneath) B shown in Fig. 4.5
» Supine position into complete lateral position (Right side of the body is

underneath) C shown in Fig. 4.6.

Movement direction

I

Figure 4.4: Supine position into complete lateral position A.
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Movement direction
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Figure 4.6: Supine position into complete lateral position C.

The impression from the patient after position change shows that the area where
the bone comes out has large pressure especially for old and slim people will have a very
high pressure locally in that area. During the position change, when the patient body was
grabbed, the force needed to lift the body is much influenced by the patient itself. There
is also some shear force involved between the patient body and the bed. Also, not related
with the position change, after the patient is put into the lateral position and the cushion

was not used then a very strong pressure can be felt at the left knee, right shoulder, and
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right pelvis. If the cushion was used, then the very strong pressure can be felt at the right
shoulder, right pelvis, right side of the buttocks and right rib.

The next step was to confirm the effect of the bed sheet to the patient during
position change. For the method A and B, the results are almost the same and can be seen
in Fig. 4.7. For patient with a thick buttocks, without the bed sheet the buttocks will slide
over and with the bed sheet it did not slide. During the rotation, the right side of the
buttock becomes fixed at the edge and it remains the same even after. Also, it can be felt
that without the bed sheet the shear force was smaller. For patient with a thinner buttock
felt the same way with or without the bed sheet and there was no burden felt in the pelvis

area.

Figure 4.7: Experiment with and without the bed sheet for supine position into complete
lateral position A and supine position into complete lateral position B.

Figure 4.8: Experiment with and without the bed sheet for supine position into complete
lateral position C.
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However, the patient felt that the body was being dragged to the outside when the rotation
just started and it also happens with and without the bed sheet.

Regarding the pressure that influence to the buttock, the results for method C are
the same as method A and B shown in Fig. 4.8. Without the bed sheet, the friction between
the table and the body are small and so the body will slide and during the rotation the
lower body part of the right shoulder has a small burden of pressure. With the bed sheet,
the friction becomes larger and so the body did not slide as easily but also the right
shoulder had more burden. Also with and without the bed sheet, when the body was
pushed, the patient can felt the pressure on the outer part just like before. However, these
impression for method C does not differ between patients with thicker or thinner buttocks.

The second experiment was performed to find the contact area between the
buttock and the bed during supine and lateral position. The experiments were performed
by putting sands on the table and then letting the patients lay on top of them.

» Finding the contact area for patient during supine position.

» Finding the contact area for patient during lateral position.

» Finding the contact area for patient that was moved from supine to lateral

position.
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Most protruding part

Figure 4.9: Contact area during rigyre 4.10: Measured length during supine

Table 4.2: Calculated length during supine position as shown in Fig. 4.10.

Length (cm) Length (cm)
LH1 24.8 RH1 26.6
LH2 20.4 RH2 21.3
LW1 16.1 RW1 16.7
LwW2 16.5 RW2 16.9
LD1 29.3 RD1 29.0
LP1 9.7 RP1 11.5
LP2 27.5 RP2 27.0
LP3 5.7 RP3 3.9
LP4 13.5 RP4 16.9

Fig. 4.9 shows the picture of the patient buttocks right after the experiment to find
the contact area for patient during supine position. The area where the sand sticks to the
patient buttocks is shown in Fig. 4.10 with the calculated length shown in Table 4.2. The
contact area was 553.5 cm? with the longest width LW1+RW1 = 32.8 cm.

Fig. 4.11 shows the picture of the patient buttocks right after the experiment to
find the contact area for patient during lateral position. The area where the sand sticks to
the patient buttocks is shown in Fig. 4.12 with the calculated length shown in Table 4.3.

The contact area was 434.8 cm? with the longest width SW1 = 16.6 cm.
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Figure 4.11: Contact area

during lateral position. Figure 4.12: Measured length during lateral position.

Table 4.3: Calculated length during lateral position as shown in Fig. 4.12.

Length (cm) Length (cm)
SH1 325 SP1 10.5
SH2 29.1 SP2 34.0
SW1 16.6 SP3 17.6
SW2 17.5 SP4 30.0
SD1 31.6
SD2 37.6

Figure 4.13: Contact area during movement from supine to lateral position.
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Figure 4.14: Measured length during position change from supine to lateral position.

10cm

Table 4.4: Calculated length during movement from supine to lateral position as shown

in Fig. 4.14.

Length (cm) Length (cm)

LH1 24.8 RH1 40.9
LH2 20.4 RH2 37.5
LW1 16.1 RW1 335
LW2 16.5 RW?2 29.8
LD1 29.3 RW3 22.0
LP1 9.7 RD1 39.0
LP2 27.5 RD2 55.0
LP3 5.7 RP1 24.2
LP4 135 RP2 41.8

RP3 20.4

RP4 27.7
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Figure 4.15: Comparison of areas during position change from supine to lateral position.
The difference can be seen in the red area.

Fig. 4.13 shows the picture of the patient buttocks right after the experiment to
find the contact area for patient that was moved from supine to lateral position. The area
where the sand sticks to the patient buttocks is shown in Fig. 4.14 with the calculated
length shown in Table 4.4. The contact area was 1333.3 cm? with the longest width
LW1+RW1 = 46.6 cm.

Figure 4.15 shows the comparison of areas during position change from supine to
lateral position. The red area shows the area where the sand sticks during position change
but not during lateral position only. This happens because during the nursing process the

patient right knee was hold down by the nurse.

4.5 Finite Element Discretization and Quantity of Interest

Following the biomechanical assumption and mathematical definition, the finite
element models were generated as shown in Fig. 4.16 independently for muscle-rich case
(Im1 = 9.69%), fat-rich case (Im2 = 15.20%) and very fat-rich case (Ims = 22.92%). Total
number of four-noded elements and nodes were 77,334 and 77,397 respectively for three

models. Regular and fine mesh was prepared carefully along the interfacec < I, between
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bone and muscle in order to calculate the interface strain as in the magnified view in Fig.
4.16. The mesh allows us to set the cutout represented by amia everywhere in c in the
Monte Carlo simulation with SLS method. Also in this particular setup following Chapter
4.3, the cutout shown in Fig. 4.16 was located at amigz = 42.34 mm, amig2 = 104.38 mm,
and amigs = 166.63 mm, with the length of cutout of La1 =4 mm and La2 = 8 mm for each
cutout location.

The interface normal and shear strains were evaluated as Qols at the cutout tips.
The local coordinate system, i.e., normal (n) and tangential (t) coordinate system, was
defined element-wise along Imp as shown in Fig. 4.16. The strains e, and yt, at the cutout
tips were extrapolated from the values at Gauss points in the cutout elements. Concerning
normal strain e, it was assumed that only tensile strain contributed to the breakage of
fibril tissue and propagation of damage area. The cutout elements were in the muscle
region and the Young’s modulus was 10 times smaller than the mean Young’s modulus
of muscle.

Using the second experiment result in chapter 4.4, the boundary condition of the
model can be defined for when the patient is laying on supine position and both lateral
position.

For the supine position, the length of the finite element model was determined in
Chapter 4.3 as wvL = 468 mm while the experiment model has ww. of 368.50 mm. From
here, it was found that the finite element model is larger by 1.27 in comparison to the
experiment model. The experiment result shown the contact area to be 553.5 cm? which
means the contact area for the finite element model is 553.5 cm? x (1.27 x 1.27) = 892.74
cm?. The CT image that was used for the finite element modeling is a slice of a human
buttock where the most protruding part is LW1+RW1 = 32.8 cm and so the length of the

contact that should be used in the finite element model is 32.8 cm x 1.27 = 41.6 cm.
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Load = 0.008 MPa

Figure 4.17: The location of loading area during supine position.

Using these information and assuming the weight of human body of 70 kg for the finite

700 N

element model and a gravity of 10 ™/s? the load value can then be found as ——— =
89,274mm

0.008 MPa for the length of 416 mm. These can be seen in Fig. 4.17 and Table 4.5 for
supine position.

For the both lateral position of A and B, the length of the finite element model
was determined in Chapter 4.3 as wap = 266 mm while the experiment model has wap of
260 mm. From here, it was found that the finite element model is larger by 1.02 in
comparison to the experiment model. It was also found that the supine and lateral position
had a difference in the comparison. In order to get an equality result between supine and
lateral position, only the length of the contact will be used from the experiment result
while the load value will assume the same 0.008 MPa as the supine. However, since the
length is different the load value will also change following the length. The CT image
that was used for the finite element modeling is a slice of a human buttock where the most
protruding part is SW1 = 16.6 cm and so the length of the contact that should be used in

the finite element model is 16.6 cm x 1.02 = 17 cm. The load value is determined as

0.008 MPa x 41.6 cm
17 cm

= 0.018 MPa. These can be seen in Fig. 4.18 and Table 4.5 for lateral

position.
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Figure 4.18: The location of loading area during lateral position. The left picture is for
lateral-A position and the right picture is for lateral-B position.

Table 4.5: Boundary conditions for three positions including load value, angle, loaded
area and constraint.

Position d 0 bl 1, u zl 1,
(N/mm?) b (mm) bgr (Mmm) z. (mm) Zr (Mmm)
Supine 8.0x10% | ", (31, 49) (439, 48) Uy = (66, 266) (392, 260)
Lateral-A 1.8x 1072 0 (20, 60) (30, 230) Uyx = (422, 36) (436, 220)
Lateral-B 1.8x 1072 T (456, 60) (430, 230) Uyx = (29, 70) (66, 266)

Due to the simplified constraint condition where only one node was fixed in the
x-direction and in order to escape the singularity of the model, a regularization technique

was used as shown in Eg. 4.3 (Kikuchi and Oden, 1988; Takano et al., 2001).
(K+/1LNTNdV)u=f (4.3)

K and N are the stiffness matrix and shape function and u and f are the
displacement and force vectors. The regularization was applied after diagonal scaling in
the scaled conjugate gradient (SCG) solver. The coefficient factor A = 107*° was

determined from sensitivity analysis.

42



4.6 Prediction Rule of Pressure Ulcer Occurrence

The prediction rule was based on the maximum strain criteria rather than the
Mises or the Tresca type criterion because the measurement of the interaction between
strain components at the fibril tissue is impossible at this moment. The analysis to
determine this prediction rule and involves an analysis of two numerical models. One is
a model of a healthy person as seen in Fig. 4.19 while the other is a model of a patient
with surgical treatment as seen in Fig, 4.20. Notice the difference in the meshing in Fig.
4.19 and Fig. 4.20 at the interface between bone and muscle. Also, different from the
finite element model shown in Chapter 4.5, the prediction rule analysis only focused on
one cutout location. There were several surgical methods available to treat pressure ulcer
and for this particular analysis the bone cut and surgical flap method was chosen
(Romanelli et al., 2006). A surgical flap is made to cover a wound caused by a pressure
ulcer using muscle from a different body part. Surgical treatment is used to treat patients
with pressure ulcers, especially patients with stage IV pressure ulcers. Treatment for these
patients is more aggressive since the process involves cleaning and dressing the diseased
area and continued surgical repair, and then the surgical flap comes into place. The
surgical flap is used because the muscle retains its own blood supply, thus aiding the

recovery process.
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Figure 4.19: Finite element model of damaged interface for the healthy model.

43



Cutout

Muscle
ot
y
Iy R
: 7
R EEEEsY ==
1
:
s DA
o) & >Bone
Fat

Figure 4.20: Finite element model of damaged interface for the after surgery model.

In this prediction rule analysis, the analyzed strains were also transformed into the
t and n-directions following the explanation in Fig. 4.16. The strain was analyzed with
various loading cases ranging from 0° (shear) to 90° (perpendicular) for supine position
only. Then, the maximum strain values for the load cases in the reference model were
modified and denoted by en™®*®" . and |y, These values were used as
reference criteria because they were lower than the real strength of the fibril tissue and
because the damaged zone in the healthy body was not supposed to propagate with these
values. Here, the values were determined from the result under supine loading condition
with 8= 0° of healthy model with no cutout. The tiny damage modeled by cutout in FEM
will be self-healed for a healthy person, and so the model with cutout was compared with
a model without cutout and the strain value of a model without cutout was used in the
prediction rule.

The strains at the tips of the cutout in the target body are denoted by &% and
IO, If gqreference . < en®9 then mode | propagation is possible. If [yn"eee|may <
[yn@9€Y), then mode Il propagation is possible.

The target will be the healthy model with cutout and after surgery model with
cutout for both the element next to the left cutout tip shown in blue line and the element

next to the right cutout tip shown in red line in Figs. 4.21 to 4.24. The yellow bars indicate
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the strains at the same location for a healthy model with no cutout. Note that the strain

values uses the value at center point of the element rather than extrapolation.

For Fig. 4.21 and 4.22, the result explains the fact that pressure ulcers can occur

even in a healthy person if the fibril tissues between the bone and muscle are damaged

and the damaged zone propagates. When the @ is close to 0 which is when shear force is

applied, tensile en happens which shows that the &, can be the reason of fracture. For |yu|

the figure shows that if the consideration is looked at as a whole, the danger happens

when the shear force of 30° or lower is applied. However, when analyzing the loading

case by case, the left tip of |ym| is always higher than the [yn"°“*"Y for that same loading

angle. There is no sure way to say which is more dominant because there is no tendency

here, but both &, and |yt| is dominant and can cause the propagation of pressure ulcer.

This also explains the cutout model shown in Fig. 4.1.
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Figure 4.21: &, for the healthy body model with cutout.
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Figure 4.22: |yw| for the healthy body model with cutout.
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Figure 4.23: &, for the after surgery model with cutout.
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Figure 4.24: |yw| for the after surgery model with cutout.

For Fig. 4.23 and 4.24, the result shows that axial strain was mostly negative, but
relatively high tensile strain was found at the right tip of the cutout under sever shear
loading condition. This implies mode | propagation. Moreover, very high strain was
observed for wider loading angle range, which implies mode Il propagation.

Of course, the target values should be obtained by extrapolating the strain
distribution along the interface as seen in Fig. 4.3 but during this prediction rule analysis
they were replaced by the strain values at the center point of the neighboring element the
cutout because the post processing was easier. The extrapolation of strains for healthy
model with cutout can be seen in Fig. 4.25 and after surgery model with cutout in Fig.
4.26 for both case with 8= 0°.

For Fig. 4.26, the absolute values of the extrapolated strains were larger or almost
the same which means that the choice of the extrapolated value or the value of the
neighboring element did not influence the conclusion. However, the importance of
extrapolation value is shown in Fig. 4.25 were it was seen that the absolute values of the
extrapolated strains were generally higher than the plotted ones except the shear strain for
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Figure 4.25: Typical result for the extrapolation of strains for the healthy model with
cutout.
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Figure 4.26: Typical result for the extrapolation of strains for the after surgery model with
cutout.

6= 0° shown in Fig. 4.25(b). Because of this, in the demonstrative example of the SLS
method here, the extrapolation value was used.

In the first paper as shown from Fig. 4.21 to Fig. 4.24 in the main thesis, only the
load angle was put into consideration while in the application of SLS to pressure ulcer
analysis, many uncertainty parameters were also put into consideration. In Fig. 4.21 to
Fig. 4.24, the maximum strain value was defined as a threshold. But, in SLS considering
many uncertainty parameters, the histogram was obtained when expected value is
converged, which means that the standard deviation and probability density function are
not reliable because the number of sampling points is not enough in the Monte Carlo

simulation. Hence, the maximum value should not be determined. Instead the overlap of
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the histogram was looked into. In this sense, the comparison of the overlap looks
qualitative. However, in this study the judgment was done manually.

In the SLS analysis, the prediction rule analysis was performed following the
same procedure. As the threshold, the interface strains for a case without cutout e,"°cutout
and [ym|"°cU are calculated. This is easy because the same mesh in Fig. 4.16 can be used.
Next, the target value is found by assuming the cutout, if e, or |ym| is higher than g,ocutout
or [yn["®U™U, then it is supposed that the fibril tissue damage may propagate. £,"°®“*“* and
[ym["ocUUt are evaluated at the same location of the cutout model. A graphical
representation of the prediction rule for the pressure ulcer analysis using SLS method can

be seen in Fig. 4.27.

Evaluation of interface strains at cutout tips || Evaluation of interface shear strains at cutout tips
target . target .
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Figure 4.27: Flowchart of prediction rule of pressure ulcer.
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CHAPTER 5

Numerical Results

5.1 Deformation and Strain Distribution

Before going into the analysis of the strains at the interface, the model was
confirmed by looking at the deformation and strain distribution. The deformation under
supine loading condition can be seen in Fig. 5.1 from original to 5x deformation.

The strain distribution of &y, ey and yxy is shown in Fig. 5.2, 5.3 and 5.4 for a case
with and without a cutout under the supine loading condition for all three different cutout
location. These strain distributions confirmed that the effect of the cutout was only seen

near the cutout.

Figure 5.1: Deformation of the mesh from original deformation value to 5x deformation
value.
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Figure 5.2: Strain distribution of &, &y and yxy with supine loading condition for amia1 = 42.34 mm.

51



1N0IND INOYIIA\  JNOIND YA

- 7 7 o 7 o 1 7 - - - -
;\- —
W' o n o
e S e d 1
S} S} S}

1N0IND INOYIIAN mom
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Figure 5.4: Strain distribution of &, &y and yxy with supine loading condition for amisz = 166.63 mm.
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5.2 Convergence of Expected Value

In the standard Monte Carlo simulation considering the normal distribution of
material properties, the expected values of strains at the left and right tips of the cutout
were monitored after every 100 analyses. Following Eq. (3.3), we determined the
collection of sampling for convergence check as follow:

§ =5(Emnuscter Etat: Grat | 1 fi 2 b Ly 1 @i ) (5.1)

The number of Qols is 4 for each analysis. Let EV(5); and SD( 5 ); be the
expected value and standard deviation for the collection of sampling 5 at j, then the
convergence is calculated as:

MCqn, (i) = m?X[MCconv(Ifm b L, ) ]j (52)

where i = 1,..., 54. The convergence check then follows the rules in Eq. (3.4).
An example of the convergence check is shown in Fig. 55 for
S(E E a0 Grae | 9-69,5Upine,4,104.38) . In this example, the convergence was found

muscle? = fat?
to be 2,000 cases for j = 1. The other convergence check can be seen in Appendix A.
Table 5.1 shows the convergence check for all discrete combination of sampling

points where it is shown that the convergence varies from 700 to 4,900 cases.

(-U:: . J = ]
8 8 0.50%
5 < o40% | .
g Q SD((S)JQUU))
= 030% | .
SR INA EV(()Jgo)\ e
oD 0.20% -
2o o10% | U . ..
;3 Sg)- oo . . . EV((S)J(loog))_EV((S)J(wo(g—l)))
o 5 0 500 1000 1500 2000 2500
kS

Number of cases

Figure 5.5: A convergence check example for s(E,usce E fatG fat | 9.69,5upine,4,104.38) .

Following Eqg. (3.4), the left hand side of the equation is shown in the blue line and the
right hand side of the equation is shown in the red line. The red circle shows the area
where the equation is satisfied three times continuously.
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Table 5.1: Convergence check results for 54 discrete combination of sampling points.

i L b La Amid MCeon ||| i Lfn b La Amid MCeonv
1 |9.69 supine 4 | 42.23 2000 [§{28 | 15.2 | lateral-A | 8 | 42.23 1400
2 | 9.69 supine 4 | 10438 | 2000 (/29 | 152 | lateral-A | 8 | 104.38 1500
3 ]9.69 supine 4 | 166.63 2000 (§130 | 15.2 | lateral-A | 8 | 166.63 1400
4 |9.69 supine 8 | 42.23 1700 |31 | 152 | lateral-B | 4 | 42.23 1300
5 | 9.69 supine 8 | 10438 | 2000 [(§{32 | 15.2 | lateral-B | 4 | 104.38 1300
6 | 9.69 supine 8 | 166.63 2000 (133 | 15.2 | lateral-B | 4 | 166.63 1500
7 | 9.69 | lateral-A | 4 42.23 1400 (§|34 | 15.2 | lateral-B | 8 42.23 1300
8 | 9.69 | lateral-A | 4 | 104.38 1500 |35 | 15.2 | lateral-B | 8 | 104.38 1300
9 | 9.69 | lateral-A | 4 | 166.63 1400 |36 | 15.2 | lateral-B | 8 | 166.63 | 4900
10 | 9.69 | lateral-A | 8 | 42.23 1400 (M| 37 | 22.92 supine 4 | 4223 2000
11 | 9.69 | lateral-A | 8 | 104.38 1400 (§f 38 | 22.92 supine 4 | 104.38 | 2000
12 | 9.69 | lateral-A | 8 | 166.63 1400 (§(39 | 22.92 supine 4 ] 166.63 | 2000
13 | 9.69 | lateral-B | 4 | 42.23 1300 [} 40 | 22.92 supine 8 | 42.23 700
14 | 9.69 | lateral-B | 4 | 104.38 1500 (§f 41 | 22.92 supine 8 | 104.38 | 2000
15 | 9.69 | lateral-B | 4 | 166.63 1500 (§l 42 | 22.92 supine 8 | 166.63 | 2000
16 | 9.69 | lateral-B | 8 42.23 1300 )43 | 22.92 | lateral-A | 4 | 42.23 1400
17 | 9.69 | lateral-B | 8 | 104.38 1500 (§| 44 | 22.92 | lateral-A | 4 | 104.38 1400
18 | 9.69 | lateral-B | 8 | 166.63 1500 [§| 45 | 22.92 | lateral-A | 4 | 166.63 1100
19 | 15.2 supine 4 | 4223 2000 [l 46 | 22.92 | lateral-A | 8 | 42.23 1100
20 | 152 supine 4 | 10438 | 2000 (§|47 | 22.92 | lateral-A | 8 | 104.38 1100
21 | 152 supine 4 | 166.63 2300 [§l 48 | 22.92 | lateral-A | 8 | 166.63 1100
22 | 152 supine 8 | 42.23 2000 (§/49 | 22.92 | lateral-B | 4 | 42.23 1300
23 | 15.2 supine 8 | 10438 | 2000 [§{50 | 22.92 | lateral-B | 4 | 104.38 1300
24 | 152 supine 8 | 166.63 2000 [§(51 | 22.92 | lateral-B | 4 | 166.63 1300
25 | 15.2 | lateral-A | 4 | 42.23 1400 [§152 | 22.92 | lateral-B | 8 | 42.23 1300
26 | 15.2 | lateral-A | 4 | 104.38 1400 (§/53 | 22.92 | lateral-B | 8 | 104.38 1300
27 | 15.2 | lateral-A | 4 | 166.63 1400 [§/54 | 22.92 | lateral-B | 8 | 166.63 1600

5.3 Limited Sampling Zone

Prediction rule of pressure ulcer occurrence was then performed in order to

determine whether the Qol is considered dangerous or not and to define the limited

sampling zone. The prediction rule follows the rules in Fig. 4.27 and the result for s(Gtat,

Im = 9.69,b = lateral-A,La = 8,amia = 104.38) can be seen in Fig. 5.6 and the prediction

rule can be analyzed as follows. The red line shows the histogram for case with cutout at

the convergence and the blue line shows the histogram for case without cutout at the

convergence.

1) The top left figure of left tip en shows that the red line is below 0 and following

the prediction rule this means that the case is not dangerous. Using the same

figure here, if the case here is at positive value, then this is a very clear case
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Figure 5.6: Prediction rule of pressure ulcer occurrence at s(Grat,9.69, lateral-A,8,104.38).

when the overlap of the histogram is not seen and the case will be decided as
dangerous.

2) For the top right figure of right tip en shows that the histogram with and without
cutout overlaps. This is an example of a case where the case is considered
dangerous because we do not want to miss a single case that can lead to a higher
strain. The computational cost for the third step of SLS is not high, so including
this case is not costly.

3) For the bottom two figures of left and right tip |ym| shows that the overlap is on
some part but the histogram for case with cutout can be higher, which means
these cases should be considered dangerous.

The figure in the prediction rule as seen in Fig. 5.6 is not a pdf but just a histogram.

The decision to use a contour line of the histogram rather than bars as in the usual form
of histogram is to escape the invisible histogram. There are 54 prediction rule performed
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in the analysis and each has 4 different location (left and right cutout tip of &, and |yu|)
and can be seen in Appendix A. In order to see the prediction rule clearly, the scaling of
the graph was put into the same range (the bottom axis/strain values) which caused some
graphs to become smaller and rendering it invisible if bars were used.

There are possible cases where the strain value with cutout becomes smaller than
the case without cutout. The first possibility is when the deformation mode changes.
Another possibility is when the compression of the strain at the normal direction occurs.
This can be seen in the prediction rule of pressure ulcer occurrence in Fig. 5.6 in the top
left showing the prediction rule of left tip en. It was clearly shown that the compression
occurs which explains that the very flexible fibril tissue is not damaged.

Using this prediction rule, it was found that the supine loading condition is
dominant in |ym| only and the ¢, does not give any danger to the patient. However, this
still means that the patient needs to be moved, and the movement of the patient in shear
direction can cause pressure ulcer as shown in the prediction rule in Chapter 4.6. Good
care of the patient when moving is needed. However, the lateral position shows both
dominant in &, and |ym| with a more dominant shown in |yt|.

The algorithm to develop the limited sampling zone LSZ. . in the case for

demonstration of pressure ulcer analysis involves in the definition of regression lines as
shown in the red lines in Fig. 5.7 and explained by the following equation:

PAX; +02X; +1 =0 (5.3
where for two parameters of x; and xj, A and B are points above the threshold and C are
points below the threshold. Each two points of A are used to generate the lines then the
generated lines needs to be checked with the other points of C. The rules for the limited

sampling zone line is to find lines from two points of A that fulfils p2x® +gfx} +rf >0

but not pfx® +g2x +r>0.

a™]
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A > threshold
= A B > threshold
C < threshold

Figure 5.7: Mathematical form used to determine automatic limited sampling zone.

The threshold for the limited sampling zone in the analysis of pressure ulcer is
assumed to be in the points above p + 3¢ shown in the red dots, where x denotes the
expected value and ¢ the standard deviation. In the case of Fig. 5.8, the wrong example
of the line is shown in the left figure and the correct one on the right figure. Multiple
linear equations using Eq. (3.5) were determined in the three-dimensional space of input
parameters, Efat, Gtat and Emuscle. In this analysis, the limited sampling zone could be
defined by the combinations of Efat — Gtat and Efat — Emuscie, but could not be defined for
Emusce — Gtat. In the end, only the correlation between Efat — Emuscle Was found by
combining all results from Efat — Gtat and Efat — Emuscie. In one of the result in Fig. 5.8, it
was shown that the governing lines were found to be {-0.985Emuscie — 0.158E+at + 0.067
>0} and {Efat — 0.061 > 0}.

The result is then also limited to the lower and upper limit as defined in Table 4.1.
An example of the final limited sampling zone for S(Grat, Im = 9.69,b = lateral-A,La =
8,amid = 104.38) can be seen in Table 5.2 and Fig. 5.9 showing the following limited
sampling zone:

I-SZE,“USC,E&Em = S(G fat» Ifm b, La ' A yiq ‘Emuscle’ Efat; paEmuscIe+ anfat +ra 20V a)

54
= (G 1,9.69, lateral- A,4,104 38(E nucqier E tati PaEmuscte + GaEfar + T2 =0V @) (5.4)
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Figure 5.8: Example of defining the Ilimited sampling zone of
S(G fat» I fm = 969,b = latel‘al - A, La = 8, amid = 104'38|Emuscle’ Efat; pa Emuscle + anfat + I’a 2 0 V a)

Table 5.2: Equations that shapes the polygon that governs the limited sampling zone of
pressure ulcer occurrence at S(Gtat, Ifm = 9.69,b = lateral-A,La = 8,amia = 104.38).

a Da qa Tq
1 -0.970 -0.234 0.073
2 -0.985 -0.158 0.067
3 -0.989 0.138 0.045
4 0.000 1.000 -0.061
Limit
0.120 - D
0.100 | |
=
By
= 0.080
] 4%
0.060 F AR
@ —-0.970E,,., ~0.234E,,+0.0732 0
(@) —0.985E,,.,;,— 0.158E , +0.067 = 0
0.040 3) —0.989E,, ., +0.138E,, + 0.0452 0
0.0375 00625 00875  0.1125
@ E,, —0.061>0

E nuscle (MPa)

Figure 5.9: Limited sampling zone at S(Gtat, Itm = 9.69,b = lateral-A,La = 8,amiq = 104.38).
The limit is defined in the material properties in Table 3.1.

The limited sampling zone for all 54 combinations of sampling points can be seen

in Table 5.3 and Appendix A showing the correlation between Efat — Emuscie after
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combining all results from Etat — Grat and Etat — Emuscle. The number of lines generating the
polygon varies from 2 to 5 lines. This number of lines comes from the prediction rule of
pressure ulcer occurrence for each of the combination of sampling points. This polygon

is also limited by the lower and upper limit of Esat and Emuscie described in Table 4.1.
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Table 5.3: All governing equations for all 54 combination of discrete sampling points.

i Ifm b La Amid a Pa Ja la
1 -0.881 -0.466 0.084
1 9.69 supine 4 42.23 2 -0.955 -0.287 0.076
3 0.000 1.000 -0.064
1 -0.911 -0.404 0.081
2 9.69 supine 4 104.38 2 -0.955 -0.287 0.076
3 0.000 1.000 -0.064
1 -0.996 0.067 0.051
3 9.69 supine 4 166.63 2 -0.833 -0.546 0.085
3 0.000 1.000 -0.068
. 1 -0.955 -0.287 0.076
4 9.69 supine 8 42.23 > 0.000 1.000 20.064
1 -0.881 -0.465 0.085
5 9.69 supine 8 104.38 2 -0.955 -0.287 0.076
3 0.000 1.000 -0.064
1 -0.996 0.067 0.052
6 9.69 supine 8 166.63 2 -0.955 -0.287 0.076
3 0.000 1.000 -0.068
1 -0.985 -0.158 0.067
lateral- 2 -0.971 -0.228 0.072
7 9.69 A 4 42.23 3 -0.970 -0.234 0.073
4 -0.957 0.287 0.030
5 0.000 1.000 -0.079
1 -0.970 -0.234 0.073
lateral- 2 -0.985 -0.158 0.067
8 9.69 A 4 10438 3 0876 | -0.474 | 0.089
4 0.000 1.000 -0.061
lateral- 1 -0.961 0.275 0.032
9 9.69 A 4 16663 — 0.000 | 1.000 | -0.082
1 -0.970 -0.234 0.073
lateral- 2 -0.957 -0.287 0.030
10 9.69 A 8 4223 3 0818 | 0575 | 0.004
4 0.000 1.000 -0.081
1 -0.970 -0.234 0.073
lateral- 2 -0.985 -0.158 0.067
11 9.69 A 8 10438 3 20989 | 0138 | 0.045
4 0.000 1.000 -0.061
lateral- 1 -0961 | 0275 | 0.032
12 9.69 A 8 166.63 2 -0.970 0.242 0.035
3 0.000 1.000 -0.079
1 -0.998 -0.020 0.060
13 9.69 lateral-B 4 42.23 > 0.000 1000 0075
1 -0.989 0.139 0.045
2 -0.980 0.196 0.039
14 9.69 lateral-B 4 104.38 3 0819 0573 20.001
4 0.000 1.000 -0.075
1 -0.998 -0.033 0.062
2 -0.971 0.238 0.040
15 9.69 lateral-B 4 166.23 3 20,997 20.040 0.063
4 -0.991 0.120 0.051
5 0.000 1.000 -0.071
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i ltm b La Amid a Pa Ja la
1 20979 | -0.196 | 0.059
16 9.69 |lateral-B | 8 42.23 2 20048 | -0316 | 0.028
3 0.000 | 1.000 | -0.075
1 20094 | -0.088 | 0.064
17 9.69 |lateral-B | 8 104.38 2 20093 | 0110 | 0.047
3 0.000 | 1.000 | -0.065
1 20098 | -0.010 | 0.060
18 9.69 |lateral-B | 8 166.63 2 0857 | 0514 | 0011
3 0.000 | 1.000 | -0.078
) 1 20683 | -0.726 | 0.087
19 15.2 supine 4 42.23 > 0.000 1.000 20.068
) 1 20955 | -0287 | 0.076
20 15.2 supine 4 104.38 > 0.000 1.000 20.064
1 20985 | 0165 | 0.048
21 152 | supine 4 166.63 2 20891 | -0.445 | 0.001
3 0.000 | 1.000 | -0.064
1 09011 | -0.404 | 0.081
22 15.2 supine 8 42.23 2 -0.968 -0.242 0.073
3 0.000 | 1.000 | -0.064
1 20955 | -0287 | 0.076
23 152 | supine 8 104.38 2 20905 | -0.418 | 0.081
3 0.000 | 1.000 | -0.064
1 20996 | 0.067 | 0052
24 152 | supine 8 166.63 2 20970 | -0226 | 0.084
3 0.000 | 1.000 | -0.068
1 20985 | -0.158 | 0.067
lateral- 2 20985 | 0168 | 0.043
25 152 A 4 42.23 3 20894 | 0447 | 0013
2 0.000 | 1.000 | -0.081
1 0971 | -0228 | 0072
lateral- 2 20962 | -0263 | 0.075
26 152 A 4 104.38 3 0752 | 0658 | -0.015
2 0.000 | 1.000 | -0.082
lateral- 1 20999 | 0020 | 0.050
21 152 A 4 166.63 2 0.000 | 1.000 | 0.079
lateral- 1 20985 | -0.158 | 0.067
28 152 A 8 42.23 2 0.000 | 1.000 | -0.081
1 20985 | -0.158 | 0.067
lateral- 2 20962 | -0263 | 0.075
29 152 A 8 104.38 3 20070 | 0242 | 0031
2 0.000 | 1.000 | -0.079
ol 1 0961 | 0275 | 0032
30 152 o 8 166.63 2 20970 | 0242 | 0035
3 0.000 | 1.000 | -0.079
1 0703 | -0.703 | 0111
31 15.2 lateral-B 4 42.23 5 0.000 1.000 20075
1 0853 | 0523 | 0.004
32 152 | lateral-B | 4 104.38 2 0852 | 0524 | 0.004
3 0.000 | 1.000 | -0.075
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i lfm b La Amid a Pa Oa la

1 -0.971 0.238 0.040

2 -0.957 0.287 0.033

33 15.2 lateral-B 4 166.63 3 -0.997 -0.040 0.063
4 -0.994 0.097 0.053

5 0.000 1.000 -0.065

1 -0.961 0.274 0.032

34 15.2 lateral-B 8 42.23 2 -0.948 -0.316 0.028
3 0.000 1.000 -0.060

1 -0.998 -0.020 0.060

35 15.2 lateral-B 8 104.38 2 -0.985 0.165 0.042
3 0.000 1.000 -0.075

1 -0.995 -0.080 0.062

36 15.2 lateral-B 8 166.63 2 -0.862 0.507 0.009
3 0.000 1.000 -0.074

. 1 -0.996 0.067 0.052

37 22.92 supine 4 42.23 > 0.000 1.000 20.068
. 1 -0.874 -0.479 0.085

38 22.92 supine 4 104.38 5 0.000 1.000 0.064
1 -0.994 0.101 0.050

39 22.92 supine 4 166.63 2 -0.998 0.020 0.055
3 0.000 1.000 -0.068

. 1 -0.997 -0.047 0.061

40 22.92 supine 8 42.23 5 0.000 1.000 20.068
. 1 -0.997 -0.053 0.061

41 22.92 supine 8 104.38 > 0.000 1.000 20.068
1 -0.939 0.344 0.023

42 22.92 supine 8 166.63 2 -0.997 0.050 0.052
3 0.000 1.000 -0.075

1 -0.998 -0.038 0.059

43 22.92 lateral-A 4 42.23 2 -0.970 0.242 0.035
3 0.000 1.000 -0.079

1 -0.962 -0.263 0.075

44 22.92 lateral-A 4 104.38 > 0.000 1000 20.061
1 -0.973 0.230 0.036

45 22.92 lateral-A 4 166.63 2 -0.923 0.385 0.020
3 0.000 1.000 -0.079

1 -0.973 0.230 0.036

46 22.92 lateral-A 8 42.23 2 -0.989 0.143 0.044
3 0.000 1.000 -0.079

1 -0.970 0.242 0.035

47 22.92 lateral-A 8 104.38 > 0.000 1.000 20.079
1 -0.970 0.242 0.035

48 22.92 lateral-A 8 166.63 2 -0.973 0.230 0.036
3 0.000 1.000 -0.079

1 -0.952 0.306 0.028

49 22.92 lateral-B 4 42.23 2 -0.975 0.220 0.038
3 0.000 1.000 -0.075

1 -0.995 0.092 0.049

50 22.92 lateral-B 4 104.38 2 -0.988 0.148 0.043
3 0.000 1.000 -0.075

1 -0.952 0.306 0.028

51 22.92 lateral-B 4 166.63 2 -0.997 0.055 0.051
3 0.000 1.000 -0.075

1 -0.952 0.306 0.028

52 22.92 lateral-B 8 42.23 2 -0.975 0.220 0.038
3 0.000 1.000 -0.075
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i Ifm b La amid a pa qa ra
1 0042 | 0336 | 0024
53 2292 | lateral-B | 8 104.38 2 0089 | 0142 | 0044
3 0.000 | 1.000 | -0.075
54 22092 |lateral-B | 8 166.63 ; 0957 | 0287 | 0.031

0.000 1.000 -0.065

5.4 Projection of Limited Sampling Zone

After the process of convergence check and deciding the limited sampling zone
for all 54 models as seen in Eq. (4.2), the results from those seven-dimensional spaces
are then put into a two-dimensional space by projection following Eq. (3.6). The 54
limited sampling zones were projected onto one plane forming a single limited sampling
zone with the same combination of x;j and x;, or in the demonstration Efat and Emuscle.In
this demonstrative analysis, the tail distribution is analyzed for two fixed parameters
without defined pdf as La = 6 mm and amig = 70.88 mm. Then, the other two parameters

without defined pdf, I+m and b are eliminated by projection following equation.

I—SZE,,,JSC,Q &E (Ifm 'b) :{S;UlfmlUb; paEmuscIe + anfat T2 Ova}

= S(G fat» Laiamid |Emuscle' Efat’Ifm b; paEmuscIe + anfat +Ta 20V a)

(5.5)

An example of the projection for s(Giu,Ls =4, 8nig =104.38Epuscie E fars | i b;
P.E usee + da B + 1, =0V a) can be seen in Fig. 5.10 and the resulted projection can be

seen in Fig. 5.11. Because the projection is performed in La and amid, the other two
parameter without defined pdf are all combined which is 3 x 3 = 9 limited sampling zone
which are s(Gtat, Itm = 9.69,b = supine,La = 4,amia = 104.38), S(Gtat, Itm = 9.69,b = lateral-
A,La = 4,amid = 104.38), S(Grtat, Itm = 9.69,b = lateral-B,La = 4,amig = 104.38), S(Gtat, Itm =
15.2,b = supine,La = 4,amid = 104.38), s(Gtat, Im = 15.2,b = lateral-A,La = 4,amiqa = 104.38),
S(Gfat, Ifm = 15.2,b = lateral-B,La = 4,amid = 104.38), s(Gtat, Itm = 22.92,b = supine,La =
4,amig = 104.38), s(Grat, Im = 22.92,b = lateral-A,La = 4,amid = 104.38), S(Grat, lim =22.92,b

= lateral-B,La = 4,amid = 104.38).
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Figure 5.10: In order to make the projection, the related LSZ for all La = 4 and amig =
104.38 are unioned into a single LSZ. The figure here shows an example for the projection
for s(Gia, Ly =4, 8mig =104.38Eyscrer Ears D im: B PaEyscie + GaEgar + 1, =0V Q).

L (mm)

Figure 5.11: Projection result for  s(Gyu. L, =4 apig =104.38|E uscie Ear | ) 03
P.Enusce + G Eae + 1, =0V @) as shown in the multi dimension figure. The dashed line
for Irm and b means that those parameters has been projected into La and amig.
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Using the same projection procedure, the limited sampling zones for combination
of La =4 mm and 8 mm and ami¢ = 42.23 mm and 104.38 mm are obtained as shown in

Fig. 5.12. The same figure also shows the limited sampling zone of the sampling point to

be analyzed, which isLSZ, o (I,,b)""****=* with the zoomed view of the red

area can be seen in Fig. 5.13. In order to find this limited sampling, an interpolation
procedure was used. Extrapolation should not be used since the bounds has been
determined and there is no sure way to say that unexpected events can happen outside the
bounds. There are several interpolation method such as linear interpolation, 2" order
interpolation, and bilinear interpolation. However, to perform 2" order interpolation, at
least 3 points with the same interval are needed and it is impossible to perform bilinear
interpolation because a new multiplication type is needed to explain the mathematical
process. A linear interpolation of polygon was performed for corresponding polygon
nodes. For those parameters to which the interpolation is applied, a linear measure to
describe the distance between sampling points is necessary. The mathematical formula

for the linear interpolation can be explain using Fig. 5.14 and the following equation:

——
-——

8 ‘-1_‘-' @ E .‘.‘;.‘. j

E g (MPa)

[.ﬁ’.'l(%)

/ 70.88
J'I LSZ'EMMLEE &Ep, (Iﬂu ’ b)a””d “T088&L, =6
b v Sampling point to be analyzed

Figure 5.12: This figure shows the location of the sampling point to be analyzed in the
yellow box. Currently the 4 surrounding LSZ are the only known LSZ as shown in the
figure above. Rather than restarting the analysis from the beginning to find the LSZ at La
=4mm and amid = 70.88, a linear interpolation is performed.
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aig> = 104.38mm
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Figure 5.13: The initial sampling points with limited sampling zone that was created. This
figure also shows the location of sampling points that are going to be analyzed.

Figure 5.14: A general form for linear interpolation calculation. The process involves
changing the equation of polygon in y, and yyv into points and then performing the

interpolation into yw from those points. After the interpolation of the points, the polygon
is then regenerated in yuw.
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LSZ;; (i)~ ={S‘Uykv Yn = Ywi PaXi +0aXj + 1, 20V a}
= S(Xgyeers Xis Xiggreee Xj1 Xz Xy Proeess
Pcas Pstres Facts Prszs Yy i X5 [ w (5.6)
Y = Ywi PaXi +0aXj + 1, 20V ) (i < j) (k <n)

— ||§//U||:||);W|| ® Lszij (yk)yn=yu ® |yV|_|yW| ® Lszij (yk)yn=yv
v u

|VV|_|VU|
where ® and @ are the operators applied to the polygon nodes. In this example, the
measures for La and amiq are straightforward. Using Eq. (5.6) the interpolation procedure

is described in the following equation:

LSZ¢ . a6, (Lpm ) me TTOBBEL=6 % ®LSZe,, ae, Im )P TO%EL @ % ®LSZe &k, Lpm ) <7088,

1 11 ang=4223&L,=4 o 1 A =10438& L, =4
=5 {5 OLSZe sk (mb)™ ©SOLSZe , ae,, Lmob)™ (5.7)
1

1 1 —42. —
®E®{ ®LSZEwscle&Em (If"”b)amd s 865

! OLSZe_ s T }
The factors before the operator ® denotes the weighting factor and they are all % in this
case because the target sampling point is at the middle point of the discrete sampling
points.

The first interpolation was performed twice and can be seen in Fig. 5.15 with the

equation shown in Eq. (5.8) for LSZ. .. (I,,,b)™"***~* and Eq. (5.9) for

LSZ. 1 ,,,b)% "0 "The second interpolation can be seen in Fig. 5.16 with

muscle &Efat

the equation shown in Eq. (5.10) for LSZ. o (1, ,b)™7"0%&=°,

LSZEmuscle&E(al (Ifm ’ b)amid ~TOs8aL = % ® LSZEmuscle&Elal (Ifm 4 b)a""d S
1 apig=104.38&L, =4 (58)
@ E ® LSZEmuscle&Efat (Ifm 4 b) " ’
LSZEmuscle&E(al (Ifm ’ b)am"j 108880 = % ® LSZEmuscle&Em (If'" ’ b)a""“ T
1 apig=104.38&L,=8 (59)
(-B E ® LSZEmuscle&Efat (Ifm ’ b) " ’
LSZEmuscle&Efat (If'” ’ b)a'“'d T = % ® LSZEmuscle&Efa| (I/m ’ b)amm s
(5.10)

oloLsz,
2

Apig=70.88& L, =8
&E 5y (Ifm , b)

muscle’

68



LSZ,

muscle

a,,;;=70.88&L =8
&Efa: (Ifm 4 b) " ‘
A -

Eg(MPa)

Anid

£ (MPa)

Dnid

Eyuscie (MPa)
iy = 104.38mm

Euscte (MPa)

Apig= 70.88mm

LSZ,

muscle

Enum:/e G\’[Pa)

N a,,,7=10.88&L =4
La] 4mm &Efat (Ifm , b) mi a

Ay = 42.23mm

Figure 5.15: The first two interpolation process were performed for
LSZ . . (Ifm ’b)amid =70.88&L,=4 and LSZ e &, (Ifm ,b) ayg =70.88&L,=8 )

muscle

Amid

/

Eyyscie (MPa)

Aid
=7

—

T a,,4=70.88&L,=6
'[fLE’_Z,E;ﬂ;XC}e&Efm (1,,b)
‘~‘=§ Aid

Epuscie (MP2)

Epecte (MP2) Apia=70.88mm

A1 = 42.23mm

Figure 5.16: The second interpolation process was performed at the sampling points to be
analyzed for LSZ Emuscle &E fat (Ifm ’b)amid =7088&L,=0 .
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The finally obtained limited sampling zone at La = 6 mm and ami¢« = 70.88 mm
was bounded by 6 equations as shown in Table 5.4 and Fig. 5.17.

In this demonstration, looking at the finally obtained results in Fig. 5.17, the green
triangle and yellow square have the same Efat and Emuscle but different parameter with
respect to I, the pdf of which is not defined. In this 2D figure, the same points gave
different strain values because the parameter without defined pdf (Ism) is different. This
demonstrative example may clearly show how the projection was performed. Note that
when the projection or union operation is performed, previously obtained linear equations
forming each polygon can be used as they are, and there is no need to re-define the
polygon after union operation.

Table 5.4: Equations that shapes the polygon that governs the limited sampling zone of
pressure ulcer occurrence at La = 6 mm and amis = 70.88 mm.

a Pa ga Va

1 -0.866 0.500 0.007
2 -0.914 0.406 0.019
3 -0.948 0.316 0.029
4 -0.997 -0.047 0.062
5 -0.823 -0.562 0.088
6 0.000 1.000 -0.050

Table 5.5: Obtained combination of parameters related to the highest strain value in the
tail distribution of pressure with verification.

Input parameters with pdf Input parameters without defined pdf Qol
| et | motuusor | L | Logaton of | COME | g |
fat (MPa) fat (MPa) (MPa) (mm) (mm) muscle )
5.15x 102 | 1.85x 102 | 6.20 x 10?2 6 70.88 Very fat-rich Supine 13.2
5.15x102 | 1.84x 102 | 4.19 x 10?2 6 70.88 Very fat-rich Supine 12.3
1.13x 102 | 4.03x102 | 4.19x1072 6 70.88 Very fat-rich Supine 4.2
5.15x 102 | 1.85x102 | 6.20x 1072 6 70.88 Muscle-rich Supine 5.26
5.15x102 | 1.84x 102 | 4.19 x 10?2 6 70.88 Muscle-rich Supine 4.73
1.13x 102 | 4.03x102 | 4.19x1072 6 70.88 Muscle-rich Supine 0.86
5.33x102 | 1.90x 102 | 6.89 x 102 6 70.88 Fat-rich Supine 4.62
5.15x102 | 1.84x 102 | 4.19 x 10?2 6 70.88 Fat-rich Supine 3.47
1.13x 102 | 4.03x102 | 4.19x1072 6 70.88 Fat-rich Supine 2.38
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Figure 5.17: Tail distribution of pressure ulcer occurrence at La = 6 mm and amis = 70.88
mm showing the highest |yw| values at bz(supine). Verification points are also shown in
this figure showing 2 verification location.

5.5 Results of Tail Distribution Analysis

Following Eqg. (3.7), the new collection of sampling for the re-analysis in pressure

ulcer analysis could be determined as follows:
s={scLSZg _ ge (I, ,b)"m 005" (5.11)

The total number of cases is 9 with respect to Im and b. The number of samples
for each case is 1,000 in the following.

Three cases with very high strains among all results in the limited sampling zone
in Fig. 5.17 are summarized in Table 5.5. It was found that high shear strain values
appeared under supine position, although two lateral positions were also analyzed. The
material properties of fat and muscle for three cases are plotted in Fig. 5.17.

Generally speaking, the result shows that high strains occur when the patient

under supine position has low Emusce and low Eg. If the patient is in very fat-rich

71



condition, very high strain may occur. Except this special case, the volume fraction of fat
or muscle seems to be not sensitive to the strain value.

One interesting result is that shear strains were higher than normal strains. Normal
strains will lead to the breakage of loose fibril tissue under tension, but the result implies
that damage due to shear deformation is more likely. Although linear problem was
considered, it is easy to understand that repeated shear deformation applied to the loose
fibril tissue may probably lead to fatigue fracture. As was shown in the prediction rule of
pressure ulcer in Chapter 4.5, the loading angle was influential on the deformation mode
at the interface. This thesis fixed the load as pressure supposing the patient lying on bed,
but if the shear force is applied to the patient during position change, then the high shear
strain can occur more frequently. This point is worth discussing furthermore from clinical
viewpoint to improve the nursing care.

There are two types of verification that can be performed. The first verification
method is to check if a combination of input parameters leading to critical value of Qol
is prepared in experimental work or in numerical work, SLS can obtain or predict the
prepared combination. Since the SLS can find very rare case with very low probability,
the preparation of such a rare case is very hard. One master course student who very
recently could apply my SLS to very simple engineering problem verified that SLS could
find a very rare case but classical Monte Carlo simulation could not even after 500,000
iterations. Only possible verification method is to fix the very rare case to the prepared
one. To do this, reanalysis of the whole data is needed, which will take approximately 2-
3 months.

Another way to perform the verification which has already been is to check if the
obtained strain value in the pressure ulcer analysis is really higher than other cases whose

sampling points are located outside of the Limited Sampling Zone.
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Shown in Fig. 5.17, the first location of verification shown in orange circle is a
case when the Etat is very high and Emuscie 1S Very low, the second location shown in blue
circle is a case when both Efat and Emuscie is very low. Both are outside of the limited
sampling zone. The results can be seen in Table 5.2. This result means that the critical
value of Qol does not correspond to the critical value of input parameter and the merit of

SLS lies in this demonstration.
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CHAPTER 6

Discussions

Uncertainty is unavoidable in the numerical modeling of real phenomena and the
proposed uncertainty modeling in the tail distribution will become more important
especially when human life is put into consideration. Pressure ulcer is a disease that has
adirect relation with quality of life (QOL), which means that the biomechanics simulation
of pressure ulcer is one of the problems where tail distribution analysis is important.
When nursing patient with pressure ulcer, it is important to consider cases in the tail
distribution area. With this demonstrative application, this chapter discusses the feature
of the proposed method for uncertainty modeling and stepwise limited sampling (SLS)
scheme.

The proposed uncertainty modeling strategy considers two types of parameters:
parameter with probability density function and parameter without defined probability
density function. In the analysis of pressure ulcer, the most notable feature lies in the
parameterization of amount and shape of fat/muscle, which is hardly expressed by a
probability density function. Including such typical parameter, the critical combination in
input parameters gave a critical value of quantity of interest (Qol) when a large number
of input parameters were considered. The setup of parameters in the SLS method had a
significant impact on the analysis performed. Parameters with probability density

function (pdf) can be projected which contributes to the simplification of the problem by
74



reducing the number of parameters. This 2" step of the SLS method helps the
visualization of the limited sampling zone as shown in Fig. 5.11.

The fluctuation of each parameter in the pressure ulcer analysis was not small,
which means that the application of the stochastic finite element method is possible. The
advantage of Monte Carlo method was that any kind of uncertainty parameters can be
considered. But its disadvantage was the huge computational cost. The proposed method
performed the tail distribution analysis with less number of sampling points than the usual
10,000 sampling points used in the Monte Carlo simulation as shown in Table 5.1. The
accuracy of the obtained result by SLS was compared with standard Monte Carlo with
10,000 cases and both agreed quite well. This shows that the convergence check method
in the first step of SLS was verified and it also shows that the SLS has a merit in reducing
the computational cost. Table 5.1 shows that the total number of sampling points is 86,700
for 54 cases, which is only 16% compared to the conventional method of Monte Carlo
simulation. Hence, the SLS could conquer the disadvantage of Monte Carlo simulation,
and was expected to be applied to variety of biomechanical and/or industrial problems.
In addition, the use of parallel computing for many sampling points will reduce the
computational time (Takano et al., 2012).

In the third step of SLS, the tail distribution analysis was performed and
combination of input parameters was found that led to high interface strain in the pressure
ulcer analysis. Low frequency probability that was difficult to analyze can now be found.
To verify the generation of sampling points in Fig. 5.17, additional finite element analyses
were carried out for some additional points. It was proven that the obtained values were
higher than any other point in the limited sampling zone.

The suspension of Monte Carlo simulation when the expected value converged

means that the SLS does not provide a reliable probability density function of Qol.
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However, finding the very rare case is more important than obtaining the standard
deviation of Qol. In this example of application of SLS for pressure ulcer analysis,
believing that the initial damage at the bone and muscle interface results in serious future
pressure ulcer, the combination of physical parameters of patients will provide useful and
new information to the nursing care. This knowledge also gives the biomedical
researchers the inspiration to the future experimental work using animals because the

proposed simulation could point out important parameters.
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CHAPTER 7

Conclusions

7.1 Findings

In this section, all findings in both studies of the computational method of tail
distribution and of its application to the biomechanics analysis of the pressure ulcer are
summarized.

The main contribution of this thesis lies in the development of practical sampling
scheme for Monte Carlo simulation with focus on critical value of Qol in the tail
distribution, which was named as stepwise limited sampling (SLS) method. The expected
value of Qol is obtained with moderate accuracy, but with much less computational cost
than the conventional Monte Carlo simulation. The probability density function of Qol is
ignored in the SLS method, but the combination of input parameters that lead to an critical
value of Qol is obtained very accurately, but with moderate computational cost. The SLS
method consists of three steps. The first step is the convergence check of the expected
value. The second step is the definition of limited sampling zone. The parameters in this
limited sampling zone may result in an critical value of Qol. The third step is the analysis
of tail distribution.

The findings in this study of SLS are listed as follows:

1. Mathematical description of the three steps in SLS was presented. The general

formulation is useful when SLS is applied to variety of engineering problems.
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The proposed rule for the convergence check in the first step was verified
through comparison with classical Monte Carlo simulation using 10,000
analyses.

Two types of uncertainty parameters were considered, with and without
defined probability density function (pdf). For those parameters without
defined pdf, some discrete sampling points were analyzed and the limited
sampling zones were projected. It contributed to the reduction of the number
of parameters and enabled the visualization the limited sampling zones.

To define the limited sampling zones, two parameters were chosen among
many parameters, which were enabled automatically in a computer program.
The limited sampling zone was approximated by polygon, which contributed
not only to the automatic processing in a computer program but also to the
projection process.

In the demonstrative analysis of pressure ulcer, the cost-effectiveness and
reliability of the obtained combination of parameters that led to the really
critical value were proven. In addition to the projection of the limited sampling
zone, the interpolation procedure was proposed by virtue of the polygon

approximation.

In addition, the findings from biomechanical and biomedical viewpoints in the

study of pressure ulcer are summarized as follows:
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7. For patients with low Young’s moduli of fat and muscle with very fat-rich

buttock lying on bed in supine position can have higher chance of occurrence

of pressure ulcer due to high shear strain at the bone-muscle interface.



8.

Even after the surgical treatment, external shear force during position change
in nursing may cause high shear strain at the bone-muscle interface and may
lead to reoccurrence of pressure ulcer.

There is no experimental evidence for the above results, but the obtained
combination of parameters contributes much for biomechanics researchers to
the planning of future animal experiments to clarify the biomechanics of
pressure ulcer. Such numerical simulation may open new door to the

biomechanics research.

7.2 List of Assumptions and Limitation

In the biomechanics simulation of pressure ulcer in this thesis, there remain the

following limitations:

1.

The numerical model is in 2D linear. 3D nonlinear problem considering large
deformation and contact between buttock and bed should be solved. The load
condition should be the body force due to self-weight.

Dynamic analysis should be carried out simulating the position change in
nursing.

The interpolation of the limited sampling zone in the second step of SLS
should be verified.

Further study on finding other automated algorithm should be conducted in
order to make it universally applicable to any kind of problems.

It is possible to have an island-like shape limited sampling zone within my
framework and the previously described automated algorithm may hopefully

work with minor change of the computer program, but it was never
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encountered in the demonstration of pressure ulcer analysis and therefore it

has not yet been verified.
For future 3D and dynamic analysis, our research group have succeeded in 3D
image-based modeling using commercial software Simpleware and DYNAS3D, but at this

moment the maximum number of elements is limited.

7.3 Future Works

The proposed SLS method should be applied to engineering problems with more
parameters, which can be validated by comparison with experimental measurement. One
of the attempt in our research group is the tensile test of a flat plate with multiple holes.
The specimen is made by laser processing which will cause the geometrical fluctuation
with respect to the size of the holes. At this moment, the accuracy of the convergence
check in the first step of SLS was verified. It was also confirmed that the definition of
limited sampling zones were automatically performed in computer program. The
comparison with classical Monte Carlo simulation proved that even 100,000 sampling in
the classical Monte Carlo simulation could not find a critical value of Qol which was very
easily found by SLS method. This result shows the effectiveness of the proposed method.
As a near future work, it is expected that the validity of the proposed method is proven
from an experimental measurement.

After the above work on the validation, it is expected that the SLS procedure is
implemented in commercial software so that many industries can use the merit of the tail
distribution analysis.

A research work on the synthesis to avoid the critical value of Qol should follow
as a feedback of tail distribution analysis to the design. The uncertainty of the input

parameter in the analysis should be regarded as a design parameter in the framework of
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synthesis procedure. Other reliability evaluation method such as the prediction rule of
pressure ulcer occurrence estimation should be cooperated in the synthesis. It will enable
the design of highly reliable and sustainable products in the future.

Further study on finding other automated algorithm to find the limited sampling
zone should be conducted in the future. Also, the verification of the proposed SLS method
is an important issue as pointed out in Chapter 5 and it should be appended as one of the

future works.
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APPENDIX A

Convergence Check, Prediction Rule of
Pressure Ulcer Occurrence and Limited
Sampling Zone
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I, =22.92 b =lateral-A L, =4 a,,,, = 104.38

Left Tip Right Tip = ) Left Tip
o o 0.50% o E‘ 5.00% % 0.50%
5 ':; 0.40% E’ 'i 400% h = 0.40%
2 é 020% E % 200% % 0.20% L
;j ,t:‘- 0.10% [ﬂ :j ;::‘- 1.00% ;::" 0.10% Y MM/V\/
=) o o
= 0.00% YVM = 0.00% w 0.00% p———
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Number of cases Number of cases Number of cases
Right Tj, _
as0% il EV(S EV(S < SD(S(IOO) )
(Sc100g)) (Stooig-19) < VG
- (S(IDO))\ nmax
0.30% .
- ﬂf\,‘ with g=1,...,100 and #,,, = 10,000
o] Y@N\N\N Converged if satisfied three times continuously
o 0 S00 1000 1500 2000 2500
Number of cases Model is convergence at 1.400 cases
Left Tip Right Tip Left Tip
12.00% — 12 00% 20% —8
mwen _ NoDanger = . No Danger 3 men Dangerous
5 5.00% 5 5.00% 5 5.00%
S| g E
g g 5.00% g
N g 2 .l
o — - |
won 4\ - s AN
008 004 000 004 008 QU2 008 004 000 004 008 012 0.00 0.10 020 0.30 0.40
&, £y [Yind
Right Tip
1200% T
weoss | Dangerous
5 g Threshold: g,roestout [y, [rocutont
% sok fnlﬂ Target: &, |72l
- 4.00%
[
2.00% }J ]l\l\‘ If &, > gnnocu‘rout or h’m‘ > ‘},m|nocutou‘r
S m om  em  om  ow then fibril tissue damage may propagate
Y2l
0.120
LSZEMSmEﬁZ, = {Sﬂ paEmusde + gaEfat + ra 20V a}
0.100
a p a q a r a
-0.962 -0.263 0.075 5]
2 0 1 -0.061 2 0080
;51
0.060 F
0.040 L L

0.0375 0.0625 0.0875 0.1125
Emu:cig (N[Pa)

126
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I,,=22.92b
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35 5 [ 55
5} z 0.40% z 0.40% E ; 0.40%
g ;;: 030% ;;: 0.30% = Ej 0.30%
§ E 020% E 0.20% E E 0.20%
- & 0.10% o 0.10% e 7 0.10% y M(W
~ o o (%)
S 0.00% b 0.00% = 0.00%
1] 500 1000 1500 2000 2500 o 500 1000 1500 2000 2500 o 500 1000 1500 2000 2500
Number of cases Number of cases Number of cases
—= Right Tj| —
3 = 0.50% £ v EV(s EV (s < SD(S (100) )
§ ] 0.40% (8(1003)) (S(IOO(g—l))) - EV (5 \/7
= o (S(IOO)) Mopax
# 3 L with g=1,...,100 and n,,,, = 10,000
i - U M)\f\/\/\/\' Converged if satisfied three times continuously
N oure 1) 500 1000 1500 2000 2500
Number of cases Model is convergence at 1.100 cases
Left Tip Right Tip Left Tip
12 00% - 12 00%
z s [~ Dangerous Z - | No Danger B oo Dangerous
§ s B § 5.00% E B.00%
g g e A o
£ E A E o LA
2o o [\ s L\
o I\ 2 0% 2008 TAN
0.00% 0.00%
e <\ e e em A
&n &n ‘an'
Right Tip
120 1 Dangerous
o] Threshold: g, oeutost [y, [nocutout
5 5.00%
& oo Target: ¢, [
L |
o | If 8, > ennocu‘rout or h’m‘ > ‘},m|nocurou‘r
e LI then fibril tissue damage may propagate
2
0.120
LSZEMSC&EJM = {Sﬁ paEmusde + ngfaf + Ya 20V CI}
0.100
a p a q a F&’
1 -0.973 0.23 0.036 —_
<
2 -0.989 0.143 0.044 e
= 0080 E
3 0 1 -0.079 ‘é
;_-5‘-
0.060 |
0.040 L L
0.0375 0.0625 0.0875 0.1125

128

Emusc?e (h{Pa)



I, =22.92 b =laterallAL,=8 a,,,
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I, =22.92 b =lateral-B L, =4 a,,;,,=42.23
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I;,,=22.92 b=lateral-B L,= 4 a,,,;, = 104.38
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I, =22.92 b = lateral-B L, =8 a,,,, =42.23
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I;,,=22.92 b=lateral-B L,=8 a,,,, = 104.38
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APPENDIX B

List of Publications

Articles on Periodicals

1)

2)

Samuel Susanto Slamet, Naoki Takano, Yoshiyuki Tanabe, Asako Hatano and

Tomohisa Nagasao, Biomechanics Analysis of Pressure Ulcer using Damaged
Interface Model between Bone and Muscle in the Human Buttock, Journal of
Computational Science and Technology, 6 (2012) pp.70-80. (Published online:
2012/06/29)

Samuel Susanto Slamet, Kyouhei Hatano, Naoki Takano and Tomohisa Nagasao,

Practical Monte Carlo Simulation Method Highlighting on Tail Probability with
Application to Biomechanics Analysis of Pressure Ulcer, Transactions of Japan
Society for Computational Engineering and Science, 2014 (2014), Paper No.

20140001. (Published online: 2014/02/07)

Articles on International Conference Proceedings

1)

Samuel Susanto Slamet*, Naoki Takano and Tomohisa Nagasao, Uncertainty

Modeling and Simulation Highlighting on Tail Probability in Biomechanics Study
on Pressure Ulcer, CD-ROM Proceedings of the 5th Asia Pacific Congress on
Computational Mechanics & 4th International Symposium on Computational

Mechanics (APCOM 2013), Singapore, December 11-14, 2013.
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Presentations at International Conferences

2)

3)

Samuel Susanto Slamet*, Naoki Takano and Tomohisa Nagasao, Biomechanics

Analysis of Pressure Ulcer using Damaged Interface Model between Bone and
Muscle, CD-ROM Proceedings of the 18th Congress of the European Society of
Biomechanics (ESB2012), Lisbon, Portugal, July 1-4, 2012.

Samuel Susanto Slamet*, Naoki Takano, Kyohei Hatano and Tomohisa Nagasao,

Local Strain Analysis of Human Buttock for Biomechanics Study on Pressure
Ulcer Considering Uncertainty Factors and Tail Probability, CD-ROM
Proceedings of the 7th Asian Pacific Conference on Biomechanics (APCB2013),

Seoul, Korea, August 29-31, 2013.

Presentations at Domestic Conferences
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1)

2)

3)

Samuel Susanto Slamet*, Naoki Takano and Tomohisa Nagasao, Biomechanics

Analysis of Pressure Ulcer Focusing on the Interface Strain between Bone and
Muscle in the Buttock Model, 17th Conference of Japan Society of Mechanical
Engineers Kanto Branch, Yokohama, March 18-19, 2011.

Samuel Susanto Slamet*, Naoki Takano and Tomohisa Nagasao, Interface Strain

Analysis between Bone and Muscle for Biomechanical Study of Pressure Ulcer,
16th Conference on Computational Engineering and Science JSCES, Chiba, May

25-27, 2011.

Samuel Susanto Slamet*, Naoki Takano and Tomohisa Nagasao, Biomechanics
Analysis of Pressure Ulcer using Damaged Interface Model between Bone and
Muscle in the Human Buttocks, JSME 24th Computational Mechanics

Conference (CMD2011), Okayama, October 8-10, 2011.



4) Samuel Susanto Slamet, Naoki Takano* and Tomohisa Nagasao, Uncertainty
Modeling and Sampling Scheme with Focus on Tail Probability Applied to
Biomechanics Simulation of Pressure Ulcer, 19th Conference on Computational

Engineering and Science JSCES, Hiroshima, June 11-13, 2014.
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