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Abstract: The objective of Six Sigma Analysis (SSA) is to determine the robustness level of a current
design, process or system considering the expected range of an input parameter. This strategy has
been successfully applied to several fields, including healthcare management. This work presents a
novel study of SSA to assess the mini-plate fixation employed for mandible fracture. The objective is
to reflect the number of concerns in a surgical operation case by performing a statistical measurement
of operation capability. A three-dimensional finite element model of a clinical case is elaborated. Some
muscles may be severed or damaged during surgery and unable to function to their full potential.
To obtain reliable designs, these muscle forces are considered as random variables. The Six Sigma
analysis is used to determine if the output parameters satisfy the Six Sigma quality criteria or not. The
remarked potential failure modes in this study are found to be similar to those found in a previous
reliability study that was applied to the same clinical case. According to the results of SSA, the
assessment level (2.462 << 6) means that much of the data are outside of the demand, and require
several improvements to ensure patient satisfaction.

Keywords: Six Sigma analysis; human mandible fractures; mini-plate fixation system

1. Introduction

For a given design case, using optimization algorithms for a single objective function
alone does not render the best design, as it often results in a trade-off between several
objectives [1]. In addition to the optimization algorithms, and in order to obtain better
results, several techniques can be performed, such as probabilistic design [2], reliability
assessment [3], and Six Sigma analysis [4]. In this work, the Six Sigma concept is used as an
accurate tool to determine the robustness levels for a given case, which was first introduced
by Carl Frederick Gauss (1777–1855) using the normal curve idea. In 1920, Walter Shewhart
showed that three sigma from the mean provide the point at which a process requires
correction [5]. However, the term “Six Sigma” belongs to a Motorola engineer named Bill
Smith [6]. Six Sigma is an effective way to improve quality and performance [7,8].

According to a recent review of Niñerola et al. [9], this concept is used in healthcare to
improve patient quality and safety; however, research was mostly carried out in the USA.
Several works have been carried out to implement the Six Sigma approach in healthcare
areas in order to improve the patient environments [10–17]. Additionally, a contemporary
idea called Lean Six Sigma is utilized in healthcare to improve process capabilities and
efficiency by diminishing wastes and faults [18]. In this work, it is applied to measure the
defect rate in the mini-plate fixation strategy used in human mandible fractures, considering
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a clinical case, with the objective of establishing an efficient strategy to improve the quality
of surgical operations.

There are several possible reasons for mandible fracture, such as accidents caused
by cars, motorbikes, and practicing sports. The mini-plates technique is one of the meth-
ods employed to fix fractured mandibles. In fact, due to surgery, some of the muscles
might be cut or harmed, diminishing their performance. In order to produce depend-
able designs, there is a significant motivation to introduce loading uncertainties. Several
works have integrated optimization and/or reliability concepts into this type of fixation.
Kharmanda et al. [19] highlighted the importance of integrating muscle force during the
early design and development phases. Next, Kharmanda and Kharma [20] incorporated
structural optimization and reliability hypotheses into a fixation approach to a mini-plate,
which is utilized in symphysis mandibular fractures, taking individual cortical tissue into
account. Kharmanda et al. [21] examined a second clinical case of a mandible subjected
to fracture to assess the reliability grade during convalescence, as well as healing phases,
considering that bone is made up of cortical and cancellous tissues.

The primary objective of this work is to implement the Six Sigma to evaluate the
quality levels of a surgical operation when using the mini-plate fixation method for a
specific patient. This implementation represents a novel method. The Six Sigma analysis
is used to determine whether the output parameters satisfy the Six Sigma quality criteria.
In other words, an acceptable level of performance is necessary to ensure the patient’s
satisfaction. A numerical study is carried out of the present clinical case, and a statistical
measurement is made based on the Six Sigma concept. The authors believe that using Six
Sigma with fixation should be able to cover different reconstruction plates with different
clinical cases, which will be taken into consideration in future publications.

2. Methods
2.1. Model Description

A 35-year-old male patient’s orthopantomogram is shown in Figure 1a, which is
implemented as a clinical example of a symphysis fracture. The fourth author performed
the surgery at Aleppo University Hospital. In this surgery, two mini-plates of I type
(Figure 1b) are utilized. The mini-plates that have five holes and four screws, which
were implemented using the symphysis fracture, as shown in Figure 1a. Luckily, there
were no specific treatment-related complications, and the recovery time was close to three
months. In order to investigate the detrimental impact brought on by the stabilization of
the fracture, a three-dimensional finite element model was employed. The model is built
using a panorama of a 2D picture, with an estimation of the dimensions used to provide
the section in SolidWorks. Finite element analysis was conducted using Ansys Workbench.
Figure 1c shows the different boundary conditions and a section illustrates the bone tissues
(cortical and cancellous bone tissues). Measuring the von Mises stresses, which are thought
as a sign of mandibular fractures, at the end of the healing period, is intended to achieve
acceptable rigidity.

2.2. Material Properties

As illustrated in Section A-A of Figure 1c, the mandible bone is composed of two
tissues: cortical bone and cancellous bone tissues. The mechanical properties for the
cortical tissue are E = 15, 750 MPa and ν = 0.325, and for cancellous tissue, the mechanical
properties are E = 300 MPa, ν = 0.30 [21]. In addition, the material properties of the used
mini-plates and screws were assigned for titanium as follows: 110 GPa for Young modulus
and 0.34 for Poisson ratio [22]. These were supplied from BIONIKA Medline Kft, Miskolc,
Hungary. However, to compute the yield stress in tension, the optimized formulation
proposed by Kharmanda [23] leads to σT ∈ [90÷ 125] MPa for the cortical bone when
considering the tension/compression ratio RT/C = [0.5÷ 0.7], and to σT ∈ [3÷ 4] MPa for
the cancellous bone when considering the tension/compression ratio RT/C ∈ [0.7÷ 1] [24].
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Figure 1. (a) A 35-year-old male patient�s orthopantomogram, (b) dimensions of the mini plates in 
mm, and (c) finite element model with boundary conditions where the letters represent the locations 
of the applied forces as will be explained in Section 2.3. 
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ignored in the analysis [26]. Considering Figure 1c, the bite force is employed in areas F 

Figure 1. (a) A 35-year-old male patient’s orthopantomogram, (b) dimensions of the mini plates in
mm, and (c) finite element model with boundary conditions where the letters represent the locations
of the applied forces as will be explained in Section 2.3.

2.3. Boundary Conditions

The model includes superficial masseter, deep masseter, anterior temporalis, medial
temporalis, posterior temporalis, and medial pterygoid muscle forces. Table 1 shows the
components of the utilized muscle forces, as introduced by Mesnard et al. [25].

Table 1. Muscle forces’ components [25].

Muscle Forces Fx (N) Fy (N) Fz (N)

superficial masseter 18.2 303.3 12.1

deep masseter 7.8 128.3 15.6

anterior temporalis −18.4 104.8 −43.8

medial temporalis −6.5 36.3 −53.1

posterior temporalis −3.4 6.8 −37

medial pterygoid 187.4 325.1 −76.5

The digastric muscles are not very active during the bite operation, and are therefore
ignored in the analysis [26]. Considering Figure 1c, the bite force is employed in areas F
and I. The total masseter muscle forces of MRight and MLe f t are employed in areas J and H.
The total temporal muscle forces are TRight and TLe f t, which are employed in areas A and
G. Finally, the total pterygoid muscle forces are PRight and PLe f t, which are employed in
areas D and E. The fixation of the mandible is located in areas B and C.

2.4. Six Sigma Strategy

The integration of Six Sigma into biomechanics can be considered a new aspect and more
developments are needed before the Six Sigma methodology is adopted. As shown in Figure 2,
five steps are used to solve problems: Define/Measure/Analyze/Improve/Control [8]. Each
one of these five steps contains several actions depending on the field of application. The
first step, ‘Define’, is related to the patient’s needs. Here, the needs of the patient should
be translated to quality characteristics. If we cannot define the quality characteristic of a



Appl. Sci. 2023, 13, 12501 4 of 17

need, it is impossible to improve this need. In the second step, ‘Measure’, the objective is
to identify the different opportunities for improvement when we determine intervals of
variation. The third step, ‘Analyze’, is related to the process output (results), where the
results should be understood to provide the patient’s needs. In the fourth step ‘Improve’,
we need to optimize the process where the objective is to identify the input variables that
cause the most deviation from the target or the variation around the target. The final step,
‘Control’, seeks to verify the optimality settings where correlation and sensitivity analyses
can help to identify the most effective parameters.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 18 
 

and I. The total masseter muscle forces of 𝑀ோ௜௚௛௧ and 𝑀௅௘௙௧ are employed in areas J and 
H. The total temporal muscle forces are 𝑇ோ௜௚௛௧ and 𝑇௅௘௙௧, which are employed in areas A 
and G. Finally, the total pterygoid muscle forces are 𝑃ோ௜௚௛௧  and 𝑃௅௘௙௧ , which are em-
ployed in areas D and E. The fixation of the mandible is located in areas B and C. 

2.4. Six Sigma Strategy 
The integration of Six Sigma into biomechanics can be considered a new aspect and 

more developments are needed before the Six Sigma methodology is adopted. As shown 
in Figure 2, five steps are used to solve problems: Define/Measure/Analyze/Improve/Con-
trol [8]. Each one of these five steps contains several actions depending on the field of 
application. The first step, �Define�, is related to the patient�s needs. Here, the needs of the 
patient should be translated to quality characteristics. If we cannot define the quality char-
acteristic of a need, it is impossible to improve this need. In the second step, �Measure�, 
the objective is to identify the different opportunities for improvement when we deter-
mine intervals of variation. The third step, �Analyze�, is related to the process output (re-
sults), where the results should be understood to provide the patient�s needs. In the fourth 
step �Improve�, we need to optimize the process where the objective is to identify the input 
variables that cause the most deviation from the target or the variation around the target. 
The final step, �Control�, seeks to verify the optimality settings where correlation and sen-
sitivity analyses can help to identify the most effective parameters. 

 
Figure 2. Six Sigma steps for surgical operations. 

In simple terms, Six Sigma can be divided into two stages. The first stage is to im-
prove quality by detecting defects in a design, process, or system, and to determine the 
causes of these defects, while the second stage is to increase the accuracy and repeatability 
by improving the studied design, process or system. Six Sigma analysis allows for the 
determination of whether the output parameters satisfy the Six Sigma quality criteria or 
not. In other words, the objective is to determine whether the current design meets the 
robustness requirements. For more details of the basic principles, the interested reader can 
refer to [27]. This section offers some details about Six Sigma analysis, where a normal 
distribution can be completely described using only the statistical parameters� mean and 
standard deviation. To identify whether the probability distribution follows the normal 
law or not, the middle distance between the maximum and minimum value of the quantile 
(𝑄௜௠௔௫, 𝑄௜௠௜௡) can be measured. In this way, the middle distance can be written as: 

Figure 2. Six Sigma steps for surgical operations.

In simple terms, Six Sigma can be divided into two stages. The first stage is to
improve quality by detecting defects in a design, process, or system, and to determine the
causes of these defects, while the second stage is to increase the accuracy and repeatability
by improving the studied design, process or system. Six Sigma analysis allows for the
determination of whether the output parameters satisfy the Six Sigma quality criteria or
not. In other words, the objective is to determine whether the current design meets the
robustness requirements. For more details of the basic principles, the interested reader can
refer to [27]. This section offers some details about Six Sigma analysis, where a normal
distribution can be completely described using only the statistical parameters’ mean and
standard deviation. To identify whether the probability distribution follows the normal
law or not, the middle distance between the maximum and minimum value of the quantile
(Qmax

i , Qmin
i ) can be measured. In this way, the middle distance can be written as:

Qmiddle
i =

Qmax
i + Qmin

i
2

(1)

if the mean value mi is located at the middle distance (mi ≈ Qmiddle
i ), the probabilistic

distribution follows the normal law.
In addition to describe the resulting distribution, two statistical measurements should

be considered: the skewness ζS
i and the kurtosis ζK

i [28]. The skewness measures the
distribution symmetry by determining the location of the majority of values. When the
skewness value equals zero, the corresponding distribution is then symmetric. If the
skewness value is positive, this means that the majority of the output values are closer to
their minimum values and vice versa. When the skewness value is positive, the mean and
median are greater than the mode and vice versa. Some approximations can be considered
to identify the symmetry:
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- ζS
i ∈ [−0.5÷ 0.5]: the distribution is fairly symmetric.

- ζS
i ∈ [−1÷−0.5[ (negatively skewed) or ζS

i ∈
]

0.5÷ 1] (positively skewed): the
distribution is moderately skewed.

- ζS
i < −1 (negatively skewed) or ζS

i > 1 (positively skewed): the distribution is
highly skewed.

The kurtosis measures whether the distribution is flat or steep relative to the normal
distribution. The interpretation can be established as follows:

- ζK
i < 3: the distribution is a flat curve.

- ζK
i = 3: the distribution is a normal curve.

- ζK
i > 3: the distribution is a steep curve.

In order to improve the current design, two processes are needed: sensitivity and
correlation evaluations. Sensitivity evaluation helps to identify the most critical input
parameters for certain output parameters (responses), while the correlation evaluation
affects levels between the different parameters.

In addition, the problem’s nature should be modeled to allow for us to analyze the
different results. In Figure 3, two problems are described: the first one concerns off-target
problems and the second one concerns a variation problem.
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Figure 3. Improvement in process output, where × symbols represent the location of the data.

In this work, there are twenty input parameters that are regarded as random variables,
two bite forces and eighteen muscle forces. Maximum von Mises stress points in the
mini-plates (upper and lower), the cortical tissue (right and left parts) and the cancellous
tissues (right and left parts) are the output parameters. The sampling type is LHS (Latin
Hypercube Sampling) and the number of samples is 100. The sensitivity is captured through
performance variability estimations.

3. Results

Considering the muscle force values that are provided in Table 1 and the value of bite
force at the maximum capability of a normal mandible (un-fractured), the components of
the forces as regards the chosen coordinate system are provided in Table 2, which represent
the current design. Considering that the fracture indicator can be regarded as the maximum
von Mises stress [29], the maximum value of von Mises stress is located at the cortical bone
tissues, specifically at the right part with a value of σ

CorRight
max ≈ 71 MPa (cf. Figure 4a).

Consequently, the maximum displacement is found at the right part of the cortical bone
tissue (cf. Figure 4b), with a value of δ

CorLe f tBack
max ≈ 0.3 mm.
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Table 2. Values of forces as well as related probabilistic parameters. MP: Mean Point and SD: Standard
Deviation.

Input Parameters Number MP SD Min Max

FRight (N) FRight
y P1 −104 5.2 −200 −50

FLe f t (N) FLe f t
y P2 −104 5.2 −200 −50

MRight (N)

MRight
x P3 26 1.3 2.6 26

MRight
y P4 431.6 21.58 43.16 431.6

MRight
z P5 27.7 1.39 2.77 27.7

MLe f t (N)

MLe f t
x P6 −26 1.3 −26 −2.6

MLe f t
y P7 431.6 21.58 43.16 431.6

MLe f t
z P8 27.7 1.39 2.77 27.7

TRight (N)

TRight
x P9 −28.3 1.42 −28.3 −2.83

TRight
y P10 147.9 7.40 14.79 147.9

TRight
z P11 −133.9 6.70 −133.9 −13.39

TLe f t (N)

TLe f t
x P12 28.3 1.42 2.83 28.3

TLe f t
y P13 147.9 7.40 14.79 147.9

TLe f t
z P14 −133.9 6.70 −133.9 −13.39

PRight (N)

PRight
x P15 187.4 9.37 18.74 187.4

PRight
y P16 325.1 16.26 32.51 325.1

PRight
z P17 −76.5 3.83 −76.5 −7.65

PLe f t (N)

PLe f t
x P18 −187.4 9.37 −187.4 −18.74

PLe f t
y P19 325.1 16.26 32.51 325.1

PLe f t
z P20 −76.5 3.83 −76.5 −7.65
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The initial step of SSA is the Design Of Experiments (DOE), to build a Response
Surface (RS) over the design space. The next step is to describe the variation range of the
selected input parameters. The mean values are the forces applied to the current design
with standard deviations of 5% (Table 2). All input parameters are normally distributed.
Minimum and maximum values of forces are presented in Table 2.
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The minimum and maximum points regarding each parameter from the output param-
eters were roughly established through Min–Max search on the RS (cf. Table 3). According
to the data presented in the table, the maximum values of von Mises stresses exceed
the σT = 90 MPa for the cortical bone tissues, which was calculated using an optimized
formulation that was proposed by Kharmanda [23].

Table 3. Output parameters and their probabilistic measurements.

Parameters σ
UppPlate
max σLowPlate

max σ
CanRight
max σ

CorRight
max σ

CanLeft
max σ

CorLeft
max

CD 34.19 61.96 1.06 71.45 1.02 69.06

mi 34.19 61.96 1.06 72.02 1.03 69.10

σi 1.25 2.06 0.34 3.14 0.62 3.11

ζS
i 0.03 0.07 0.06 0.96 −0.23 0.40

ζK
i 0.36 0.26 0.20 2.15 0.85 −0.05

Qmin
i 31.01 57.10 0.97 65.72 0.83 63.08

Qmax
i 37.85 67.84 1.15 83.90 1.19 77.18

Qmiddle
i 34.43 62.47 1.06 74.81 1.01 70.13

Vmin
i 24.13 45.09 0.77 19.44 0.54 44.13

Vmax
i 44.21 78.85 1.34 152.90 1.56 94.83

Figure 5a represents the probabilistic distribution of the resulting maximum von
Mises values of the upper mini-plate (σUppPlate

max ). It can be observed that the probabilistic
distribution does not follow the normal law. This observation is supported by the numerical
results presented in Table 3, where the middle quantile values do not always equal to the
mean value (mi 6= Qmiddle

i ). Most of the maximum von Mises stress points are nearer to their
minimum points, since the skewness point is positive (ζS

i > 0). However, the distribution
can be considered fairly symmetric, since the skewness equals ζS

i = 0.03 ∈ [−0.5÷ 0.5],
while its curvature is considered highly flat since the kurtosis value is small: ζK

i = 0.36 < 3.
Figure 5b represents the sensitivity magnitude values of the resulting maximum von Mises
values of the upper mini-plate with respect to the different force components. The most
effective parameters are the medial pterygoid muscle forces in x direction (PRight

x and PLe f t
x ).

The right force component PRight
x has a positive influence, while the left one has a negative

effect. They have almost the same sensitivity values in opposite signs, and appear to meet
the equilibrium condition.

Figure 6a represents the probabilistic distribution of the resulting maximum von Mises
values of the lower mini-plate. It can also be observed that the probabilistic distribution
does not follow the normal law. This observation is supported by the numerical results
presented in Table 3, where the middle quantile values do not equal the mean value
(mi 6= Qmiddle

i ). Most of the maximum von Mises stress points are nearer to the minimum
points, since the skewness value point is positive (ζS

i > 0). However, the distribution can
be considered fairly symmetric, since the skewness equals ζS

i = 0.07 ∈ [−0.5÷ 0.5], while
its curvature is considered highly flat, since the kurtosis value is small ζK

i = 0.26 < 3.
Figure 6b represents the sensitivity magnitude values of the resulting maximum von Mises
values of the lower mini-plate with respect to the different force components. In addition
to the most important influence of the medial pterygoid muscle forces in x direction (PRight

x

and PLe f t
x ), both bite force components have a significant effect, although their effect is less

than the previous muscle forces. The right force component PRight
x has a positive influence,

while the left one has a negative effect. On the other hand, both bite force components have
a negative influence.
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Figure 7a represents a probabilistic distribution of the resulting maximum von Mises
values of the right cancellous bone part. It can also be observed that the probabilistic distri-
bution can be considered a normal curve. This observation is supported by the numerical
results presented in Table 3, where the middle quantile values are equal to the mean value
(mi = Qmiddle

i ). The majority of the maximum von Mises stress values are closer to their
minimum values, since the skewness value is positive (ζS

i > 0). However, the distribution
can be considered fairly symmetric since the skewness equals ζS

i = 0.06 ∈ [−0.5÷ 0.5],
while its curvature is considered highly flat since the kurtosis value is small: ζK

i = 0.20 < 3.
Figure 7b represents the sensitivity magnitude values of the resulting maximum von Mises
values of the lower mini-plate with respect to the different force components. In addition
to the most important influence of the medial pterygoid muscle forces in x direction (PRight

x

and PLe f t
x ), both bite force components have a significant effect but less effect than the

previous muscle forces. The right force component PRight
x has a positive influence, while

the left one has a negative effect. On the other hand, both bite force components have a
negative influence.
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Figure 8a represents the probabilistic distribution of the resulting maximum von
Mises values of the right cortical bone part. It can be observed that the probabilistic
distribution does not follow the normal law. This observation is supported by the numerical
results presented in Table 3 where the middle quantile values do not equal the mean value
(mi 6= Qmiddle

i ). Most of the maximum von Mises stress points are nearer to their minimum
points, since the skewness point is positive (ζS

i > 0). However, the distribution can be
considered moderately skewed since the skewness equals ζS

i = 0.96 ∈
]

0.5÷ 1], while
its curvature is considered lightly flat since the kurtosis value is small: ζK

i = 2.15 < 3.
Figure 8b represents its sensitivity magnitude values of the resulting maximum von Mises
values of the right cortical bone part with respect to the different force components. The
most effective parameters are the right medial pterygoid muscle force component in the x
direction (PRight

x ) and the right masseter muscle force component in direction y (MRight
y ).

Both of them have a positive influence, while the right medial pterygoid muscle force
component in x direction (PRight

x ) has a larger magnitude value than the other one.



Appl. Sci. 2023, 13, 12501 10 of 17
Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 18 
 

 
(a) 

 
(b) 

Figure 7. (a) Distribution of the resulting maximum von Mises values, (b) sensitivity magnitude 
values with respect to the different force components of the right cancellous bone part. 

Figure 8a represents the probabilistic distribution of the resulting maximum von 
Mises values of the right cortical bone part. It can be observed that the probabilistic distri-
bution does not follow the normal law. This observation is supported by the numerical 
results presented in Table 3 where the middle quantile values do not equal the mean value 
(𝑚௜ ≠ 𝑄௜௠௜ௗௗ௟௘). Most of the maximum von Mises stress points are nearer to their minimum 
points, since the skewness point is positive (𝜁௜ௌ > 0). However, the distribution can be con-
sidered moderately skewed since the skewness equals 𝜁௜ௌ = 0.96 ∈]0.5 ÷ 1], while its cur-
vature is considered lightly flat since the kurtosis value is small: 𝜁௜௄ = 2.15 < 3. Figure 8b 
represents its sensitivity magnitude values of the resulting maximum von Mises values of 
the right cortical bone part with respect to the different force components. The most effec-
tive parameters are the right medial pterygoid muscle force component in the x direction 
(𝑃௫ோ௜௚௛௧) and the right masseter muscle force component in direction y (𝑀௬ோ௜௚௛௧). Both of 
them have a positive influence, while the right medial pterygoid muscle force component 
in x direction (𝑃௫ோ௜௚௛௧) has a larger magnitude value than the other one. 

Figure 7. (a) Distribution of the resulting maximum von Mises values, (b) sensitivity magnitude
values with respect to the different force components of the right cancellous bone part.

Figure 9a represents the probabilistic distribution of the resulting maximum von Mises
values of the left cancellous bone part. It can be observed that the probabilistic distribution
does not follow the normal law. This observation is supported by the numerical results
presented in Table 3, where the middle quantile values do not equal the mean value
(mi 6= Qmiddle

i ). Most of the maximum von Mises stress points are nearer to their maximum
points since the skewness point is negative (ζS

i < 0). However, the distribution can be
considered fairly symmetric since the skewness equals ζS

i = −0.23 ∈ [−0.5÷ 0.5], while
its curvature is considered flat since the kurtosis value is small: ζK

i = 0.85 < 3. Figure 9b
represents the sensitivity magnitude values of the resulting maximum von Mises values
of the left cancellous bone part with respect to the different force components. The most
effective parameters are the left medial pterygoid muscle force component in x direction
(PLe f t

x ), the right masseter muscle force component in direction y (MRight
y ), and the bite

forces (FRight
y and FLe f t

y ). Both of them have a negative influence, while the left medial

pterygoid muscle force component in x direction (PLe f t
x ) has a larger magnitude value than

the other forces.
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Figure 10a represents the probabilistic distribution of the resulting maximum von
Mises values of the left cortical bone part. It can be observed that the probabilistic distri-
bution does not follow the normal law. This observation is supported by the numerical
results presented in Table 3, where the middle quantile values do not equal the mean value
(mi 6= Qmiddle

i ). Most of the maximum von Mises stress points are nearer to their maximum
points since the skewness point is negative (ζS

i < 0). However, the distribution can be
considered fairly symmetric since the skewness equals ζS

i = 0.4 ∈ [−0.5÷ 0.5], while
its curvature is considered highly flat since the kurtosis value is small: ζK

i = −0.05 < 3.
Figure 10b represents the sensitivity magnitude values of the resulting maximum von
Mises values of the left cancellous bone part with respect to the different force components.
The most effective parameters are the left medial pterygoid muscle force component in x
direction (PLe f t

x ) and the left masseter muscle force component in direction y (MLe f t
y ). The

left medial pterygoid muscle force component in x direction (PLe f t
x ) has a negative influence,

while the other force component has a positive effect. It has also a larger magnitude value
than the other force.
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4. Discussion

Several points need to be discussed to improve the quality levels in order to fulfill
the patient’s needs. First, sensitivity analyses are an important tool to determine the effect
of input parameters of the responses. It is shown that the left medial pterygoid force in
the x direction has a big influence on all output parameters except the maximum von
Mises stress points of the cortical tissue in the right mandible part. Figure 11a provides
the maximum von Mises stress values on the different mandible parts, while Figure 11b
shows the sensitivity values regarding the effective forces at each mandible parts. Here,
it can be found that the bite forces only have a large influence (negative effects) on the
maximum von Mises stress points of the cancellous in the right and left mandible parts,
and on the lower mini-plate. The right medial pterygoid force (P15) in the x direction has a
significant influence on all the different output parameters except the maximum von Mises
stress points of the cortical and cancellous tissues in the left mandible parts. The right
superficial masseter force (P4) in the y direction only influence the maximum von Mises
stress points of the cortical tissue in the right mandible part. The left superficial masseter
force (P7) in the y direction only has an influence on the maximum von Mises stress points
of the cortical tissue in the left mandible part.

Furthermore, the results show that the output parameters do not satisfy the Six Sigma
quality criteria. The assessed value σ-level ± 2.462, which corresponds to a minimum
probability of 0.7% and to a maximum probability of 99.3%. The skewness values of all
output parameters (except the maximum von Mises stress values of the cancellous tissue in
the left mandible part) are positive, which means that most of the maximum von Mises
stress points are nearer to their minimum values. SSA helps to determine the critical point
of the studied case to find additional improvements [30]. In several distribution diagrams,
much of the data are outside of the patient’s need. The whole point of Six Sigma is to work
with the variation and the center to make improvements.

Improvements can be discussed either clinically or numerically. In order to improve
the design quality, the choice of fixation method (two mini-plates and four screws for each)
is first clinically justified. The mandibular bone is exposed to many kinds of linear and
angular forces underload, such as compression and tension, shear, torsion, and bending.
External forces cause mandibular bone to undergo plastic and elastic deformations. On the
other hand, muscles exert some vertical and horizontal forces on fragments. These forces
may cause the displacement of fragments or may act as a stabilizer for fragments. The
temporalis, masseter, and medial pterygoid muscles pull are responsible for the vertical
displacements of fragments. Horizontal displacements are mainly caused by lateral and
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medial pterygoid muscle pull. Some muscles exert a complex force on fragments such as
mylohyoid, digastric, and geniohyoid, which have a torsion effect on fragments [31,32].
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Champy and co-workers described a zone of tension in the alveolar part of the
mandible and a zone of compression on the lower border [33], as shown in Figure 12.
This information allows for ideal lines for mandibular internal fixation to be identified
along the physiological tension lines. The tension and compression zones’ pulling force,
as applied by muscles of the oro-maxillofacial region, creates a zone of compression and
tension within the mandible. The superior portion of the mandibles is termed the tension
zone, and the inferior portion is termed the compression zone. Champy’s principle of
osteosynthesis lines is based on this tension. Therefore, according to Champy, the principle
of osteosynthesis is to re-establish the mechanical qualities of the mandible. Hence, two
miniplates were used in the anterior region: one at the inferior border, and the other 5 mm
above the lower plate.
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According to this clinical analysis, there are no significant improvements to be made,
while the simplification of the numerical model and the use of finite element simulation
play an important role in the results. In a recent study by Graillon et al. [34], the researchers
carried out a direct finite element study and recommended informing the patient of the
potential risks, while we propose checking the accuracy of the finite element study that
is used. For the current model, we have to reduce the variation in the following outputs:
σ

UppPlate
max (the resulting maximum von Mises values of the upper mini-plate), σLowPlate

max (the
resulting maximum von Mises values of the lower mini-plate), and σ

CanRight
max (the resulting

maximum von Mises values of the right cancellous bone part) in order to improve the
quality of SSA.

In addition, it is possible to use topology optimization techniques to find the best
distribution of the mini-plates and screws, considering the principle of Champy as op-
timization constraints. The interested reader can find some ideas in [35] regarding the
integration of topology optimization techniques into mini-plate fixation.

In this work, most of the damage in the mandible affects its front part. In the work of
Atilgan et al. [36], for young patients, the most common fracture site was the condyle (36%),
followed by sysmphysis/parasymphysis (35%). Considering adults, the most frequent site
was the symphysis/parasymphysis (36%), followed by the condyle (20%) and body (20%).
However, in a recent study by Frimpong et al. [37], the most frequent site in adults was
parasymphysis (37.2%), followed by the body (26.8%) and the condyle (17.2%).

The application of traditional reconstruction plates to a specific patient to evaluate
the quality of a performed surgical operation, and the lack of different clinical cases, can
be considered a limitation. The strategy should be applied to a wider group of patients in
order to increase its reliability. Another limitation is the simplification of the geometrical
description of the CAD model, considering a 2D panorama picture. For future works,
additive manufacturing can be added to fabricate the fractured mandible in order to
simulate the surgical operation, and Design For Six Sigma (DFSS) can be used to improve
the quality.

5. Conclusions

The novelty of this work is the implementation of Six Sigma analysis when considering
the mini-plate fixation approach in human mandible fractures. The results led to an
evaluation of sigma level in the studied clinical case, where the assessed value does not the
Six Sigma requirements. Several points are considered to understand the different causes of
these low-quality levels, which provides the reader with an analytical analysis that can be
used to improve the quality levels of a specific surgical operation. Another concept, called
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Design for Six Sigma (DFSS) “Robust Design”, is then required in the upcoming study to
enhance design quality by reducing performance variations.

The work presented in this study can be considered a foundation for future research
in this area. To reduce or prevent potential failure modes, several factors can be taken
into account: type of fracture, location of fracture, technique of treatment, teeth support,
etc. In future work, the Failure Mode and Effect Analysis (FMEA) can be integrated as a
systematic method to detect the different failure modes and to reduce the consequences
of those failures as much as possible. Despite the Six Sigma strategy requiring more
computing time to be performed, it leads to more accurate results relative to the other
approximation methods.
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