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Abstract
Purpose – This study aims to design a femoral component with minimum volume and maximum safety
coefficient. Total knee prosthesis is a well-established therapy in arthroplasty applications. And in particular,
with respect to damaged or weakened cartilage, new prostheses are being manufactured from bio-materials
which are compatible with the human body to replace these damages. A new universal method (design
method requiring optimum volume and safety [DMROVAS]) was propounded to find the optimum design
parameters of tibial component.

Design/methodology/approach – The design montage was analyzed via the finite element method
(FEM). To ensure the stability of the prosthesis, the maximum stress angle and magnitude of the force on the
knee were taken into consideration. In the analysis process, results revealed two different maximum stress
areas which were supported by case reports in the literature. Variations of maximum stress, safety factor and
weight were revealed by FEM analysis, and ANOVAwas used to determine the F force percentage for each of
the design parameters.

Findings – Optimal design parameter levels were chosen for the individual’s minimum weight. Stress
maps were constructed to optimize design choices that enabled further enhancement of the design
models. The safety factor variation (SFV) of 5.73 was obtained for the volume of 39,219mL for a region
which had maximum stress. At the same time, for a maximum SFV and at the same time an average
weight, values of 37,308mL and 5.8 for volume and SFV were attained, respectively, using statistical
methods.
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Originality/value – This proposed optimal design development method is new and one that can be used
for many biomechanical products and universal industrial designs.

Keywords Parametric design, Total knee prosthesis, Arthroplasty, Design optimization method,
Femoral component

Paper type Research paper

1. Introduction
Various prosthetic applications can be used to compensate for the damage to cartilage
tissue caused by diverse health problems. Knee prostheses are made from bio-materials
compatible with human body tissue and include three main parts: the tibial component,
the femoral component and the ultra-high molecular weight polyethylene (UHMWPE)
insert between the two. However, these implants can be damaged as a result of time-
related changes in patient weight, insufficiency of material microstructure, fatigue and
wear. One recognized treatment for unilateral osteoarthritis occurring in the knee was
unicompartmental knee arthroplasty (UKA). This procedure has been performed since
the early 1970s, although initial results were found to be inconsistent (Laskin, 1978;
Insall and Aglietti, 1980). However, improved design and surgical techniques, as well as
patient preferences, have given rise to better UKA performance and survival rates.
Survival is currently taken to mean that the osteoarthritis has not spread to other joint
compartments and that no loosening of the implant has occurred (Borus and Thornhill,
2008). Although the average lifespan of a prosthesis is fifteen years, knee prostheses
may become unusable much earlier than expected because of such reasons (Luring
et al., 2007; Wada et al., 1997; Cameron and Welsh, 1990; Sandborn et al., 1987; Van der
Veen and Van Raay, 2014; Panousis et al., 2004; Boran et al., 2005). A relationship exists
between material fatigue and the weight of the patient. One patient gained 38 per cent
more weight after arthroplasty. The weight gain surgeons observed on their patient
had caused fatigue wear on his prosthesis and accordingly, fracture occurred. In
addition, the sharp bend and thin metal (4 mm) in the design were subjected to
continuous load and this caused regions of high stress concentration. Nearly nine years
after the first arthroplasty, the patient underwent repair surgery for the broken
prosthesis [Figure 1(a)] (Luring et al., 2007).

Research was carried out and three cases were found with stress fractures of the femoral
component in knee arthroplasty 32, 52 and 73months after repair surgery. The most
probable cause of failure was owing to the thinness of the metal in this design area
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[Figure 1(b)] (Wada et al., 1997). Figure 1 shows pictures of the maximum stress areas of two
different regions of different products.

It has been reported in the literature that fractures of femural components are caused
by design and metallurgical problems. A fracture of the anterior flange of a femoral
component in a knee has been seen. This was thought to be because of lack of bony
support leading to cantilever bend. The solution would seem to be to add a metal web to
strengthen that area of the femoral component (Cameron and Welsh, 1990). Following
11 years in situ, the knee implant was removed. Femoral component had fractured 1 cm
from the anterior edge. The factors contributing to the mechanical failure of the implant
and to its clinical intolerance were examined. The factors that raised tensile stresses
were found to include improper surgical placement and wear on the weight-bearing
surface of the component, together with the quality of the implant material (Sandborn
et al., 1987). All these factors were blamed on older designs, in particular uncemented
models. Thus, poor design, improper implant placement and loosening had led to
increase stress and subsequent wear which resulted in the breakage of the component
(Van der Veen and Van Raay, 2014). However, design failures owing to poor resistance
and material specifications have also been reported concerning the tibial component
and polyethylene insert (Panousis et al., 2004; Boran et al., 2005). The breakdown
mechanism of the prostheses was linked to polyethylene wear and as a result, more
than half of the prosthesis designs were modified (Panousis et al., 2004). Excessive
polyethylene wears, osteolysis, metallurgical weakness in the internal structure and
some design characteristics of the tray have been identified as factors contributing to
implant failure these results indicate that problems such as design and metallurgical
weakness may arise in the tibial component (Boran et al., 2005). The life expectancy of a
prosthesis is fifteen years according to the literature, despite the fact that different
types of fractures have occurred earlier in total knee prostheses (TKP) (Luring et al.,
2007; Wada et al., 1997; Cameron and Welsh, 1990; Sandborn et al., 1987; Van der Veen
and Van Raay, 2014; Panousis et al., 2004; Boran et al., 2005). Generally, the results of
the literature surveys showed that errors in design geometry and weight gain over time
caused these breaks. Insufficient wall thickness in curves and stress areas constitutes
the basic design geometry problem. All these findings indicate that the number of
optimization studies conducted for design geometry is inadequate. In the literature,
researchers have investigated the methods used to measure TKP and have presented
new methods to determine the optimum design geometry for minimum volume.

Belted design geometry in the stress areas was developed to prevent industrial design
problems in pipe fittings (Küçük and Öztürk, 2017a, 2017b). Volume, safety factor and
maximum strain variations were investigated using the Taguchi method and FEM for
different parameters and levels of this design geometry. The maximum safety factor was
determined for the minimal volume (Küçük et al., 2017).

These studies only increased the evaluation options of classical FEM. In this article, the
researchers have developed all the missing processes, inspired by the design development
method they have previously proposed and consequently identified a new type of method.
Using this parametric design method, the TKP would be able to obtain the maximum safety
factor for the minimum volume of tibial component products. Moreover, this study has
proposed a new optimum design proses which involves the creation of stress distribution
maps of the sections with a high amount of stress and investigation of the volume
distribution in these regions. As a result of this study, a new universal design development
method has been introduced to the literature.
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2. Proposed parametric design model to obtain an ideal safety factor
A literature review has revealed the research conducted via finite element analysis (FEA)
and product development models related to femoral component optimization (Ilzarbe et al.,
2008; Bahraminasab et al., 2014a; Bahraminasab et al., 2014b; Harrysson et al., 2007;
Chandran et al., 2009; Huang et al., 2017; Willing and Kim, 2009). Factor levels can be
determined that conform to a set of desirable specifications, and steps can be proposed for
computational multi-criteria design trials created by design of experiments (DOE) and FEA
techniques (Ilzarbe et al., 2008). Multiobjective design optimization of a functionally graded
material (FGM) can be applied to a femoral component via FEA and response surface
methodology (RSM). Bahraminasab et al. presented new mathematical modeling steps to be
carried out with RSM. This RSM is the FGM optimal performance and can be used
effectively to work out the complex relationship between component design variables and to
determine the most responsive parameters affecting FGM properties during the
manufacturing phase. The relative performance can be revealed by comparing the use of a
standard Co–Cr alloy in a femoral component knee implant with the applied FGM
optimization (Bahraminasab et al., 2014a). In addition, Bahraminasab et al. examined the
influence of material selection and geometric configuration on the performance of the
femoral component in a UKA depending on the positioning of the pegs used in the design.
Using the analysis tools of advanced computer software, a complex design process was
carried out to examine the changes that affect stress shielding, which are among the most
prevalent factors leading to UKA failure (Bahraminasab et al., 2014b). Harrysson et al.
presented a special custom design approach based on a computed tomography (CT) scan of
the patient’s joint. The problems associated with traditional knee implant components were
addressed in this design which included customized bone-implant and articulating surfaces.
The customized femoral component design was compared with a traditional design using
FEA. Premature loosening of the implant may result from uneven remodeling of the bone,
which can be reduced by the more even distribution of the stress on the joint provided by the
proposed model. The interface between bone and implant at the distal femur is capable of
tolerating anatomical abnormalities, thus reducing the necessity of surgical interventions or
insertion of filler components (Harrysson et al., 2007). The design optimization of a UKA
presented byWilling and Kim used a parametric 3D FEmodel which took into consideration
the wear of the UHMWPE insert. The wear on the insert was decreased by 18.5 per cent
from 55.248 to 45.013 mm3 for each year of use. This was achieved by the modification of the
contact geometry of the frontal and sagittal planes of both components. The radius of
the curvature of the femoral condyle in the sagittal plane was reduced, whereas the radius in
the frontal plane was increased, thus reducing the fit between the components of the implant
(Chandran et al., 2009). To examine the contact characteristics, two designs were selected by
Huang et al. An anatomical V-shaped design (VSD) and a dome-shaped design (DSD) were
chosen for the anterior trochlear surface of a novel femoral component. They simulated the
use of resurfaced and unresurfaced patellae. The distribution of stress and strain on the
patellar bone was calculated and compared. Without patellar resurfacing, the maximum
compressive strain on the patellar bone in the VSD model was about 20 per cent lower than
in the DSDmodel.

However, with patellar resurfacing, the maximum strain was 13.3 per cent higher in the
VSD model than in the DSD model (Huang et al., 2017). In the literature a number of
optimization studies are also available on modeling by changing the width, size, angle, etc.
of TKP design geometry (Willing and Kim, 2009; Dai et al., 2014; Van den Heever et al., 2011;
Kumar and Sarkar, 2018). Chandran et al. aimed to optimize the design of femoral cam-tibial
post articulation using FEA and proposed various design parameters to optimize femoral
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roll-back. Femoral roll-back and pressure distribution of the tibial post are indicated in the
results. Small designmodifications to the tibial post resulted in major changes in the femoral
roll-back, accompanied by comparatively small increases in contact pressure at the tibial
post (Willing and Kim, 2009). A multi-ethnic dataset which included Caucasian, Indian, and
Korean patients was used by Dai et al. to investigate component fit in six groups of
contemporary femoral component design. The component overhang/underhang between the
resected distal femur and the size of the corresponding component were measured and
compared among designs and ethnic groups. For the entire dataset and for each ethnicity,
the degree of overhang/underhang and the tendency to downsize because of clinically
significant overhang were calculated. This study found variable levels of morphological
conformity for six current femoral designs for total UKA. The data indicated that the design
of femoral components presenting a large number of medial lateral/anterior posterior (ML/
AP) shapes in an increasing number of sizes may enable essential selection of the component
to sufficiently fit the resected femur of the investigated ethnic groups without clinically
significant overhang (Dai et al., 2014). Van den Heever et al. proposed a technique that
allows preoperative identification of the most appropriate type and size of the prosthesis to
be used in a specific patient subjected to knee replacement surgery. An unsupervised neural
network was used to estimate the parameters of healthy knee geometry and these were then
applied in a goodness of fit (GoF) test to identify which type and size of femoral a prosthesis
was the best fit. This method was applied in the determination of the most appropriate of
three implants for 34 different patients. This approach demonstrates the potential of helping
surgeons in the selection of the optimal size and type of prosthesis from among the range of
conventional UKA (Van den Heever et al., 2011). In view of the increasing demand for UKA,
Kumar and Sarkar proposed the material-model for the practical and effective optimization
of UKA. In this study, various computer-aided design (CAD) models of knee prostheses
using metals, ceramics and polymers were presented, and the best material-model in terms
of function and life span was determined. When features of design, dimension and material
were considered, the ZTA-based double stem with base connector (DSBC) femur, UHMWPE
articulating insert and ZTA tibial combination exhibited a higher level of performance
under compressive load. The optimized material-model combination enhanced the
functional capabilities and consequently, was expected to reduce the need for resection
among younger patients (Kumar and Sarkar, 2018). In addition, researches on various model
designs are also available in different types of research (Minnoye and Plettenburg, 2009;
Vertullo et al., 2018). This study has attempted to create the ideal knee prosthesis design
geometry. Researchers have indicated that optimum design could only be achieved with a
minimum volume and a maximum safety factor value; however, the parameters that make
up a design and the effects of different measurements on strength properties have not been
investigated in other studies. The effect rates of each design parameter on strength and
volume variations are determined. If desired, validation analyses can be performed using a
number of methods. In the last step, the main criteria for the design are determined. The
optimum design geometry is obtained according to these criteria.

3. Materials and methods
In this new model for optimization of the design geometry of TKPs, some auxiliary software
and methods were used. Different types of design geometries were modeled with the help of
the Solid Works 2015 Computer-Aided Design (CAD) program for the experimental FEA
with the help of the ANSYS 19.2 Computer-Aided Engineering (CAE) program. In this
study, the Taguchi method was used for the design of the experiment and ANOVA for the
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effect intensity of the design parameters via the Minitab 18. Program. This method
consisted of a total of nine processes with three main steps.

4. The proposed methodology: design method requiring optimum volume and
safety
This proposed method consists of three main steps and nine sub-steps. When applying this
method, first, the ideal design model is selected and then the design parameters that make
up this design model are determined. These determined design parameters are adjusted
according to the minimum and maximum measurement range. In the second step, the
variations in the design range of each design parameter change the strength calculations
and volume amount by a specific ratio. The effects of the variations between the levels of
each parameter on the results can be calculated using different statistical methods.
Conditions for FEA and other statistical analyses are then determined. As a result of the
analytical studies and calculations, in some optimum design studies it may be desirable to
have a minimum volume, while in others it is desirable to obtain a maximum safety factor.
For such different criteria, statistical results are re-analyzed, and strength and volume
variations are compared. As a result, optimum design geometry can be obtained for the
determined engineering stresses and analysis conditions. The three main steps along with
the sub-steps of this method are shown in Figure 2. Although this method has been used for
a TKP femoral component, it can be applied to develop different industrial designs and bio-
engineeringmaterials.

Figure 2.
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4.1 Parametric design for achievement of ideal design geometry
In the first step of this proposed model, the geometry type was selected and developed as the
ideal model for the different design types of the product to be optimized in industrial design.
In this process, the criteria used in geometry selection were defined, and the properties of the
selected geometry discussed. Many of the CAD programs perform modeling according to a
process called the element tree or family tree. During the design of a geometry, each part of
the design model is shaped with the help of multiple design tools. Secondly, the different
parameters defined in the element tree are determined to form the entire selected geometry
type. Finally, the minimum and maximum measurement range of each design parameter is
determined within the limits of the design geometry. This geometry may be applied in the
industrial field and may exhibit the kinematic and mechanical properties expected from it.
An industrial design geometry identification card is prepared in this first step. In other
words, the difference of design geometry is explained in the identification card by describing
other geometries. Moreover, each design parameter that constitutes this geometry and the
measurement range of these parameters is indicated.

4.1.1 Step1: determination of ideal model. Since the first implants were performed in the
early 1970s, UKA has been the treatment of choice for unilateral osteoarthritis of the knee
(Laskin, 1978; Insall and Aglietti, 1980). Since their early application, TKPs have been
produced in many different industrial design geometries and dimensions. The customized
design presented by Harrysson et al. based on a CT scan of the patient’s joint addressed one
of the most frequently encountered problems with conventional knee-implant components
by customizing both the articulating surface and the bone-implant interface. This new
approach for TKP design has led to the possibility of many different design geometries
(Harrysson et al., 2007). The two designs selected by Huang et al. (VSD and DSD) were
chosen for the anterior trochlear surface of a modern femoral component. Dai et al. reported
six differences in arthroplasty using the aspect ratio (ML/AP) changes for TKP industrial
design types (Dai et al., 2014). Apart from those mentioned in these studies, many different
design types have been produced according to different design criteria. In this study, to
create the simplest design geometry for minimum weight, an applied and kinematic
standard design geometry type was selected (Öztürk et al., 2018), as shown in Figure 3.

4.1.2 Step 2: identification of all design parameters. A rectangular box design can be
used to describe a design parameter that forms design geometry. A rectangular box design
consists of width, length and height (Figure 4). Each design parameter change affects the
moment of inertia and amount of weight.

Figure 3.
Model geometry used
in designs of
experiment
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The minimum height and the maximum length are selected in such figures for minimum
weight and maximum safety factor. Special methods may be required to make these designs
because they do not have a simple geometrical structure as in an industrial design profile
(Harrysson et al., 2007; Huang et al., 2017). Biomechanical tests or FEA are used to evaluate
the strength characteristics of the models designed with different parameters (Ilzarbe et al.,
2008; Bahraminasab et al., 2014a; Bahraminasab et al., 2014b; Harrysson et al., 2007;
Chandran et al., 2009; Huang et al., 2017; Willing and Kim, 2009; Dai et al., 2014; Van den
Heever et al., 2011; Kumar and Sarkar, 2018). However, no detailed research has been found
that addresses the design parameters and levels required for a TKP design. Dai et al.
reported some dimensions such as AP sizes, AP increments (mm), ML size offerings per AP
and aspect ratio (ML/AP) in a TKP design (Dai et al., 2014). Van den Heever et al. also
investigated a TKP using similarly dimensioning. These parameters are appropriate and
effective for TKP selection according to the patient’s bone characteristics, weight and age.
As described in the section on the determination of the ideal geometry type, in this study,
morphological measurements were chosen for the standard AP, resected posterior condyle
(RPC) and anterior posterior box (APBOX).

A total of 18 design parameters constituting the three-dimensional model geometry of
this standard design were determined using different methods than in other studies
(Figure 5). Likewise, unlike other studies, this study determined the effects of 18 different
design parameters on the safety factor and the volume variations.

There are four radii where the TKP is connected to the femur (P1-4). In addition, the
features of length (P13) and thickness (P18) are established on the flange. This flange
geometry is designed to strengthen the knee prosthesis. This flange is reinforced with four
radii on the bottom (P9) on the top (P10) and two on the sides (P8-11). In addition, the radial
wax mold is easier to remove in these regions. Designers demand a minimum number of flat
surfaces in an industrial design. In TKP design, it is desirable to have curved working

Figure 4.
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surfaces. Therefore, there are two radii in the polyethylene part that is subject to friction
(P6-7). Subtraction was performed according to the length (P15) and angle (P14) determined in
the area that comes into contact with the curved surface of the polyethylene. In addition, this
fork-like recess is reinforced against axial forces by a radius (P5). Furthermore, the entire
upper outline of the radius is formed into a curve (P12). The ellipse-like design, which
accommodates the necessary rotational movement of daily activities, is defined by the
thickness (P17) and width (P16).

4.1.3 Step 3: selection of minimum and maximum dimensions of design parameters.
Each design parameter has a lower and upper measure limit value to provide the desired
TKP design. The Taguchi L36 mixed (28 � 310) factorial fractional DOE was chosen to
investigate the effect of 18 design parameters on strength results. Two levels were selected
for the minimum andmaximum levels of eight radius measurements.

The other parameters were three levels designed as the lowest, middle and highest
values (Table I). Using the Solid Works 2015 CAD program, 36 different industrial design
geometries were modeled.

4.2 Investigation of effect of parameters on the results via statistical methods and strength
calculations
In the first step, design type, parameters other than morphological measurements and levels
of the TKP were defined. By applying statistical methods in the second and third stages of
this proposed new model, the effects of each design parameter on strength and volume
results were investigated. The ANSYS program used in strength calculations, the FEA, the
Taguchi method andANOVA applications are explained in the intermediate steps.

4.2.1 Step 1: Determination of strength properties via finite element method analysis.
Taking into account the literature research, the mechanical properties of the Cr-Co-Mo and
UHMWPE materials used in finite element method (FEM) analysis were determined by the
ANSYS program material library (Table II). These materials were chosen for the static
analysis of engineering stresses (Rawal et al., 2019).

In the literature, the loads applied to a prosthesis during gait have been investigated and it
has been determined that these dynamic loads occur at a 45-degree angle on the z-axis as a

Table I.
Design parameters
for femoral
component levels
(mm)

Parameters (P) P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18

Levels (L)
L1 5 5 5 5 3 3 3 0.5 4 4 1 6 15 3 14 18 1.5 2
L2 10 10 10 10 6 6 6 1.5 6 6 1.5 8 20 7 17 20 2 3
L3 – – – – – – – – 8 8 2 10 25 10 20 22 2.5 4

Table II.
Mechanical
properties of
polyethylene insert
(UHMWPE) and
femoral component
(Cr-Co-Mo) used in
the analysis

Material
Density
(Kg/m3)

Young’s
modulus (Pa)

Poisson’s
ratio

Yield
strength (Pa)

Ultimate
strength (Pa)

UHMWPE 930 6.90 Eþ08 0.29 2.10 Eþ07 4.80 Eþ07
Cr-Co-Mo 8,300 2.30 Eþ11 0.3 6.12 Eþ08 9.70 Eþ08
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result of experimental and finite element studies. These forces were applied at a 3,200 N Fz
force and 45° angle to the point where maximum stress occurred and the analysis for stress
amount was applied to the knee prostheses. The TKP installation was performed at a 45°
angle (Figure 6), the force application surface was fixed to the inner surface of the femoral
component (3,200N) and the tibial component was attached. The analysis was then
performed for each design geometry (Villa et al., 2004). The maximum forces involved as
determined in the literature were applied via the ANSYS 19.2 CAE program and maximum
deformation, maximum stress amount and volume variations were determined for all
geometries.

4.2.2 Step 2: calculation of design parameter impact ratios to strength results using sta-
tistical methods. Bahraminasab et al. applied RSM for their TKP design model (Ilzarbe
et al., 2008; Bahraminasab et al., 2014). Response surface methodology is an
optimization technique in which the variable-response profile of the system is
determined according to the relationship between the independent variables and the
responses of the experimental system designed based on these variables (Kibar et al.,
2016). The Taguchi method was chosen together with ANOVA for our study because of
the high number of parameters. Dr Genichi Taguchi developed his method (Taguchi,
1990) as a tool to determine the optimum combinations of process conditions and today
it is extensively applied in the manufacturing and engineering sectors. It is a very
powerful instrument for improving high-quality systems design. The Taguchi method
allows industries to substantially decrease product development time without
increasing the cost (Ross, 1996). The Taguchi method uses an exclusive design of
orthogonal arrays to examine the entire parameter space without performing an
excessive number of experiments. Orthogonal arrays are used in conjunction with the
signal/noise (S/N) ratio in the Taguchi method, whereby the experimental outcomes are
transferred to the S/N ratio. The S/N is then used to evaluate the quality characteristics,
while ANOVA is applied to analyze important process conditions (Yuin and Alan,
2000). Each combination of control factors for volume, safety factor and maximum
stress variations is measured by FEA in the Taguchi experimental design. The S/N
ratios are used for optimization of the control factors. A low volume and maximum
tensile stress as well as a high safety factor is of great importance in terms of product
quality, cost and implant life. Depending on the characteristic type, “the nominal is the
best” [equation (1)], “the largest is the best” [equation (2)] and “the smallest is the best”
[equation (3)] are used to give the objective function (Masmiati and Sarhan, 2015).

Figure 6.
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Nominal is best:
S
N
¼ 10 log

�y

S2y

 !
(1)

Largest is best:
S
N
¼ �log

1
n

Xn
i¼1

1
y2i

 !
(2)

Smallest is best:
S
N
¼ �log

1
n

Xn
i¼1

y2i

 !
(3)

Here, h is the S/N, yi is the ith test response data result, and n is the ith test repeated number.
In the Minitab program, for each experiment, equations were used to calculate the S/N ratios
(Minitab Corp., 2010; Nas and Öztürk, 2018; Chen et al., 2010).

4.2.3 Step 3: determination of optimum design levels required to obtain minimum vol-
ume and maximum safety factor. In this step, the safety factor and volume variations for the
varying maximum stress areas determined by the ANOVA results were listed in the table
for each experimental design parameter. It was also necessary to calculate the F force per
cent ratio for each experimental design parameter (Figure 7). Stress analysis results showed
maximum stress in two different areas (Figure 8). These were the two areas that were
fractured as reported by Wada et al. and Luring et al. (Figure 1) (Luring et al., 2007; Wada
et al., 1997). The parameters were determined separately, and the effect types were grouped

Figure 8.
Section lines and
areas of varying
maximum stress

Figure 7.
ANOVA results for
the safety factor and
volume variation
(F%) impact intensity

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 
1st Area 
Safety  
Factor 

0.19 0 0.31 2.05 1.17 5.79 7.24 1.32 0.25 0.22 0.08 0.85 0.08 10.4 20.84 1.04 0.31 1.21 

F% Effect 0.36 0.00 0.58 3.85 2.20 10.89 13.61 2.48 0.47 0.41 0.15 1.60 0.15 19.59 39.18 1.96 0.58 2.27 

2nd  Area 
Safety 
Factor 

4.34 22.66 164 9.4 0.69 0.48 7.81 5.87 0.61 0.22 0.17 0.7 0.43 8.03 20.75 2.99 0.43 0.03 

F% Effect 1.74 9.09 65.60 3.77 0.28 0.19 3.13 2.35 0.24 0.09 0.07 0.28 0.17 3.22 8.32 1.20 0.17 0.01 

Volume 0.87 6.45 0.38 0.36 3.92 110.4 254.7 0.02 0.43 1.2 1.93 4.37 8.88 216 405.8 4.3 241 40.3 

F% Effect 0.07 0.49 0.03 0.03 0.30 8.39 19.36 0.00 0.03 0.09 0.15 0.33 0.67 16.44 30.84 0.33 18.32 3.06 
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as strength and volume results (Figure 9). For example: the changes in the levels of the
parameters marked by the green (P1, P2, P3) increase the safety coefficient in the 2nd area,
while these changes affect the volume of the design at a much lower rate (Figure 7). The
changes in the levels of the parameters marked in red (P4, P8, P12, P16) increase the safety
factor in both stress areas when keeping the volume amount of the geometry low. The
parameters marked with yellow (P6, P7, P14, P15, P17, P18) are the parameters that affect the
volume amount and the safety factor values to the same extent.

4.3 Obtaining design geometry for defined conditions
In this last proposed step for optimization of industrial design, the relationship between the
safety factor value and the volume was examined in a new way. The criteria used in this
method differed from the methods in the literature used to evaluate ANOVA results and S/N
ratios. To examine these values, some conditions were defined. In the last step of this stage,
a map was created showing the stress distribution on the surfaces with the maximum
amount of stress. Stress distribution maps of the three-dimensional models were generated
by evaluating the sections. It was proposed that if the difference in the stress variation in all
sections of a design showed linear results, then that design geometry would have a
minimum volume value.

Step 1: defining the optimum design conditions
When selecting these design parameters, the S/N ratios in Figure 10 were compared with

the ANOVA results. To optimize the design, it was necessary to select parameter levels
according to different criteria. Four different design geometries were selected, including
minimum volume, maximum safety factor, maximum safety factor and minimum weight,
and maximum safety factor and average weight. Each condition was evaluated according to
the ANOVA results in (Figure 7).

1st condition: for minimum volume
The smallest volume was chosen (“the smallest is best”) according to the S/N graphs

calculated for the volume. However, parameters 8 and 11 were equal at two levels.
Considering the S/N graph, the 1st area safety factor was selected for these two equal levels
(Table IV).

2nd condition: for maximum safety factor
Because the minimum safety factor was formed in the 1st area, the safety factor was

chosen for “the largest is best” according to the calculated S/N graphs in this region.
However, it was observed that half of the parameters were equal at two levels. Considering
the S/N graph, the 2nd area safety factor was selected for these two equal levels.

3rd condition: for maximum safety factor and minimum volume

Figure 9.
Effects of all

parameters on stress
and volume changes

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18

1 ASF 2 ASF Volume
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Figure 10.
Taguchi S/N ratios
for the safety factor
and volume variation
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The 1st and 2nd areas were expected to be close to the maximum safety factor however, the
volume was selected to be close to the minimum (red and green parameters). In addition, the
minimum weight was selected for the 6th, 7th, 14th, 15th, 17th and 18th parameters (yellow
parameters).

4th condition: for maximum safety factor and approximately average volume
As the 1st area needed to be a close to the maximum safety factor, the volume was

determined as average. While making these choices, parameter levels were established by
taking the ANOVA variations into consideration. These levels were determined by
examining the percentile variations of the 6th, 7th, 14th, 15th, 17th and 18th parameters
(yellow parameters). The parameters that affected a high volume ratio (per cent) were
selected as low. Parameters with a safety factor greater than the volume ratio were selected
as average or the lowest according to the weight ratio (Table V).

Step 2: creation of surface stress maps for comparison of different conditions
Depending on the selected criteria, the same stress variations could not be expected on all

surfaces of the design geometries for different parameter levels. In classical calculations, in
this step only the stress variations that are shown as color changes would be given on a
surface stress map graph (Harrysson et al., 2007; Kumar and Sarkar, 2018; Villa et al., 2004).
Thus, an evaluation could be made along the whole surface line considered to be the
maximum stress. To compare the optimum designs for the five different sections in the
analysis results, graphics were prepared showing the varying amounts of stress (Figure 8).

Step 3: deciding on optimal design geometry
Verification tests were performed for the results obtained in the last step of this model.

Thus, it was possible to determine the accuracy of the methods used in this model.
Afterwards, the results of the surface stress distribution maps were examined and
compared. In this study, the effects of the Minitab program Predict Taguchi Result feature
on the safety factor and volume variations for the selection of the four different criteria were
evaluated by analyzing the same FEM features (Table IV). Thus, this numerical estimation
could be compared with the FEA (Table VI).

5. Results and discussion
The S/N ratios for the volume, maximum stress and safety factor of each parameter were
calculated by Taguchi analysis (Figure 10). Thus, the effects of each design parameter level
on the safety factor and volume variation were investigated. This graph was created for the
two different areas where the maximum stress was specified in Figure 8. In Table III, the
results of the FEM analysis of all DOE are shown compared with maximum stress, safety
factor calculation and volume variations for the two different areas where maximum
stresses occurred. The results of ANOVA for the two different maximum stress area safety
factor and volume variations are listed in (Figure 7) for each experimental design parameter.
In addition, the F force per cent rate was calculated for each experimental design parameter.
In addition, the graph of the rate of the effect of the design parameter levels on the maximum
stress amount and volume changes in both areas is shown in Figure 10. While making these
design parameters, the S/N ratios were compared with those of ANOVA.When optimizing a
design, it is necessary to select parameter levels according to different criteria (Step 1:
defining the optimum design conditions). Four different design geometries were selected,
including minimum volume, maximum safety factor, maximum safety factor for minimum
weight and maximum safety factor for average weight. The criteria and parameter levels
selected for the 4th condition are shown in Table V (Tables III to VI).

According to the Taguchi analysis (Figure 10) and FEA validation analysis for the four
different conditions (Table VI), the stress variations for cross-sections of the five different
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regions are given in the order of comparison in Figures 11-15. Figure 11 shows variations in
stress after surface area number seven (C7). In the area to the left of C7, the stress amount for
the 1st condition was at the maximum, whereas for the 2nd condition, the amount of stress
decreased significantly. In addition, in the surface areas on the right side, the 3rd condition
was subjected to less stress and the safety factor design was determined to be the highest in
this section.

When the maximum variation of stress for the B-B section is examined (Figure 12), the
3rd and 2nd conditions gave a more linear result than the others. Fluctuations in the amount
of stress were observed for the 1st and 4th conditions depending on the surface shapes.
Except for the 3rd condition, in the 1st and 4th conditions, the safety factor was higher for
this section.

The C-C section in Figure 13 provides an insight into how cross-sectional surface areas,
depending on their transitions, can affect the amount and areas of stress variation.
Regarding the safety factor, the 2nd and 4th conditions were safer when compared to the
others. When the ratio of volume to safety factor was taken into consideration, the 4th
condition may have been more favorable. At the same time, depending on the 1st and 3rd
conditions, the amount of stress in different regions varied according to the regional results
of the design parameters.

As shown in Figure 14, maximum stress amounts varied in two different parts. This is
considered to be a flag design because the stress amount for the four different design options
varies according to different volume changes in the other surface areas where the flag is
located.

Table VI.
FEM validation

analysis

Trial no. Volume
1st area

safety factor
2nd area

safety factor
1st area

max. stress
2nd area

max. stress

01 36113 5.3 9.8 114.6 62.2
02 42839 8.2 14.7 74.5 42
03 35598 4.9 8.2 124 51.3
04 37308 5.8 10.1 107.3 60.8
Average error (%) 1 3.3 16.9 2.6 6.2

Table V.
ANOVA results for

safety factor and
volume variation

(F%) impact
intensity

Parameters P6 P7 P14 P15 P17 S18

1st area safety factor 10.89 13.61 19.59 39.18 0.58 2.27
Volume 8.39 19.36 16.44 30.84 18.32 3.06
Selection Safety factor

maximum
Weight
lowest

Weight
average

Weight
lowest

Weight
lowest

Security factor
maximum

Level 1 2 2 3 3 3

Table IV.
Parameter levels
specified for four

different conditions

Trial no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

01 1 1 2 1 1 2 1 (1)-2 2 2 1-3 3 1 3 3 2 3 1
02 1 2 1 1 1 1 1 1 (1)-3 (1)-3 (1)-3 (1)-3 2 (1)-3 (1)-3 1-(3) (1)-3 3
03 1 2 1 1 1 2 2 1 1 3 1 3 2 3 3 1 3 1
04 1 2 1 1 1 1 2 1 1 3 1 3 2 2 3 1 3 3
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The surface stress distribution map for the E-E section is given in Figure 15. In this section,
as in the D-D section and in contrast to the other sections, minimum stress was observed for
the 2nd and 3rd conditions. This revealed that the 3rd condition on the surface of the inner
flange would provide more strength than the 4th condition.

Two different fracture areas were reported by Wada et al. and Luring et al. (Luring et al.,
2007; Wada et al., 1997). Therefore, it is very important to ensure the maximum safety factor
in these two regions. The minimum design weight and maximum safety factor could be
selected in the 4th condition. In this way, optimum design parameters were selected, and
optimization of the design geometry was achieved.

Figure 11.
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Figure 12.
Varying stress (MPa)
for cross-section B-B
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Consequently, stress distribution maps were developed for optimum design choices and
different designs were developed. Some models have been presented in literature dealing
with optimization of design and material selection and process modeling of FEA studies
(Ilzarbe et al., 2008; Harrysson et al., 2007; Sanecki and Zieli�nski, 2006). Using FEA and
RSM, Bahraminasab et al. performed a multi-purpose design optimization for a FGM
femoral component (Bahraminasab et al., 2014a). By using various geometric and material
combinations, Kumar and Sarkar drew a flux diagram illustrating the optimization process
for TKP design characteristics andmaterials (Kumar and Sarkar, 2018). In this study, for the
first time in the literature and as distinct from classical analysis calculations, a process
which provides optimization in design has been presented by examining the effects of

Figure 13.
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Figure 14.
Varying stress (MPa)
for cross-section D-D
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design parameters on strength and volume variations. In addition, validation was done by
using FEA, and the results were verified using statistical methods. We took advantage of
the ANSYS FEM Program and Taguchi method in this study, in which we investigated the
optimization of a TKP industrial design. All strength calculation methods can be used
together with all statistical methods in this proposed design development process model.
The most probable cause of TKP failure was reported to be the thinness of the metal in this
design area (Wada et al., 1997). In addition, the sharp bend and thin metal (4mm) in the
design were constantly exposed to continuous loads resulting in regions of high stress
concentration (Luring et al., 2007).

When patient status reports were examined, it was understood that the industrial design
geometries were not shaped according to specific criteria. This study sought to eliminate
these problems related to breakage by presenting a new design optimization model.
Parameters not affecting the strength which had unnecessary weight were determined.
Design errors were prevented by using the parameter levels selected in patient status
reports according to the statistical method. Villa et al., by applying FEM analysis, stated
that the maximum stress would occur at a 45° angle, and proved this via experimental
studies (Villa et al., 2004). We used the FEM conditions in these studies and observed that
there were maximum stresses at the two different areas where fractures were reported by
Luring et al. (2007) and Wada et al. (1997). Results proved that the fractures reported as
occurring in these regions were under dynamic load at a 40-50° angle in patients using the
TKP. Therefore, an optimization was made for an industrial design by taking into account
the maximum stress variation in these two regions.

The SFV in the 1st area were affected by P15 (39.1 per cent), P14 (19.5 per cent) and P7
(13.6 per cent). In the 2nd area, the SFVwere affected by P3 (65.6 per cent), P2 (9 per cent) and
P15 (8.3 per cent). Different parameters in both regions affected these results at different
rates. The volume was significantly affected by P15, P7 and P14 parameters. It was
determined that these parameters affected the safety factor the most in the 1st area. The
parameters affecting the safety factor in the 1st area at the highest rate while increasing the
volume to a minimumwere P4, P8, P12 and P16. Considering that patients may use a TKP for
fifteen years, the minimum weight value is very important and must be maintained along

Figure 15.
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with the maximum safety value. The effects of strength characteristics were calculated by
using the Minitab Program Predict Taguchi Results feature for four different selections
(Table IV). Thus, these numerical predictions could be compared with the FEM analysis
(Table VI). With this new design development model, it was possible to estimate strength
and volume variations with high accuracy. The FEA results showed that the minimum
weight was provided for the 3rd condition parameter options, while the safety factor was
also the minimum in this option. Table VII shows the variation in volume and safety factor
as a percentage of the other conditions.

6. Conclusion
In the literature, design errors have been reported in patient status reports related to knee
prostheses (Borus and Thornhill, 2008; Luring et al., 2007; Wada et al., 1997; Cameron and
Welsh, 1990; Sandborn et al., 1987). In addition, optimization studies related to this subject
are included in the literature (Bahraminasab et al., 2014a; Bahraminasab et al., 2014b;
Harrysson et al., 2007; Chandran et al., 2009; Huang et al., 2017; Willing and Kim, 2009). In
this article, the optimum loading conditions of a prosthesis are taken into consideration and
optimum levels are investigated (Villa et al., 2004). This optimization study was achieved
with a new method. A safety factor value of 5.73 was obtained for the volume of 39,219mL
for a region which had maximum stress. For a maximum safety factor and at the same time
an average weight, values of 37,308mL and 5.8 for volume and safety factor were obtained,
respectively, using statistical methods. However, in the proposed new model which had 36
different experimental designs according to determined criteria, this safety factor value
could not be obtained for a lesser volume at any parameter. The maximum safety factor in
the 1st and 2nd areas was calculated as 8.2 and 14.7, respectively, according to the
calculation made by considering the 2nd condition. In this study, the proposed parametric
design model was able to calculate safety coefficient values at 89.9 per cent and maximum
stress calculations at 95.6 per cent accuracy. As a result of this study, it was found that the
optimum design parameter level could only be selected for the specified criteria. In the case
of materials whose weight is expected to be minimum, the selection should be made for an
average weight but for a maximum safety factor. In addition, in design development work
using the classic FEA; however, it was observed that it is a mistake to only consider the
importance of maximum stress. The stress distribution graphs of all the sections where
stress occurs must be examined. This proposed industrial product design optimization
process was applied to TKP models. However, this method can be enhanced to develop a
technique capable of providing high accuracy optimization for all designs. With this article,
design parameters in the literature can provide an answer to the desired design criteria,
unlike the methods which are not associated with design elements. Thus, this study can
contribute to the literature as a reference that can be applied to all universal industrial
design optimization studies.

Table VII.
Volume% and SFV

of experimental
groups

Trial no. Volume 1st area safety factor 2nd area safety factor

03 35,598 4.9 8.2
01 (%) 1.5 7.5 6.4
04 (%) 4.6 15.6 19.9
02 (%) 17 41 45
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