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Abstract
Total knee prostheses have become established arthroplasty applications in the treatment of damaged or weakened cartilage. 
New implants are being produced using bio-materials which are compatible with human tissue. In the industry, these prosthe-
ses are modeled and manufactured in different design geometries. This study investigated using a novel method for an ideal 
geometry designed to prevent fracture problems caused by design errors and metallurgical weakness in femoral component 
geometry. This approach is presented in a flowchart demonstrating its implementation, orientation, and evaluation via finite 
element analysis. Unlike those in the literature, stress variations in the design surface cross sections were evaluated in this 
proposed design method, for different design types and angles. In this study, the design surface was divided into eight hori-
zontal and ten vertical sections. The main objective of this study is to minimize the stress variations in these sections and 
to obtain the lowest possible volume value. As a result, stress exceeding the critical ratio was observed in four sections. In 
addition, three design parameters were found to be the most important for achieving maximum safety and minimum volume 
in this femoral component design. The method presented in this study aims to evaluate the ideal geometry of models and 
selection can be applied for the production of many industrial and biomechanical products.
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1  Introduction

Several prosthetic devices can be applied to compensate for 
cartilage tissue damaged as a result of various health prob-
lems. Prosthetic knee implants made of bio-materials are 
compatible with human tissue and have three main com-
ponents: the tibial part, the femoral part, and the ultra-high 
molecular weight polyethylene (UHMWPE) insert located 
in between. Fluctuations inpatient weight over time as well 
as a deficiency in the microstructure of the material and 
fatigue wear may be led to damage of prosthetic devices 
(Laskin 1978). Consequently, unicompartmental knee 
arthroplasty (UKA) has become the established treatment 

for unilateral osteoarthritis of the knee since the early 1970s. 
However, preliminary outcomes of the procedure were not 
consistent (Laskin 1978; Insall and Aglietti 1980). Since 
then, UKA implementation and rates of survival have 
improved owing to better designs and advanced surgical 
techniques.

The average lifespan expected of a prosthesis is 15 years. 
When osteoarthritis has not expanded to involve other joints 
and the implant has not become loose, the case is considered 
to indicate the successful survival of the implant (Borus and 
Thornhill 2008). Contrarily, a knee prosthesis may prema-
turely cease to function due to such conditions mentioned 
above (Luring et al. 2006; Wada et al. 1997; Cameron and 
Welsh 1990; Sandborn et al. 1987; Veen and Raay 2014; 
Panousis et al. 2004; Boran et al. 2005). This is a correla-
tion between material fatigue and patient weight (Luring 
et al. 2006; Wada et al. 1997). In one case, a patient became 
38% heavier post-arthroplasty. In the patient, the compo-
nent broke after a long period of sitting with the knee flexed 
to 90° and a sudden change of the knee flexion and load-
ing. The weakened component was overloaded during the 
dynamic and weight-bearing process of the patient standing 
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up. This weight gain resulted in fatigue wear on the patient’s 
implant, causing it to fracture.

Moreover, sections of high stress concentration were 
caused by continuous load on the sharp bend and thin metal 
(4 mm) of the design. As a result, the patient had to undergo 
a surgery in order to repair the broken implant almost nine 
years following his first arthroplasty (Fig. 1a) (Luring et al. 
2006). Further research revealed three cases of femoral com-
ponent stress fractures 32, 52, and 73 months post-UKA 
(Wada et al. 1997). The area was at the junction between the 
medial posterior beveled surface and the posterior flange. It 
is observed that the reason for the failure is due to the thin-
ning of the metal at this point.

The bone leading to the cantilever bend was not supported 
and this may have led to the fracture of the anterior flange 
of the femoral part of the prosthesis in Fig. 1b. The pros-
thesis was surgically removed 11 years post-UKA. These 
issues might have been solved by adding a metal part to 
support that section of the femoral component (Cameron 
and Welsh 1990). Fractures at the maximum stress areas 
of two different sections of different products are shown in 
Fig. 1. It is thought that fracture on the prosthesis occurs 
due to the thinness of the geometry which results the inad-
equate material strength as well as high stresses in two dif-
ferent regions. Design problems arise in the stressed surfaces 
of many model geometries, especially the models without 
cement. There is a decrease in the strength properties of the 
implant due to microstructural defects. Also, safety coeffi-
cient decreases due to surgical errors as well as fractures in 
implant wear (Sandborn et al. 1987). Design deficiencies and 
improper placement of the prosthesis cause the prosthesis 
to loosen over time and increase stress. Therefore, it causes 
the components to fracture or wear (Veen and Raay 2014). 
Moreover, it has been reported that failures in design caused 
by the weakness of the material, inadequate specifications 

of the tibial component, and polyethylene insert (Panousis 
et al. 2004; Boran et al. 2005). Even though the accepted 
life expectancy of these implants is 15 years, a variety of 
fractures have been reported in total knee prosthesis (TKPs) 
(Luring et al. 2006; Wada et al. 1997; Cameron and Welsh 
1990; Sandborn et al. 1987; Veen and Raay 2014; Panousis 
et al. 2004; Boran et al. 2005). In general, a review of the 
literature indicates that these fractures are a result of design 
geometry errors and patient weight gain post-surgery (Lur-
ing et al. 2006). Thin walls in the curved areas and areas sub-
jected to stress are the main problem with the basic design 
geometry. Although research has been carried out on meth-
ods for measuring TKPs and for determining the optimum 
design geometry for minimum volume, it is observed that 
optimization of design geometry is not well covered (Veen 
and Raay 2014; Panousis et al. 2004; Boran et al. 2005). In 
addition to the clinical studies, earlier researches have devel-
oped options for the application of the classical finite analy-
sis method (FEM). This study focused on developing a new 
design method inspired by previous studies. It is obtained 
affirmative results from optimization research on this pro-
posed design (Küçük and Öztürk 2017; Küçük et al. 2017). 
Optimization studies in the design are applied in the devel-
opment of design geometries in many different fields when 
the literature is researched. In particular, optimum design 
geometries are verified and developed by the finite element 
method (Öztürk and Erzincanli 2019; Heshmati and Amini 
2020; Ghannadpour 2019; Pamnani et al. 2019).

A review of the literature was undertaken regarding 
research carried out using finite element analysis (FEA) 
and the development of design models for the optimiza-
tion of prosthetic femoral components (Ilzarbe et al. 2008; 
Bahraminasab et al. 2014a, 2014b; Harrysson et al. 2007; 
Chandran et al. 2009; Huang et al. 2017; Willing and Kim 
2009). Design of Experiments (DOE) and FEA techniques 
were used in the determination of factor levels conform-
ing to a set of desirable specifications and in the creation 
of proposed steps for computational multi-criteria design 
experiments (Ilzarbe et al. 2008). Both FEA and response 
surface methodology (RSM) can be used to apply multi-
objective design optimization of a functionally graded mate-
rial (FGM) to a prosthetic femoral component (Bahramina-
sab et al. 2014a). The influence of material selection and 
geometric configuration was examined (Bahraminasab et al. 
2014b). Their study investigated the performance of a total 
knee replacement (TKR) femoral component and the posi-
tion of the pegs used in the design. In another study, a simi-
lar study was conducted. A unique custom-design method 
was proposed based on a scan of the patient’s joint using 
computed tomography (CT). Their design featured a custom-
ized bone implant with articulating surfaces, thus seeking 
to avoid the problems linked to the traditional prosthetic 
knee components (Harrysson et al. 2007). Willing and Kim 

Fig. 1   Fractured femoral components (Luring et  al. 2006; Cameron 
and Welsh 1990)
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used a parametric 3D FE model in their optimization of a 
UHMWPE insert design for TKR, with special emphasis 
on the problem of wear (Chandran et al. 2009). It is selected 
two designs for the anterior trochlear surface of their new 
femoral component: an anatomical V-shaped design (VSD) 
and a dome-shaped design (DSD) (Huang et al. 2017). While 
the V-shape design is mimicking the anatomical geometry 
of the anterior femur, the dome-shaped design is curve-on-
curve articular surfaces for the patellofemoral joint. Many 
modeling studies in the literature involve optimization of 
TKP design geometry through alteration of width, size, and 
angle (Willing and Kim 2009; Dai et al. 2014; Dinçkal 2016; 
Desai 2019). It is used FEA to optimize a femoral cam-tibial 
post-articulation design and presented design parameters for 
optimization of femoral roll-back, with results showing pres-
sure distribution of the tibial post (Willing and Kim 2009). 
The component fit was investigated for six groups of modern 
femoral component designs. They measured the overhang/
underhang of the component in the resected distal femur and 
the size of the corresponding component and compared the 
findings for different designs and ethnic groups (Dai et al. 
2014). The technique presented by researchers would enable 
preoperative determination of the most suitable type and 
size of implant to be used in a specific patient undergoing 
TKR. This demonstrates the potential of assisting surgeons 
to choose the optimum size and type of implant from among 
the range of those currently available (Dinçkal 2016; Desai 
2019; Sun et al. 2016; Koziel and Bekasiewicz 2019). In 
addition to optimization studies on different designs and 
statistical methods of optimization (Cho et al. 2013; Öztürk 
et al. 2018; Williams et al. 2010), further studies on a variety 
of model designs can be found in the literature (Desai 2019; 
Sun et al. 2016; Koziel and Bekasiewicz 2019).

Researchers have proposed a parametric design method in 
the literature related to early fracture problems (Luring et al. 
2006; Öztürk and Erzincanli 2019). This method statically 
interprets the effect of the change in each design param-
eter on the safety coefficient, allowing the development of 
optimum design geometry (Öztürk and Erzincanli 2019). In 
this method, different types of design geometries and angle 
changes during the operation of a prosthesis are not taken 
into account. It was determined only for the angle at which 
the maximum stress occurred and was evaluated statistically. 
The ROSVOS method allows to compare different types of 
design geometries and evaluating geometry for all work-
ing angles. Using the ROSVOS, the TKP will be able to 
demonstrate the maximum safety coefficient value for the 
ideal volume amount. For this purpose, variations in stress 
distribution on the surface exposed to engineering stresses 
were obtained by dividing horizontal and vertical sections at 
equal intervals. Thus, the optimum design could be obtained 
by reducing the difference between the maximum and the 
minimum amount of stress of each section.

2 � Materials and Methods

The researchers believe that an optimum design can only 
be achieved by minimizing the variations in the amount of 
stress on the surface cross sections of the design. However, 
an optimum design can be modeled by considering all dif-
ferent design geometries and loading angles of a product. 
In the first step of this method, the ideal design geometry 
selection is made by comparing different types of design 
geometries with each other. Besides, the most critical hori-
zontal and vertical surface sections where maximum stress 
occurs are determined. In the next step, this determined ideal 
design geometry is modeled with different parametric design 
options and analyzed via FEA. In the last step, the optimum 
design geometry is decided. Figure 2 shows the work flow-
chart with all parts and intermediate steps of the reduction 
of stress variations on sections (ROSVOS) method.

2.1 � PART 1: Selection of Ideal Design Geometry

2.1.1 � Determination of Different Model Types

In the first step of this proposed design development method, 
it is necessary to conduct a safety coefficient comparison 
among all model geometries. Figure 3 shows three com-
monly used design model geometries. According to geom-
etry types, the M1 design can be classified as progressive, 
the M2 design as linear, and the M3 design as radial. These 
three different types of design geometry were modeled in the 
Catia V5 program via the reverse engineering method. The 
volumes of these three types of design were 41,302, 38,821, 
and 39,715 mm3, respectively.

2.1.2 � Creation of Surface Sections of Model Geometries

Unlike the various design development methods, each 
design geometry is divided into a total of eight main sec-
tions and a technical drawing of each section is created 
(Fig. 4) in the ROSVOS method. Thus, the cross-sectional 
areas affecting the strength characteristics of each design 
geometry can be compared at this stage. When the cross-
sectional pictures were examined, it was observed that a 
total of 24 different cross sections had areas that differed 
from each other. This method is based on the hypothesis 
that the optimum volume value can be obtained by reduc-
ing the stress changes in the sections. It is a method aimed 
at minimizing the difference between the minimum and 
maximum tensile amounts on specified cross-sectional 
lines at all operating angles of industrial products sub-
jected to dynamic stress. Thus, the subtracted mass from 
the areas with high safety value is transferred to more 
unsafe areas. Thus, with the help of parametric design, 
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designs with optimum volume and safety coefficient are 
obtained. To this purpose, the optimum design can be 
obtained by reshaping the volume and area of each sec-
tion using parametric design. Therefore, stress amounts 
(MPa) were measured on a total of 80 different surface 
areas (8 × 10 sections) on the TKP surface (Fig. 5). While 
selecting these horizontal and vertical cross section lines, 
main geometry lines or surface transition regions in the 
design were chosen especially for shaping the design. 
Thus, the effects of changes in the design geometry in 
these regions on the amount of stress can be controlled and 
the ideal design geometry can be obtained.

2.1.3 � Determination of Analysis Properties

The basic parts of the prosthesis are generally composed of 
titanium or cobalt–chrome metal alloy. The part that reduces 

the wear of two metal surfaces is made of polyethylene 
[ultra-high molecular weight polyethylene (UHMWPE)]. 
In this step of the proposed new model, all the properties 
required for a stress analysis by the FEM must be deter-
mined. References in the literature and the ANSYS program 
material library were applied to determine the mechanical 
properties of the Cr–Co–Mo and UHMWPE used in the 
FEM static analysis of engineering stresses (Table 1) (Villa 
et al. 2004). Compression stresses at different angles were 
obtained as a result of the dynamic loading of a knee pros-
thesis reported in the literature (Fig. 6) (Lundberg et al. 
2012).

As indicated in Fig. 6, the TKP polyethylene insert per-
forms a movement at an angle range of 0°–100°. Taking this 
kinematic motion into account, an analysis of the maximum 
amount of stress at angles of 20°, 40°, 60°, 80°, and 100° 
was required (Fig. 7). In the stress analysis for each angle, 
respectively, 2100, 1700, 1900, 2300, and 700 N forces were 
applied from the inner surface of the prosthesis. Stress dis-
tribution analyses of the three different models selected as 
TKP geometry were performed in the ANSYS 19.2 program. 
Each area was divided into 10 sections vertically and eight 
sections horizontally. The maximum amount of stress was 
calculated for a total of 80 different surface areas for each 
design geometry.

For mesh generation, the Solid187 tetrahedron element 
was used in the whole finite element model. A convergence 
analysis with mesh sizes from 5 down to 2 mm was accom-
plished. In our study, the maximum equivalent stresses on 
the plate and the maximum error energy were considered 
as convergence criteria. ϑ was the volume of the element, 
{Δσ} was the nodal stress error, e was the error energy in 
element i, and {D} was the stress–strain matrix. The nodal 
stress error {Δσ} was the averaged nodal stresses minus the 

PART 1: SELECTION OF IDEAL 
DESIGN GEOMETRY

ROSVOS 
(REDUCTION OF STRESS VARIATIONS ON SECTIONS)

PART 2: PARAMETRİC DESİGN 
AND ANALYSİS OF DİFFERENT 

MODEL GEOMETRİES PART 3: DETERMINATION OF 
OPTİMUM DESİGN 

GEOMETRY

Determination of Different Model 
Types

Creation of Surface Sections of 
Model Geometries

Determination of Analysis Properties

To Obtain the Results of Analysis 
and to Make Recommendations for 

the Optimum Model

Determination of the Most Important 
Parameters for Design

Parametric Design Modeling and 
Finite Element Analysis

Fig. 2   ROSVOS method work flowchart

Fig. 3   Different types of TKP designs
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Fig. 4   Cross-sectional views of 
design types
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unaveraged nodal stresses (Ansys-Mechanical 2011; Stein-
brück et al. 2014; Calisal and Ugur 2018).

2.1.4 � Results of Analysis and Recommendations 
for the Optimum Model

In this part of the ROSVOS method, FEA is performed with 
all parameters defined in the analysis properties. The maxi-
mum stress results should be evaluated first. Thus, it can 
be determined at which angle and cross section intersec-
tion point on the model the maximum stress amount occurs 
(Figs. 8, 9, 10; Table 2).

2.2 � PART 2: Parametric Design and Analysis 
of different Model Geometries

2.2.1 � Determination of the Most Important Design 
Parameters

The average stress distribution in the horizontal surface 
sections is shown in Fig. 11 for the three different design 
models. The results revealed that the stress distribution 

(1)e
i
=

1

2
∫
�

{Δ�}T [D]−1{Δ�}d�.

was concentrated in two distinct parts. It was determined 
by a boundary line that the occurrence of stress was higher 
in sections 3, 4, 5, and 6 than in other sections. It was 
thought that by increasing the strength of the bound-
ary line of the design geometry of the four sections, the 
amount of stress could be greatly reduced. These sections 
needed to be strengthened in terms of resistance, while 
the other sections did not need to be strengthened because 
this would only add unnecessary weight to the material. 

Fig. 5   Horizontal and vertical cross sections

Table 1   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 6.90E+08 0.29 2.10E+07 4.80E+07
Cr–Co–Mo 8300 2.30E+11 0.3 6.12E+08 9.70E+08

Fig. 6   Chart of axial forces on prosthesis as per ISO standards and 
TKR mathematical model average (Lundberg et al. 2012)

Fig. 7   Assembly design showing angles of stress analysis
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Fig. 8   Variations in stress on M1 cross section. a 20°, b 40°, c 60°, d 
80° and e 100°
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Fig. 9   Variations in stress on M2 cross section. a 20°, b 40°, c 60°, d 
80° and e 100°
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Therefore, the other areas were not taken into considera-
tion. All three different types of design geometry needed 
to be evaluated among each other to determine the ideal 
design type. The ideal design geometry was determined to 
be the second design type (M2), in particular, because the 
amounts of volume and stress were the lowest (Fig. 11). It 
is observed that trends of graphs show abrupt changes for 
H6, H2 in the first figure, H5, H7 in the second figure, H2, 
H3 in the third figure. The major reason for these trends 
is the surface transitions on the design geometries. The 
external surfaces of the prosthesis should be modeled to 
perform basic knee movement. These design geometries 
are the most likely cause of changes in the amount of stress 
in the cross sections. It was observed that four different 
surface lines were of great importance for increasing the 
strength of the design. The sections from the 3rd to the 
6th are the most important surface lines. Thus, the design 
geometry would need to be strengthened in the cross sec-
tion where these four different maximum stresses occur. 
Increasing the safety coefficient in the four different sec-
tions of the M2 design could only be achieved with the 
loft-cut feature depending on the specific parameters of 
this design (Fig. 12). This design geometry was modeled 
as a result of parametric modification of loft-cut draft 
drawings in five different planes. Thus, the safety coeffi-
cient and the variations in the volume of the design can be 
examined in detail in these four important cross sections 
shaped with different parametric designs shown in Fig. 13.

Loft-cut elements are widely used in almost all computer-
aided design (CAD) programs. Generally, this command is 
used to extract or join multiple sections. This tool used in 
the creation of this prosthesis design allows us to obtain the 
final design based on a total of 16 variable parameters in 
five different sections. These design parameters are extracted 
from the main prosthesis body in the loft-cut process by way 
of multiple sections. The position of the radii and tangen-
tially connected radii lines on the plane are identified and 
the measurement is completed. The experimental design pre-
pared for different levels of 16 different design parameters 
is given in Table 3. These experimental design levels were 
selected in a mixed order and particular care was taken to 
ensure that the design parameters were not compromised 
when determining the lowest and highest levels for each of 
these design parameters.

2.2.2 � Parametric Design Modeling and Finite Element 
Analysis

At this stage, the eight different design types determined in 
the experimental design were modeled and then the engi-
neering stress analysis was performed via FEM. When com-
paring design types M1, M2, and M3 with each other, it was 
observed that the highest amount of stress occurred at an 
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Fig. 10   Variations in stress on M3 cross section. a 20°, b 40°, c 60°, d 
80° and e 100°
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angle of 80°. For this reason, these eight different types of 
design geometry were analyzed with the mounting designed 
at an 80° angle. Also, calculations were made in the ANSYS 
program under the same loads and with the defined mate-
rial properties. The results of the stress variations in the 
four critical sections of these eight different design types 
are shown in Fig. 14. In the last step of this proposed design 

development method, the analysis results obtained at this 
stage were evaluated and the optimum design was obtained.

Table 2   Variations in stress values for 8 × 5 different areas (MPa)

M1V1 M1V2 M1V 3 M1V 4 M1V5 M2V1 M2V2 M2V 3 M2V4 M2V5 M3V1 M3V2 M3V3 M3V4 M3V5

H1 Left section 3.62 3.55 3.65 3.74 1.98 9.31 10.52 7.86 6.73 4.85 4.82 5.41 5.81 6.67 3.38
Right section 6.93 4.37 4.43 3.66 2.19 9.38 9.12 7.69 6.39 4.29 5.15 6.51 7.52 7.57 2.78
Average value 5.28 3.96 4.04 3.70 2.09 9.35 9.82 7.78 6.56 4.57 4.99 5.96 6.67 7.12 3.08

H2 Left section 31.26 29.09 30.15 19.77 16.91 33.72 29.04 30.15 30.69 19.77 20.94 26.54 24.07 22.5 22.89
Right section 24.14 22.08 18.38 13.38 13.66 38.3 9.12 27.35 18.99 16.91 23.65 25.48 24.99 24.66 18.8
Average value 27.70 25.59 24.27 16.58 15.29 36.01 19.08 28.75 24.84 18.34 22.30 26.01 24.53 23.58 20.85

H3 Left section 70.41 69.3 55.27 47.52 42.66 70.41 69.3 55.27 47.52 30.13 72.31 65.15 68.99 65.39 65.72
Right section 56.85 52.5 43.84 32.08 29.81 56.85 52.5 43.84 32.08 42.66 69.84 69.7 71.58 63.29 64.85
Average value 63.63 60.90 49.56 39.80 36.24 63.63 60.90 49.56 39.80 36.40 71.08 67.43 70.29 64.34 65.29

H4 Left section 58.34 57.29 51.22 45.1 33.69 58.34 57.29 51.22 45.1 33.69 65.92 69.66 71.61 71.39 63.25
Right section 43.44 46.84 40.89 32.34 27.85 43.44 43.88 40.89 31.42 26.11 68.88 76.06 74.12 69.58 62.5
Average value 50.89 52.07 46.06 38.72 30.77 50.89 50.59 46.06 38.26 29.90 67.40 72.86 72.87 70.49 62.88

H5 Left section 56.43 55.56 41.03 45.77 33.95 56.43 55.56 49.7 45.77 33.95 62.17 66.18 68.82 66.21 55.05
Right section 51.19 44.1 49.7 33.74 29.67 51.19 44.1 41.03 33.74 29.67 63.73 68.28 67.53 64.54 57.4
Average value 53.81 49.83 45.37 39.76 31.81 53.81 49.83 45.37 39.76 31.81 62.95 67.23 68.18 65.38 56.23

H6 Left section 57.43 58.73 47.41 45.34 41.62 57.43 58.73 47.41 45.34 41.62 71.82 64.47 61.07 47.83 35
Right section 50.04 47.25 46.2 36.62 31.09 50.04 47.25 46.2 36.62 31.09 74.32 62.24 59.57 55 32
Average value 53.74 52.99 46.81 40.98 36.36 53.74 52.99 46.81 40.98 36.36 73.07 63.36 60.32 51.42 33.50

H7 Left section 32.72 21.79 30.02 27.87 20.4 32.72 31.79 30.02 27.87 16.45 26.36 27.88 25.99 25.73 20.39
Right section 29.11 28.19 24.81 18.11 17.91 29.11 28.19 24.81 18.11 11.34 28.15 28.54 27.2 25.06 19.58
Average value 30.92 24.99 27.42 22.99 19.16 30.92 29.99 27.42 22.99 13.90 27.26 28.21 26.60 25.40 19.99

H8 Left section 21.59 22.06 20.93 19.78 14.81 23.94 22.06 16.58 19.78 14.81 15.69 16.68 16.62 16.2 16.6
Right section 19.55 20.51 16.58 14.92 15.11 19.55 20.51 20.93 14.92 15.11 15.33 15 15.44 15.46 15.19
Average value 20.57 21.29 18.76 17.35 14.96 21.75 21.29 18.76 17.35 14.96 15.51 15.84 16.03 15.83 15.90
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Fig. 11   Stress distribution graph for the three different designs

Fig. 12   Loft-cut sections forming the second type design (M2)
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2.3 � PART 3: Determination of Optimum Design 
Geometry

At this stage of the ROSVOS method proposed by the 
researchers, the optimum design geometry is determined 
from among the geometries modeled in the experimental 
design. In order to better evaluate the stress variations in 
the cross sections of the eight different designs, the results 
are summarized in Table 4 and the average stress results 
are given. Of these design geometries, the design with the 
lowest volume was Design 1. The design with the lowest 
amount of stress was Design 3. However, the amount of 
stress of the first design and the volume value of the third 
design is very high. When the average stress variations 
of the four sections belonging to Design 6 were exam-
ined, it was determined that they varied between 36.27 
and 26.20 MPa.

This variation in the geometry of the 1st design showed 
as 45.40–28.66 MPa. In the 3rd design, the average stresses 
in the cross sections were calculated in the range of 
33.82–33.58 MPa. The 6th design model had a low average 
amount of stress and an average amount of volume. Moreo-
ver, the lowest value of variation between the amount of 
stress in the cross section was observed in this design geom-
etry. At the same time, the other designs were examined. 
The results among the average cross-sectional stresses of 
the design types are very striking. However, the maximum 
amount of stress in the cross section of H6 was very high, 
which is why this design was not chosen as the ideal design 
despite the volume and low average stress variations.

The effects of the levels of 16 different design param-
eters on the stress and volume variations in the four differ-
ent critical stress zones are given in the matrix plot graph 
in Fig. 15. When these results were examined, it was found 

Fig. 13   Design parameters in five different sections

Table 3   Design parameters and 
levels

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

M1 36 25 1 9 12 1 25 10.5 2.5 25 2.5 25 10.5 2 25 6
M2 36 25 1 9 13 1 35 11 2.5 35 2.5 35 10.5 2 25 6
M3 36 25 2 9 12 2 25 10.5 3 25 3 25 10.5 2.5 25 6
M4 34 35 2 9 12 2 35 10.5 3 35 3 35 10.5 2 35 6
M5 34 35 1 10.5 14 1 35 11.5 2.5 35 2.5 35 11 2 35 5
M6 34 35 0.5 11 14.5 0.5 35 12.5 1.5 35 1.5 35 12 2.5 35 5
M7 34 35 0.5 11 14.5 1 45 12.5 1.5 35 1.5 45 12 2.5 35 5
M8 34 35 0.5 11 13 0,5 45 12.5 1.5 35 1.5 45 11 2.5 35 5
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Fig. 14   Variations in stress on 
four different sections of eight 
different design types
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that the P1, P3, P6, P9, P11, and P16 parameters increased the 
amount of volume, while generally decreasing the amount 
of stress in the sections. The P5, P10, and P14 parameters 
reduced the amount of volume, while proportionally reduc-
ing the amount of stress in the cross section parameters, 
thus increasing the safety coefficient and minimizing the 
volume value. Selecting these maximum values will increase 
the safety coefficient value. The optimum design can be 
obtained by evaluating the other design parameters among 
each other. Using this proposed ROSVOS method, the opti-
mum design model was determined without the need for 
statistical methods or theories. In making the selection for all 
parameter levels, the design geometry of the femoral compo-
nent having the highest safety coefficient and a value close 
to the lowest volume was taken.

3 � Conclusions

The development of a prosthesis with an optimum design 
means that lower weight, higher strength implant will be 
used throughout the life of the patient. Some models have 
been presented dealing with the optimization of design and 
material selection and process modeling of FEA studies. All 
of the design development methods related to these finite 
elements have not taken into account changes in stresses 
occurring in the geometry cross sections.  In this novel 
study, the cross sectional alteration were examined for the 
first time both horizontally and vertically. Patient status 
reports indicate that industrial design geometries have not 
been developed with regard to precise criteria. In this study, 
the researchers proposed a new method which is about the 
evaluation of models and selection of ideal geometry which 
is practical and does not require any theoretical, statistical, 

Table 4   Maximum stress results 
for all sections

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 Average

M1 38824 H3 91.5 60.85 50.43 40.50 27.19 23.79 28.95 34.98 39.05 56.78 45.40
H4 40.01 39.5 33.4 28.6 15.70 13.68 20.87 28.3 32.25 34.28 28.66
H5 35.68 36.69 32.6 26.77 13.70 11.32 15.23 25.56 29.06 35.32 26.19
H6 62.32 48.39 39.21 29.2 17.93 14.06 22.28 30.82 42.15 55.86 36.22

M2 41906 H3 80.1 49.74 38.34 34.22 21.41 21.97 29.61 33.47 37.62 43.17 38.97
H4 34.85 34.47 29.34 26.46 17.41 16.12 22.44 28.29 28.72 30.69 26.88
H5 33.18 31.93 27.58 24.23 15.26 13.49 19.14 25.46 29.13 30.86 25.03
H6 47.26 42.89 38.19 32.40 20.88 18.89 23.56 32.51 37.64 42.23 33.65

M3 42351 H3 42.64 42.4 34.62 32.72 24.29 24.12 29.1 31.35 34 43 33.82
H4 32.10 31.92 28.6 25.14 17.69 16.91 2.96 26.97 28.38 29.23 26.09
H5 30.71 30 27.67 24.85 15.70 15.53 20.63 26.31 28.22 29.36 24.90
H6 47.43 40.98 33.93 30.63 22.30 20.96 25.88 33 36.75 43.89 33.58

M4 43144 H3 67.67 46.58 38.77 32.91 23.26 22.31 30.25 34.01 37.40 40.78 37.39
H4 32.96 32.67 30 26.61 18 16.83 20.78 27.62 30.38 39.35 27.52
H5 30.64 30.14 28.13 24.85 15.70 15.14 19.41 26.16 29.36 29.28 24.88
H6 39.14 38.89 36.16 33.97 21.71 23 25.12 33.74 38.56 44.81 33.51

M5 42440 H3 47.09 44.86 40.49 33.49 22.73 23.75 28.76 33.07 35.44 44.88 35.46
H4 35.35 34.77 32.35 27.72 17.12 15.08 20.32 28.83 32.37 32.44 27.64
H5 33.62 51.87 28.34 24.08 14.69 13.27 17.86 25.69 29.87 31.58 25.09
H6 44.28 41.18 36.20 28.30 18.33 16.17 23.37 33.14 40.13 55.52 33.66

M6 41501 H3 52 46.39 39.54 32.86 21.86 23.73 28.21 33.95 36.73 47.42 36.27
H4 36.55 36.40 32.39 27.55 16.77 14.58 20 27.58 30.48 33.32 27.56
H5 34.42 33 30.17 27.27 14.58 14.54 18.58 25.77 30.2 33.43 26.20
H6 48.19 41.37 39.34 31.83 17.03 15.2 25.13 33.77 44.63 51.82 34.83

M7 42487 H3 71.85 52.92 40.57 35.03 23 22.79 29.02 36.31 40.93 48.1 40.05
H4 38.96 37.64 31.31 27 15.86 14.23 23 31.16 31.33 32.68 28.32
H5 34.58 33.05 28.34 23.76 13.60 13.86 18.44 29 32.1 34.26 26.10
H6 49.36 41.78 35.60 33.49 19.88 17.22 25.05 33.96 41.05 47.80 34.52

M8 40671 H3 41.43 49.14 38.44 34.42 27.08 27.34 28.53 36.09 41.13 50.38 37.40
H4 40.79 39.75 28.95 22.80 13.35 12.02 18 28 34 35.71 27.34
H5 37.45 35.38 30.17 24.17 13.22 11.47 15.72 26.10 32.54 36.84 26.31
H6 64.05 50.94 42.16 27.12 12.78 13.32 21.73 37.08 46.4 57.66 37.32
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or experimental research. In this study, ROSVOS metrology 
was applied to optimize the design of a femoral component 
and was described in detail with each intermediate step. The 
researchers calculated the amount of stress in Table 3 by 
applying the finite element method for 40 different nodes, 
located in the horizontal and vertical sections of prosthe-
ses with different volume values. When these results are 
examined, the effect of the force formed at each node and 
in different designs varied. As a result, the amount of safety 
coefficient of the product changes at the same rate. In M4 
geometry, which has the highest volume value among simi-
lar geometries, stress of 37.39 MPa occurred. However, 
although the volume value of M6 geometry is 41501, the 
highest tension amount was measured as 36.27 MPa. These 
results show us that by distributing the volume value of a 
design per the sections, higher safety products with lower 
volume can be developed. Optimization of a femoral com-
ponent design using this new method has yielded some con-
clusions, as listed below. Confirmation experiments were 
carried out to test the validity of the optimization, and the 
findings and conclusions were based on this context.

As a result of the ROSVOS method, the femoral com-
ponent design geometry was improved by 6.8% and the 
safety coefficient of the product by 25.1%.
Eight different design types were developed using this 
method and consequently, the highest average stress in 
the overall design belonged to Design 1 (45.2 MPa). The 
average stress was the highest in Design 3 (33.82 MPa). 
In other words, the volume amount increased by 9%, and 
the safety coefficient was increased by 34.2%.
Four sections were determined to have high stress. The 
3rd section was the part where the highest amount of 
stress occurred, whereas the section with the minimum 
amount of stress was the 5th section. These four sections 
were found to be fracture sites in the literature.
The parameters P5, P10, and P14 were the most important 
parameters of the design for increasing the safety coef-
ficient while decreasing the volume, i.e., increasing the 
safety with minimum volume. The internal radius value 
and the position on the plane were shaped using these 
parameters. Therefore, it is preferable that the external 
radius value is of a broad design.
Three different types of designs produced by the industry 
were compared in this research. When the stress varia-
tions in eight different horizontal cross sections of each 
model were examined, the cross sections of the 3rd, 4th, 
5th, and 6th had a tensile value above 33 MPa, while the 
others had values well below that. It was determined that 
these sections were the parts that needed to be strength-
ened in terms of resistance, whereas the other sections 
needed to be reduced in volume. Moreover, the Design 2 
model was the most ideal design type.

A prosthesis generally has a range of motion of 0°–100° 
and in this study, tensile analyses were performed for 
five different angles. The highest amount of stress was 
observed at an angle of 80° and the lowest amount of 
stress at an angle of 100°.
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