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Abstract

:

Total knee replacement has become a viable option for treating severe knee arthritis. The demand for more kinematically functional implants that better replicate natural knee kinematics led to the development of total knee arthroplasty (TKA), including bi-cruciate-retaining (BCR) TKA. However, optimised design parameters of BCR TKA knee implants that can help achieve a long-term prosthetic survival rate remain unknown. Therefore, this study aimed to investigate the effect of the design parameters of BCR TKA knee implants on the mechanics of knee joints and optimise and individualise the knee implant design parameters using the Taguchi method incorporating finite element analysis. Herein, experimental factors and levels were selected and nine finite element models of BCR TKA knee implants were developed to optimise the design of the following parameters: the curvature ratio on the sagittal plane, curvature ratio on the coronal plane, and tibial slope. In addition, finite element analysis was used to determine the effect of the design parameters on the peak contact stress on ultra-high-molecular-weight polyethylene (UHMWPE) and its deformation. Consequently, among the three parameters that affect the peak contact stress and its deformation, the curvature ratio on the sagittal plane had the greatest effect (range = 10.96), followed by the curvature ratio on the coronal plane (range = 3.54), and the tibial slope (range = 2.56). The optimal design parameters for the BCR TKA knee implant were a curvature ratio of 1.5 on both the sagittal and coronal planes and a tibial slope of 5°. Under these conditions, the peak contact stress and deformation were 25.80 MPa and 0.0835 mm, respectively. The optimisation method based on finite element analysis and the Taguchi method can produce one of the highest-performing BCR TKA knee implant designs, thereby reducing the peak contact stress and deformation. This method sheds fresh light on the development of the BCR TKA knee implant as well as biomechanical decision-making to implant the TKA prosthesis correctly.
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1. Introduction


Knee implants have existed since the early 1880s in the biomedical engineering industry. The initial notion for knee joint replacement was proposed in Berlin by the German surgeon Themistocles Gluck, who presented a revolutionary system of joint replacement with an ivory element in a series of lectures [1]. Over the years, modern implants have been explored to imitate natural knee kinematics to potentially enhance a return to great levels of activity and satisfaction [2]. Nevertheless, this enthusiasm for those findings is not necessarily consistent with scientific validation, and consequently, there are many unanswered issues. Thus, every different concept of the design has been conceived to solve and help the special needs, such as reaching the highest range of motion, reducing pain and debris, articular geometry, the type of fixation, the modularity of augments and stems, the types of constraints, knee kinematics, as well as the costs [3].



Total knee arthroplasty (TKA) is well-known as the ultimate solution for end-stage knee osteoarthritis [4]. A typical TKA implant consists of three components, namely the femoral component, tibial insert, and tibial component, as shown in Figure 1a. Femoral and tibial components are both made of metal alloy; meanwhile, the tibial insert is made of polyethylene to imitate the function of soft tissues surrounding the bones as an absorber. The femoral component is implanted in the femoral bone to reproduce the anatomical landmark of the femur at the knee joint. Meanwhile, the tibial component reproduces the tibial bone at the knee joint, and it looks like a platform for the tibial insert to be secured [5]. The desire for more kinematically functional implants that better replicate natural knee kinematics led to the development of bi-cruciate-retaining (BCR) TKA. In theory, BCR TKA could improve implant longevity by reducing the stress transmitted through the prosthesis, as BCR TKA is a unique prosthetic implant that keeps both the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) [6]. Moreover, Pritchett et al. discovered that patients who received a BCR TKA implant had good survival and function after more than 20 years of use and that sacrificing ACL is unnecessary [7]. The TKA implant’s durability or survivability are critical issues because the goals of the knee replacement procedure are long-term pain relief and the patient’s knee function restoration [8]. After a certain duration, knee implants will fail, and revision surgery needs to be performed. However, revision is a relatively expensive procedure and causes worse results than the primary surgery [9,10].



Knee arthritis is a significant condition that affects around 70 million people globally, and total knee replacement has become a viable option for treating severe knee arthritis. In 2020, Zhang et al. showed that 8–25% of conventional TKA patients are not satisfied with their implant, whilst a greater satisfaction of patients who underwent the BCR TKA process has been reported [6]. Based on the report, it is necessary to construct mechanical studies to create biocompatible implants to optimise the design of knee implants; however, it is difficult to perform this on the structural mechanics of the human body, which involves bones, tissues, and other organs. Therefore, this study proposed the reduction of the peak value of the contact stress on the upper surface of the implant’s ultra-high-molecular-weight polyethylene (UHMWPE) tibial insert and its wear and to extend the life of the prosthesis by using the finite element (FE) model.



In designing a knee implant, considerations for its materials are needed because its design as well as the materials it is made of play critical roles in the effort to limit the stress level in the implant component [11]. The stresses accumulate at a faster rate when there is a greater load, and the contact stress that acts over the femoral component becomes more intense as the weight increases. Aseptic loosening is the most common type of knee implant failure, and this is because of UHMWPE wear [12,13,14]. Based on Archard wear law, volumetric wear is directly proportional to contact stress and sliding distance [15,16]. A retrieval study was performed that found that abrasive wear is initiated by third bodies and is determined by sliding distance and shear force. Meanwhile, surface wear, such as delamination and pitting, is affected by contact stress [17]. Thus, increasing the tibiofemoral conformity, which is defined as the femoral to tibial contact radii ratio [18], can reduce the contact stress and sliding distance, subsequently decreasing the occurrence of surface fatigue wear [19,20,21].



Taguchi’s orthogonal array method was initially developed by Genichi Taguchi; it is a statistical approach to optimise the selected experimental factor to improve the quality of the manufactured products [22,23]. The application of this method has been extended to chemistry, pharmaceuticals, and engineering [24,25]. The orthogonal array can efficiently decrease the number of computational simulations, thus leading to shorter preoperative planning time for TKA surgery. However, the application of the Taguchi orthogonal array in TKA finite element analysis was less pronounced by previous researchers. Recently, a study was conducted by Dong et al. to optimise the TKA implantation parameters using an orthogonal array based on finite element analysis [26]. Besides that, a very limited number of studies on the optimisation of tibiofemoral contact geometry have been performed. Previous researchers only conducted comparative studies to investigate the effect of tibiofemoral conformity of different implant designs on knee mechanics, i.e., knee kinematics and wear [27,28,29,30]. The optimisation of TKA implants was performed in recent studies to optimise the implantation parameters, i.e., varus–valgus angle and tibial rotation [26,31]; however, the optimisation of contact geometry at the tibiofemoral interface was not discussed.



Therefore, this study primarily aimed to investigate the effect of the design parameters of the BCR TKA knee implant on the mechanics of knee joints and optimise and individualise the knee implant design parameters using the Taguchi method incorporating finite element analysis (FEA). FEA is a powerful computational tool that has been applied in numerous structural analyses [26,32,33]. In this study, the design optimisation aimed to reduce wear at the tibial insert, hence improving the survival rate of the implant. In addition, clinical scores of the modern universal total knee arthroplasty system have been proven in studies to be of tremendous value not only to the surgeon but also to the healthcare system as a whole, thus making them an absolute necessity in the context of contemporary medical practice [34].



The scope of the study was to optimise and individualise the BCR TKA knee implant design parameters using FEA combined with the Taguchi technique. The significant design parameters that were taken into account were the curvature ratio of the sagittal plane, curvature ratio of the coronal plane, and tibial slope. The results of the peak contact stress and deformation of the developed designs were subsequently investigated to determine the best combination of design parameters. Nine FE models of BCR TKA knee joints were developed and then analysed using SIMULIA Abaqus to optimise the design parameters. ASTM F75 cobalt chromium molybdenum (Co-Cr-Mo) and UHMWPE were the materials used for the femoral component and tibial insert, respectively. They were used because, based on a study by Kohli et al. and static structural data, Co-Cr-Mo experienced the least amount of deformation as compared with titanium alloy and stainless steel [35]. Meanwhile, according to Bhandarkar et al., the stress behaviour of one of their material models with a tibial cushion constructed of UHMWPE material was superior to that of the other material models in terms of generating the least amount of stress [36].




2. Materials and Methods


An orthogonal array of the s element, denoted by LN (sm), was an N × m matrix. The number of rows, N of LN (sm), could be seen as a subset of the sm number of experiments for a complete factorial plan in the m experimental factor, each having s number of levels [37]. In this study, three different experimental factors were selected as the optimisation parameters of the BCR TKA UHMWPE tibial insert. The design parameters that were selected as experimental factors were A (curvature ratio of the UHMWPE tibial insert on the sagittal plane), B (curvature ratio of the UHMWPE tibial insert on the coronal plane), and C (tibial slope), as presented in Table 1. Taguchi’s orthogonal array, L9 (33), was utilised to estimate the factors that influence the contact stress and deformation of BCR TKA knee implants and to determine which factors were more important than others. Three levels were chosen for each factor, and these levels were used in the optimisation process. The curvature ratios of the UHMWPE tibial insert for both the sagittal and coronal planes were 1.0, 1.2, and 1.5, whilst the levels used for the tibial slope were 0°, 5°, and 10° [38]. Nine groups of experimental level combinations (the combinations of design parameters) were constructed based on the orthogonal experimental design proposed by Taguchi, as well as nine different BCR TKA knee implant models.



The combination of design parameters led to the development of nine different models of the BCR TKA knee implant, each of which featured nine different variations of the UHMWPE tibial insert. The base 3D model of BCR TKA was constructed based on the anatomical landmark of the knee joint of a female subject (age 29, mass = 70 kg, height = 170 cm) taken from a previous study [39]. Multiple assembled models with different parameters of the BCR TKA knee implant were established by altering this base model and reconstructing the UHMWPE tibial insert using SOLIDWORKS, thus meeting the requirements of factor combinations in Taguchi’s orthogonal experimental design. As shown in Figure 1a, each of these models was made up of a femoral component, a set of UHMWPE tibial inserts, and a tibial component. These three major components made up the entire model. Figure 1b,c show the radius of the curvature of the femoral component and the tibial insert on both the sagittal and coronal planes.



Herein, the FE model of this BCR TKA knee implant was developed using SIMULIA Abaqus. A validated FE model developed in our previous study was used [40,41]. Similar material properties, boundary conditions, and loads were set for each of the nine models to perform the FEA. The materials used for the femoral component and tibial insert were Co-Cr-Mo and UHMWPE, respectively. All materials were assumed to be homogeneous, isotropic, and linearly elastic [42]. The mechanical properties of the materials are presented in Table 2.



Then, to define the contact, the ‘hard’ contact model was used to prevent the transfer of tensile stress across the interface and decrease the penetration of the slave (femoral component) surface into the master (UHMWPE tibial insert) surface at the constraint points. A coefficient of friction of 0.04 was considered for the interaction between the femoral component and the UHMWPE tibial insert [47]. Surfaces on top of the femoral component and below the UHMWPE tibial insert were constrained to their reference points, as shown in Figure 2a. The UHMWPE tibial insert was set to be structurally fixed by prohibiting all translation degrees of freedom and by applying the boundary condition to their reference points. Meanwhile, the boundary condition for the femoral component was applied on its reference point to allow rotation and displacement on the vertical axis. Afterwards, each configuration of the models underwent the same load conditions. A vertical compressive load of 1000 N corresponding to the 100 kg mass of the subject was applied onto the midpoint of the transepicondylar axis of the femur along the y-axis to simulate the load, as shown in Figure 2 [48]. Subsequently, tetrahedral elements with an approximate element size of 1.2 mm [40,41,49,50,51,52] were used to mesh all models, and the number of elements of each component is presented in Table 3. Figure 2b shows the FE model of the knee implant. Finally, the FE simulations were performed.



An analysis of the range of the peak value of contact stress on the UHMWPE tibial insert was carried out to optimise the design. The range was determined using Equation (1):


   R j  = max  K  j i   − min  K  j i   ,   1 ≤ i ≤ m  



(1)




where K is the mean of the peak values of contact stress, j is the experimental factor, i is the level, Rj is the range of experimental factor j, and m is the number of levels that were chosen based on a factor. The parameter that was most effective for the peak contact stress and deformation of the BCR TKA knee implant design can be determined from this equation. The greater range of factors indicates that the experimental factor gives a more significant influence on the results [26].




3. Results and Discussion


Each of the designs of the UHMWPE tibial insert affected different contact areas and stresses because of the variation of the BCR TKA knee design parameters. The values of deformation and the peak contact stress on the upper surface of the UHMWPE tibial insert of each model are shown in Table 4. The distribution of the contact stress on the UHMWPE tibial insert is shown in Figure 3. Meanwhile, the deformation of the UHMWPE tibial insert is shown in Figure 4. Stress and deformation were observed with an oval-shape that occurred in the region of the UHMWPE tibial insert.



Observing the peak value of the contact stress, the highest peak value of the contact stress among the nine models was 40.44 MPa (group A3B2C1, Figure 3h), and it was found in the lateral compartment. The lowest value was 24.89 MPa (group A1B1C1, Figure 3a), which was also located in the lateral compartment. According to [42], every varus or valgus alignment causes a change in the medial and lateral contact stresses in comparison with the neutral-aligned model. The effect was stronger for more severe alignment configurations than it was for neutral alignment. However, the distribution of stress was mostly influenced by the design of the knee implant as well as the force that was delivered because of the static analysis that was performed and the absence of any alignment configurations. Given this, the maximum contact stress in each model was mostly on the lateral component. In addition to this, the maximal difference in the peak value of the contact stresses between the lateral and medial compartments was 6.32 MPa (group A3B2C1, Figure 3h). Based on these results, even minute alterations in the design parameters of the BCR TKA knee implant could lead to a relatively large change in contact stress (with a maximum change value of 15.55 MPa), thereby indicating the significance of an individualised and accurate design of the BCR TKA knee implant.



Observing the deformation of the UHMWPE tibial insert, the highest deformation among the nine models was 0.3714 mm (group A3B3C2, Figure 4i), which was found in the lateral compartment. The lowest value was 0.0822 mm (group A1B1C1, Figure 4a), which was also found in the lateral compartment. The deformation on the UHMWPE tibial insert surface was asymmetric on both sides, caused by the different contact stress distributions. In addition to this, the maximal difference in the deformation of the UHMWPE tibial insert between the lateral and medial compartments was 0.0718 mm (group A3B2C1, Figure 4h).



An analysis of the range of the peak values of the contact stress on UHMWPE was carried out for each of the nine different knee models using Equation (1). Moreover, the findings of the orthogonal experiment are provided in Table 5. As shown in the table, Kji denotes the mean of the peak values of the contact stress for the experimental factor j at level i. Based on the results of the calculation and the range analysis of the orthogonal experimental design, the curvature ratio on the sagittal plane had the greatest effect on the peak value of the contact stress, followed by the curvature ratio on the coronal plane, whilst the tibial slope had the smallest effect. The trend chart on the influence of various BCR TKA design parameters on the peak value of the contact stress was obtained through the range analysis and is depicted in Figure 5. The optimal design parameters for the BCR TKA UHMWPE tibial insert were obtained as A1B1C2, which had curvature ratios of 1.5 on both the sagittal and coronal planes, respectively, and a tibial slope of 5°.



Individualised BCR TKA knee implant design parameters can be optimised to restore the mechanical alignment of the lower extremities, as well as promote consistent load distributions of both the medial and lateral compartments of the knee implant joint to reduce wear and extend prosthesis survival [53]. In this study, the result of the contact stress distribution of TKA models described was compatible with the previously published literature, particularly in terms of the tibial slope. The 3D model of the BCR TKA knee implant was reconstructed based on the optimised design parameters to verify the optimisation results of the orthogonal experimental design. For this optimised design, the number of elements in the meshing of the femoral component was 182,186, and the number of elements in the right and left tibia were 23,838 and 23,703 elements, respectively. The results showed that the peak value of contact stress on the UHMWPE tibial insert was 25.80 MPa (group A1B1C2, Figure 3j), which was located in the lateral compartment of the BCR TKA knee implant. The peak value of the contact stress was slightly higher than that of the lowest contact stress model, A1B1C1, by 0.91 MPa; however, it was reduced by 14.64 MPa from the highest value of 40.44 MPa (36.20%). The difference in the peak values of contact stress between the medial and the lateral compartments was only 0.48 MPa, and the load was more uniformly distributed than that of most of the other models. As for the deformation, the maximum deformation of this optimised model was 0.0835 mm, and the maximal difference in the deformation of the UHMWPE tibial insert between the lateral and medial compartments was only 0.0058 mm. In addition to this, the deformation was reduced by 0.2879 mm from the highest value of 0.3714 mm (77.52%).



This optimised implant design had a curvature ratio of 1.5 on the sagittal plane, a curvature ratio of 1.5 on the coronal plane, and a tibial slope of 5°. According to Shen et al., among four different posterior tibial slopes (0°, 3°, 6°, and 9°), the 3° and 6° posterior slopes showed more uniform distributions of contact stress in the medial and lateral compartments with the least polyethylene wear [54]. This was compatible with the findings of this study wherein the optimised design, model A1B1C2, also showed a uniform distribution of contact stress in both compartments. However, comparing it to the other models, the peak contact stress of the optimised design was slightly higher than in the models that had the lowest contact stress, A1B1C1 (with a curvature ratio of 1.5 on both the sagittal and coronal planes, respectively, and a 0° tibial slope) and A1B2C2 (with a curvature ratio of 1.5 and 1.2 on the sagittal and coronal planes, respectively, and a 5° tibial slope). This was caused by edge loading that induced a critical stress area on the tibial insert. According to Dhaka et al., the completeness and conformality of the contact are both directly impacted by the geometry of the contact [55]. It was found that the likelihood of crack initiation increased (because of the increase of contact stress) as the contact geometry became less flat and less conformal in the centre. The increase in crack length leads to a decrease in component fatigue life [33]. This indicates that the stress initiation increases as the corner becomes sharper at the tibiofemoral interfaces. From this, as the UHMWPE tibial insert was tilted 5° to fulfil the optimal design parameters, the UHMWPE tibial insert might have come in contact with a more acute geometry of the femoral component, thereby leading to a slightly higher contact stress than that of the other two models. Previous researchers [56,57] have investigated the effect that the radii of corners in a partially flat pad had on the fretting fatigue life and concluded that, in general, fretting fatigue life decreases with an increase in corner radii. This was attributed to increased stress caused by rounding the corners at the tibiofemoral contact.



However, this study had several limitations. We only simulated the variation of contact pressure on the plastic tibial insert under static conditions. The contact mechanics between the femoral component and the plastic insert under moving conditions, that is, flexional motion or under dynamic conditions, must be further studied to obtain more reliable data for optimisation purposes. To the best of our knowledge and according to the literature, these three parameters, which are the radius of curvature ratio on the sagittal plane, radius of curvature ratio on the coronal plane, and tibial slope, are important geometrical parameters that greatly affect the mechanics of knee implants including the contact stress distribution on the plastic insert as well as the kinematics (mobility) of the implanted knee joint. We selected three levels for each parameter to quantitatively represent the conformity of the tibial and femoral interface. Thus, more levels should be selected to perform more rigorous optimisation to study the effects of these parameters and investigate the effects of parameter variation on contact stress.




4. Conclusions


This study used the FEA method combined with Taguchi’s orthogonal experimental design to optimise the design parameters of the BCR TKA knee implant. This was to minimise the peak value of the contact stress and deformation of the UHMWPE tibial insert to reduce wear and extend the life of the implant. Even minute adjustments to the parameters of the design could result in large shifts in the peak value of the contact stress exerted on the UHMWPE, and this could negatively affect the implant’s ability to withstand wear over time. This method may be adopted for all patients undergoing TKA knee implants, and it can also be a new investigation for preoperative TKA planning. In addition, this study can offer a basis for the biomechanical decision of proper BCR TKA or other TKA knee implant designs. From this study, it was revealed that among the three parameters that affect the UHMWPE tibial insert’s peak contact stress and deformation, the curvature ratio on the sagittal plane had the greatest effect (range = 10.96), followed by the curvature ratio on the coronal plane (range = 3.54), and the tibial slope (range = 2.56). Finally, the optimal design parameters for the BCR TKA knee implant were a curvature ratio of 1.5 on both the sagittal and coronal planes and a tibial slope of 5°. Under these conditions, the peak contact stress and deformation were 25.80 MPa and 0.0835 mm, respectively.
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Figure 1. (a) Components of BCR TKA knee implant model. (b) The radius of curvature of femoral and tibial inserts on sagittal plane. (c) The radius of curvature of femoral and tibial inserts on coronal plane. The curvature ratio is defined as the ratio of the tibial insert radius of curvature to the femoral radius of curvature. 






Figure 1. (a) Components of BCR TKA knee implant model. (b) The radius of curvature of femoral and tibial inserts on sagittal plane. (c) The radius of curvature of femoral and tibial inserts on coronal plane. The curvature ratio is defined as the ratio of the tibial insert radius of curvature to the femoral radius of curvature.



[image: Mathematics 11 00312 g001]







[image: Mathematics 11 00312 g002 550] 





Figure 2. (a) The boundary and loading conditions of the FE model. (b) FE model of the knee implant. 
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Figure 3. Distribution of the contact stress on the UHMWPE tibial insert. (a) Model of the A1B1C1 group; (b) model of the A1B2C2 group; (c) model of the A1B3C3 group; (d) model of the A2B1C2 group; (e) model of the A2B2C3 group; (f) model of the A2B3C1 group; (g) model of the A3B1C3 group; (h) model of the A3B2C1 group; (i) model of the A3B3C2 group; and (j) model of the A1B1C2 group (optimised). 
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Figure 4. Deformation of the UHMWPE tibial insert. (a) Model of the A1B1C1 group; (b) model of the A1B2C2 group; (c) model of the A1B3C3 group; (d) model of the A2B1C2 group; (e) model of the A2B2C3 group; (f) model of the A2B3C1 group; (g) model of the A3B1C3 group; (h) model of the A3B2C1 group; (i) model of the A3B3C2 group; and (j) model of the A1B1C2 group (optimised). 
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Figure 5. Trend influence of implant design parameters at the peak value of the contact stress on the UHMWPE tibial insert. (A) Curvature ratio in sagittal plane. (B) Curvature ratio in coronal plane. (C) Tibial slope (°). 
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Table 1. Knee implant experimental factors and design levels.






Table 1. Knee implant experimental factors and design levels.





	Experimental Factors
	Level 1
	Level 2
	Level 3





	A: Curvature ratio on sagittal plane
	1.5
	1.2
	1.0



	B: Curvature ratio on coronal plane
	1.5
	1.2
	1.0



	C: Tibial slope
	0°
	5°
	10°
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Table 2. Mechanical properties of materials used in this study [43,44,45,46].
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	Material
	Ultimate Tensile Strength (Megapascals)
	Young’s Modulus (Megapascals)
	Yield Strength (Megapascals)
	Poisson’s Ratio
	Elongation (Percent)





	Ultra-high molecular weight polyethylene (UHMWPE)
	27
	800
	23
	0.4
	7.0



	ASTM F75 cobalt chromium molybdenum (Co-Cr-Mo)
	920
	210,000
	540
	0.29
	16.5
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Table 3. Mesh parameters of the BCR TKA knee implant model for each component.






Table 3. Mesh parameters of the BCR TKA knee implant model for each component.





	Component
	Type of Mesh
	Element Size (Millimeters)
	Number of Elements





	Femoral
	Tetahedral
	1.2
	182,186



	Right tibial insert
	Tetahedral
	1.2
	23,838



	Left tibial insert
	Tetahedral
	1.2
	23,703
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Table 4. Experimental level combinations of orthogonal experimental design.
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	Model
	Experimental Level Combination
	Curvature Ratio on Saggital Plane
	Curvature Ratio on Coronal Plane
	Tibial Slope (Degrees)
	Peak Value of Contact Stress (Megapascals)
	Deformation (Millimeters)





	1
	A1B1C1
	1.5
	1.5
	0
	24.89
	0.0822



	2
	A1B2C2
	1.5
	1.2
	5
	25.69
	0.0851



	3
	A1B3C3
	1.5
	1.0
	10
	26.78
	0.0885



	4
	A2B1C2
	1.2
	1.5
	5
	29.39
	0.1533



	5
	A2B2C3
	1.2
	1.2
	10
	32.53
	0.1710



	6
	A2B3C1
	1.2
	1.0
	0
	33.49
	0.1371



	7
	A3B1C3
	1.0
	1.5
	10
	33.75
	0.3506



	8
	A3B2C1
	1.0
	1.2
	0
	40.44
	0.2595



	9
	A3B3C2
	1.0
	1.0
	5
	36.05
	0.3714
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Table 5. Optimisation of the results of the orthogonal experimental design.
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Model

	
Experimental Factor j (j = 1,2,3)

	
Peak Value of Contact Stress (Megapascals)




	
A

	
B

	
C






	
1

	
1

	
1

	
1

	
24.89




	
2

	
1

	
2

	
2

	
25.69




	
3

	
1

	
3

	
3

	
26.78




	
4

	
2

	
1

	
2

	
29.39




	
5

	
2

	
2

	
3

	
32.53




	
6

	
2

	
3

	
1

	
33.49




	
7

	
3

	
1

	
3

	
33.75




	
8

	
3

	
2

	
1

	
40.44




	
9

	
3

	
3

	
2

	
36.05




	
Kj1

	
25.79

	
29.34

	
32.94

	




	
Kj2

	
31.80

	
32.89

	
30.38

	




	
Kj3

	
36.75

	
32.11

	
31.02

	




	
Range Rj

	
10.96

	
3.54

	
2.56

	




	
Ranking

	
A > B > C

	

	

	




	
Optimal level

	
A1

	
B1

	
C2
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