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Abstract

:

Featured Application


Collaboration between material science and mechanical engineering can be used to drive improvements in medical implants and applications. Using a magnesium-based alloy, we developed a new suture anchor design with four distinctive parameters, and we optimized its structural performance. Our findings indicated that the Young’s modulus of the newly developed magnesium-based alloy must be lower than that of industrial magnesium alloy for enhanced clinical results.




Abstract


A suture anchor is a medical device commonly used in rotator cuff repair surgery to attach tendons to the greater tuberosity of the humerus. Patient- and device-related factors, such as structural designs and poor bone density, can cause unsatisfactory clinical results. In this study, a new suture anchor design with four distinctive parameters was proposed, and the structural performance was optimized in a full factorial experimental design using finite element analysis. Two types of bone blocks—normal and osteoporotic bone—which received screw implants, were simulated to investigate the parametrical effects on various bone qualities. The prescribed motion at a constant removal velocity was used to evaluate the pullout strength. The von Mises criterion was employed in a force control simulation for topology optimization. Moreover, mechanical tests guided by ASTM-F543-17 were conducted for validation. This paper demonstrates the comprehensive process for developing a suture anchor with sufficient mechanical integrity for clinical use and clarifies the contributions of each distinctive design parameter in this application.
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1. Introduction


Suture anchors have been prevalently used in orthopedic surgery for rotator cuff repair, which involves the fixation of tendons to the lesser or greater tuberosity (Figure 1) [1,2,3,4,5]. Beneath the bone surface, the cyclic loading of anchor removal during daily activities induces microfractures of the bone at the screw–bone interface, which is the principal mechanism in mechanical failure [6,7]. Under such circumstances, some patient- and design-related factors associated with mechanical fixation strength against pullout force may aggravate chronic and symptomatic progression of rotator cuff tear [8,9,10]. Therefore, the relationships between design-related factors, including structures and materials, and mechanical strength against pullout loading are the primary considerations of studies on suture anchor design.



To validate the primary stability of a suture anchor’s fixation, studies have used finite element analysis (FEA) for diverse purposes, including the mechanical analysis of soft tissue and bone implants design [11,12]. With FEA, designers are able to predict whether their designs are suitable for clinical use and further revise the design if they discover any problems. After the suture anchor is manufactured, the axial pullout test, following the standard operating procedure of ASTM-F543, executed during the removal of bone screws from their insertion site in bone blocks is a standard approach for quantifying the primary stability of designs [13,14]. Several studies have not only used the testing procedure of ASTM F543 for design analysis, but also used it to study the local deformation of bone structure during a screw pullout test [15]. In addition, biomechanical experiments, such as those involving the use of a universal force moment sensor or robotic evaluation system for cadaveric and animal bones can provide predictive results under physiological conditions [16]. Several studies on orthopedic and dental implants have revealed various structural parameters that influence the primary stability of screw topology, including pitch, contact area, thread shapes, and cylindrical part dimensions [17,18,19].



Materials are also crucial considerations in the mechanical and biochemical aspects of bone screw applications. Studies have extensively investigated the designs of suture anchors and conducted structural analyses using common biomaterials, such as stainless steel, titanium alloys, and biodegradable polymers [20,21,22,23]. Magnesium (Mg)-based materials hold considerable promise for use with bone tissue because of their analogous strength to that of bone, strong bone integration effects, and high biocompatibility; such materials have thus received increased attention in bone implant applications [24,25,26]. However, suture anchors using such Mg-based materials are few, and the mechanical stability of such distinctive materials is under-investigated.



To assess the biomechanical performance of a new suture anchor design based on an Mg-based alloy, we employed a four-factor full factorial design method (Figure 2). By assessing the effects of various combinations of distinctive parameters through FEA and ASTM F-543 tests, we developed a novel suture anchor design that exhibits mechanical strength levels and provides a durable stress distribution for more favorable clinical results.




2. Materials and Methods


2.1. FEA of Screw Structure


Our framework included two FEA simulations: displacement and force control. The prescribed motion was simulated in displacement control for validation, and the results were compared with those obtained in mechanical testing. Force control using the von Mises criterion was performed to investigate the contributions of design parameters and determine the optimal design for the pullout tests. All FEA simulations were conducted using the implicit method to address quasistatic problems during pullout.



Our geometrical models comprised a suture anchor and a polyurethane (PU) block corresponding to the configuration in ASTM F-543. Preprocessing of the FE models was performed using ANSYS/LS-Dyna (ANSYS Inc., Canonsburg, PA, USA). Twenty-four computer-aided design models were manually meshed using FE preprocessing software.



Ten-node tetrahedral elements were applied to the FE models (Figure 3a). To accurately investigate the effects of contact areas, for the test block, a fine mesh (0.22 mm) was applied to the screw–bone interface; a coarse mesh (0.7–3.5 mm) was used in more distant regions of the test foam. For the suture anchor, the size of the elements in the whole structure was consistent with that of the elements in the contact areas. The convergence test was conducted first. The variance of the maximum von Mises stress value between consecutive groups was less than 3%. Moreover, when the size of suture anchor meshes was smaller than 0.22 mm, the number of elements was 102,000, and the number of elements in the PU blocks was 118,000, we observed that the quality of the elements was high [11]. Accordingly, the number of elements in the testing model was determined to be approximately 220,000.



The suture anchor was set to move along the longitudinal axis by referencing the displacement curve in the prescribed motion form for displacement control. Moreover, a pullout force, which was vertical to the insertion plane, was loaded for force control. All peripheral nodes of the test blocks were constrained in all directions, and the suture anchor nodes were free in the axial direction. Contact between the screw–block interface was set to a penalty-based surface-to-surface contact, with a friction coefficient of 0.2. Different types of material properties were derived from the literature and applied to the models [27]. Previously determined linear elastic properties of a common magnesium alloy (AM 1004-T61) were applied to the suture anchors (Table 1) [28]. For the PU blocks, the properties of a piecewise linear elastic material were applied, in addition to the application of the mechanical properties of two types of bone, namely a normal bone and an osteoporotic one [29]. These properties were compared with those of solid foam (solid rigid polyurethane foam, Sawbones, USA) measuring 20 pounds per cubic foot (PCF; representing normal bone) and 10 PCF (representing osteoporotic bone) for validation.



In the displacement-controlled simulation, the pullout strength of the suture anchor was evaluated to assess the stability of the design under a single pullout procedure, and the results were compared with the mechanical testing results for validation. A constant velocity of 0.1 mm/s was applied to the bottom nodes of the suture anchor. Pullout strength was defined as the maximum value of the reaction force at the bone–screw interface.



In the force-controlled simulation, the stress distribution of the suture anchor, which could provide information on material failure, was investigated by applying an upward loading to the bottom of the suture loop (Figure 3b). The stress distribution and maximum von Mises stress were estimated to evaluate the structural factors and determine the optimal design. This study did not consider the cyclic loading of anchor removal.




2.2. Mechanical Tests Based on ASTM F-543


Mechanical tests were executed in accordance with ASTM F543-17, which provides standards for testing methods of metallic medical bone screws. Magnesium-based alloy was used as the material of the prototypes. The prototypes were manufactured using computer numerical control (CNC) machining (Figure 4). For these tests, metallic bone screws implanted into the test blocks were subjected to an axial tensile force until failure or removal, and their mechanical properties were measured; among the test blocks, those measuring 10 PCF represented osteoporotic samples, and those measuring 20 PCF represented normal bone samples (Figure 5). An MTS 858 Bionix test system (MTS systems, Eden Prairie, MN, USA) was used to perform the tests. The test procedures can be summarized as follows: (1) Drill a pilot hole of a specified size at the center of the top surface of the test block. (2) Insert the suture anchor until complete penetration into the block. (3) Hold the block using the clamp, and attach the suture to the loading fixture. (4) Apply a tensile load to the test specimen at a rate of 5 mm/min until the screw fails or releases from the test block. (5) Concurrently, record the loading versus displacement profile for comparison (Figure 6 and Figure 7). Six samples were tested in both the 10 and 20 PCF groups.





3. Results


3.1. Estimation of the Pullout Strength of Suture Anchors


In the normal (20 PCF) group, the highest maximum reaction force for each suture anchor, which we defined as pullout strength in the mechanical tests, was observed for the LA1UP2W1TA3 anchor (~1170 N). The anchor with the lowest pullout strength was LA1UP2W2TA3 (1115 N). In the osteoporosis (10 PCF) group, anchors with the highest and lowest pullout force were LA1UP2W1TA1 (310 N) and LA2UP1W2TA3 (296 N), respectively. Thus, the pullout strength of all suture anchors in the normal group (20 PCF) was higher than that in the osteoporotic group (10 PCF) (Figure 8). The average pullout strength value of each parameters in both groups were estimated and compared (Table 2 and Table 3).




3.2. Distribution of Stress on Anchors


The areas with the highest von Mises stress were identified, which indicated the areas with the greatest likelihood of anchor breakage during the pullout movement. In the normal (20 PCF) group, the lowest and highest values were observed for LA2UP2W2TA1 (115 MPa) and LA1UP2W2TA3 (200 MPa), respectively. In the osteoporosis (10 PCF) group, LA2UP2W1TA3 (32 MPa) LA1UP1W1TA2 (70 MPa) exhibited the lowest and highest values, respectively (Figure 9). The average stress value on anchors of each parameters in both groups were estimated and compared (Table 4 and Table 5).




3.3. Distribution of Stress on the First Layer of a Test Block


To analyze the effect on a test block during pullout, the mean von Mises stress in the first layer was estimated. In the normal (20 PCF) group, the maximum and minimum von Mises stress values in the test block were observed for LA1UP2W2TA3 (2.6 MPa) and LA2UP2W1TA1 (2.2 MPa), respectively. In the osteoporosis (10 PCF) group, the corresponding maximum and minimum values were noted for LA2UP1W1TA3 (1.0 MPa) and LA2UP2W1TA3 (0.7 MPa), respectively (Figure 10). The average stress value on the first layer of test block of each parameters in both groups were estimated and compared (Table 6 and Table 7).




3.4. Distribution of Stress on the Second Layer of the Reverse Buttress Part of the Test Block


Because two threads were included in this design, the stress of the threads was analyzed to prevent early failure. In the normal (20 PCF) group, the maximum and minimum von Mises stress values in the second layer of the reverse buttress part on the test block were observed for LA1UP2W1TA2 (5.9 MPa) and LA1UP1W2TA2 (5.7 MPa), respectively. In the osteoporosis (10 PCF) group, the corresponding highest and lowest values were noted for LA2UP1W1TA2 and LA2UP1W1TA3 (~1.7 MPa) and LA2UP2W2TA2 (~1.6 MPa), respectively (Figure 11). The average stress value of that part of each parameters in both groups were estimated and compared (Table 8 and Table 9).




3.5. Pullout Strength of Suture Anchors in Mechanical Testing


According to results of FEA simulation, the design with the parameter LA1UP2W1TA3, with a larger tapered angle (TA), a smaller upper thread pitch (UP), a smaller groove width (W), and a smaller lower thread angle (LA), had the highest pullout strength in normal bone blocks. With an outer radius of 2.5 mm, the prototype of this optimal anchor was chosen to be manufactured and tested in the material testing machine. In the normal (20 PCF) and osteoporosis (10 PCF) groups, the average pullout strength levels for the six samples were 409 ± 16 and 104 ± 6 N, respectively (Figure 12).





4. Discussion


The objective of this study was to perform FEA and mechanical tests to validate a distinctive Mg alloy-based suture anchor design. In the numerical analysis, pullout tests involving analogous boundary conditions were used to investigate the stress distribution and predominant geometrical factors related to pullout strength, which represents the suture anchors used for fixation, offering immediate stability. Moreover, a previously reported optimal design composed of Mg-Zn-Ca bulk metallic glass, developed by Cheng et al., was manufactured using computer numerical control machining [31].



Studies have employed FEA to investigate the interplay between stress distribution and thread factors (e.g., thread shape, thread pitch, face angle, thread depth, and thread width) for suture anchor designs composed of titanium alloys or stainless steel; however, none of the previous studies have conducted the same investigation for Mg-based materials [11,26]. Such thread-related characteristics may have a considerable influence on the stress distribution of materials because the thread geometry can change the force types on the bone-to-implant surface. Compressive force has been reported to benefit osseointegration by increasing the bone density, but tensile stress is regarded as a weakening factor in bone [32]. The primary aim of the FEA in this study was to attain a reasonable balance between compressive and tensile forces while avoiding a critical concentration of von Mises stress; the secondary aim was to estimate the pullout strength of the optimal design by calculating the reaction force under displacement control.



Related studies have evaluated various thread shapes for suture anchors, including V-shaped, square, buttress, and reverse buttress threads; these diverse threads change the types and directions of forces at the bone-to-implant interface. A pullout test in this study revealed that a reverse buttress thread exhibited the greatest pullout strength and lowest stress of all thread types; thus, this thread shape was employed in this study. Thread angle, which is a factor influencing the stress distribution of dental thread implants, was defined as a two-option parameter (23° or 45°) in this study (Figure 2 (LA)). The results indicate that samples with sharper threads generated a higher stress value in the normal bone group (Table 4); this can be attributed to stress concentration due to the apical thread geometry and different contact area. This finding is consistent with observations in a related study [33].



One unique feature of the proposed suture anchor design is the tapered head (Figure 2 (TA)), which was inspired by locking screws. During pullout, the axial force provides a normal component to the taper’s surface and generates excessive friction to resist the removal. Our FEA results reveal that the pullout strength decreased as the tapered angle increased, indicating that sharper tapers have an adverse effect on pullout resistance (Table 2 and Table 3).



We observed that the width of the suture groove had the least effect on both stress value and pullout strength; this finding suggests that the groove design, in terms of structural stability, might be ignored in certain geometries. However, the groove design in suture anchors is mostly related to the strength of the suture itself, which was not examined in our FEA study.



Inspired by microthreads in dental implant studies, we also investigated relevant stress values in the upper thread. Microthreads, with the same outer diameter as the thread in the cylindrical part, have been proposed for providing stress distribution and bone support because they enable a greater contact area on the cortical-to-implant surface. The pitches of the microthreads were 0.8 and 0.7 mm (Figure 2 (UP)), with reference to the optimal value reported by Kong et al., and the contact areas of the cortical-to-implant surface in the conical part were 22.8 and 25.02 mm2 [34]. However, the dimension and morphologies of our suture anchor design and dental cylindrical implant differed considerably; thus, the effects of the aforementioned reference values were considered in two levels for simplification in this study. The lower stress value on both the suture anchor and upper bone stress was observed in the 0.7 mm group (Table 4, Table 5, Table 6 and Table 7); this level also exhibited the higher pullout strength in the displacement-controlled simulation (Table 2 and Table 3), which indicated that the smaller microthread pitch was preferred in this case.



The main purpose of rotator cuff repair is to attach injured soft tissue to the bone surface and to provide sufficient stability against the cyclic loading of anchor removal during mobilization for enhanced tissue healing. Relevant studies have examined other factors involved in rotator cuff repair failure, such as fixation strength, suture methods, bone quality, and implant location. We proposed a suture anchor design with favorable stress distribution and acceptable numerical analysis results; in vivo biomechanical tests are necessary to examine the complete functions of this suture anchor design in rotator cuff repair. This study has some limitations. First, the difference between in vitro testing and real-world suture anchor usage should be noted. Simple assumptions, including axial upward removal loading and material properties, such as Poisson’s ratio, the constant which we assigned to the materials was based on the assumption that all materials were isotropic, can limit the complexity of FEA; as a trade-off, this simplification fails to provide sufficient evaluation in the living tissue environment in terms of osseointegration and physiological reactions. Furthermore, the mechanical properties of Mg-based metallic glass, a novel material, differed to some extent from those used in this FEA.



In this study, the main differences between the two types of test blocks were density and Young’s modulus. As the density decreased, the total volume of the test block that could withstand the pullout force of the suture anchor also decreased, which resulted in the suture anchor being released more easily. The low Young’s modulus, indicating a higher likelihood of material yielding, is another factor that contributed to the marked difference in pullout strength between the 10- and 20-PCF groups. Notably, in both the mechanical tests and FEA, the ratio of the pullout strength of the 20-PCF group to that of the 10-PCF group was approximately 4, although there was ignorable deviation between pullout strengths measured in two methods, indicating that our FEA can provide a reliable prediction of the mechanical behavior of the suture anchor. For two testing methods, the strength in the osteoporotic bone was compared with testing in normal bone as the control group. The main purpose of this study was to assess the effects of various combinations of distinctive parameters through FEA. The parametrical comparison of simulation results might optimize the fixation strength of the new anchor in its future clinical application. Further studies will compare with conventional anchors made of titanium and biocomposite materials to understand the influence of different materials.



Researchers have indicated the importance of bone mass regeneration in rotator cuff repair [35]. Second, loading conditions applied in mechanical tests cannot represent real-world loading conditions. Because of shoulder joint motions and the arrangement of tendons, an upward axial removal force appears to be desirable; thus, this procedure is regarded as a standard approach for testing suture anchors. Various loading angles should be considered in future studies. Third, a single loading condition in this study provided solid evidence for evaluating the primary stability of our design; however, suitable loading values and modes should be continually applied to the suture anchor fixation to evaluate the failure mode of this design. Certain loading conditions in suture anchor usage or eyelet designs would cause both suture breakage and anchor deformation. Moreover, to enhance the experimental control and reduce the cost of the FEA in this study, only two to three levels were selected for each parameter. This simplification may have resulted in an inadequate investigation of the structural effects. Consider, for example, the pitch of the microthreads; 0.8 or 0.7 mm might not be the optimal choice under such suture anchor dimensions. Additional investigations of each parameter in wider ranges are necessary to obtain a clearer understanding of this special suture anchor design.



Mg-based alloys, which exhibit excellent biodegradability and biocompatability, have become a highly popular material for use in biomaterials. Several studies have used such alloys for bone implants [36,37]. In this study, the typical material properties of Mg (e.g., a modulus of 45 GPa) were leveraged in the suture anchor to simplify the simulation. Among a combination of various metals and treatments, Mg-based alloys would exhibit distinct material properties. According to Dunham et al., the mean yield strength for the humerus was 4.4 MPa. This study revealed that the stress in the 20-PCF group ranged from 5.7 to 5.9 MPa, signifying that the bone might yield during the pullout, which might negatively influence the growth of bone tissues [38]. From a biomechanical perspective, a smaller Young’s modulus in an anchor reduces the interface stress of neighboring bone. Along with the rapid development of Mg alloys in the medical field, more favorable mechanical properties are likely to be achieved through the combination of new alloy designs, heat treatment, plastic deformation techniques, and dual-phase materials [39]. We suggest that the Young’s modulus of newly developed Mg-based alloys should be less than 45 GPa to avoid the interruption of bone growth. The use of biodegradable Mg and the favorable mechanical structure of the proposed anchor may enable higher stability for shoulder reconstruction. However, several areas such as the eyelet and the edge of thread, where stress is concentrated, should be strengthened to avoid yield or breakage. Toward the aim of improving the clinical results of joint reconstruction, the current findings may serve as a reference for combining appropriate materials and enhanced mechanical structure.
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Figure 1. Illustration of the use of a suture anchor for soft tissue repair. The suture anchor is screwed into a predrilled hole in the bone to stabilize the suture. The suture can then penetrate through the soft tissue and be tied in order to fix the soft tissue to the bone. 
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Figure 2. Dimensional characteristics of the proposed suture anchor design. Four design parameters, tapered angle (TA), upper thread pitch (UP), groove width (W), and lower thread angle (LA) are indicated. Outer (OR) and internal radii (IR) are also shown. 
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Figure 3. FE Mesh of a suture anchor and a PU (bone) block. (a) Entire model and its local mesh; (b) contact forces of the interface and their direction. 
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Figure 4. Prototype of the suture anchor manufactured using CNC machining. 
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Figure 5. Two types of test blocks: 10 PCF (right) and 20 PCF (left). 
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Figure 6. Setup of the pullout test. The test block was stabilized by the clamp, which was fixed to the base. The suture anchor with the suture applied on was inserted into the test block. The suture was then fixed to the testing machine to provide the axial force for pullout. 
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Figure 7. Test apparatus for pullout test recommended by the ASTM F543 protocol [30]. 
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Figure 8. Comparison of pullout strength of 24 groups in (a) 20 PCF and (b) 10 PCF. 
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Figure 9. Comparison of the stress on anchor of 24 groups in (a) 20 PCF and (b) 10 PCF. 
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Figure 10. Comparison of the stress on the first layer of test block of 24 groups in (a) 20 PCF and (b) 10 PCF. 
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Figure 11. Comparison of the stress on the second layer of the reverse buttress part of test block of 24 groups in (a) 20 PCF and (b) 10 PCF. 
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Figure 12. Force–displacement curves of pullout testing in (a) 20 PCF (b) 10 PCF groups. 
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Table 1. Mechanical properties of materials in the FEA models.
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	Density (Kg/m3)
	Young’s Modulus (MPa)
	Poisson’s Ratio
	Yield Strength
	Friction Coefficient





	Am1004–T61
	1830
	44,770
	0.3
	
	



	PU foam 20 PCF
	320
	210
	0.3
	8.4
	0.2



	PU foam 10 PCF
	160
	58
	0.3
	2.2
	0.2
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Table 2. Comparison of average pullout strength of four different design factors in 20 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	1147 N
	
	1140 N



	Upper Thread Pitch (UP)
	1146 N
	
	1140 N



	Groove Width (W)
	1155 N
	
	1130 N



	Tapered Angle (TA)
	1146 N
	1135 N
	1140 N
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Table 3. Comparison of average pullout strength of four different design factors in 10 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	305 N
	
	302 N



	Upper Thread Pitch (UP)
	305 N
	
	303 N



	Groove Width (W)
	308 N
	
	300 N



	Tapered Angle (TA)
	305 N
	300 N
	302 N
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Table 4. Comparison of average stress on anchor of four different design factors in 20 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	165 MPa
	
	143 MPa



	Upper Thread Pitch (UP)
	144 MPa
	
	165 MPa



	Groove Width (W)
	146 MPa
	
	162 MPa



	Tapered Angle (TA)
	153 MPa
	157 MPa
	151 MPa
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Table 5. Comparison of average stress on anchor of four different design factors in 10 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	56 MPa
	
	46 MPa



	Upper Thread Pitch (UP)
	50 MPa
	
	55 MPa



	Groove Width (W)
	50 MPa
	
	54 MPa



	Tapered Angle (TA)
	53 MPa
	49 MPa
	51 MPa










[image: Table] 





Table 6. Comparison of average stress on the first layer of test block of four different design factors in 20 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	2.5 MPa
	
	2.3 MPa



	Upper Thread Pitch (UP)
	2.3 MPa
	
	2.5 MPa



	Groove Width (W)
	2.3 MPa
	
	2.4 MPa



	Tapered Angle (TA)
	2.3 MPa
	2.4 MPa
	2.4 MPa
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Table 7. Comparison of average stress on the first layer of test block of four different design factors in 10 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	0.83 MPa
	
	0.85 MPa



	Upper Thread Pitch (UP)
	0.82 MPa
	
	0.87 MPa



	Groove Width (W)
	0.81 MPa
	
	0.88 MPa



	Tapered Angle (TA)
	0.84 MPa
	0.85 MPa
	0.85 MPa
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Table 8. Comparison of average stress on the second layer of the reverse buttress part of test block of four different design factors in 20 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	5.8 MPa
	
	5.7 MPa



	Upper Thread Pitch (UP)
	5.7 MPa
	
	5.8 MPa



	Groove Width (W)
	5.7 MPa
	
	5.8 MPa



	Tapered Angle (TA)
	5.7 MPa
	5.7 MPa
	5.8 MPa
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Table 9. Comparison of average stress on the second layer of the reverse buttress part of test block of four different design factors in 10 PCF.
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	Small
	Medium
	Large





	Lower Thread Angle (LA)
	1.6 MPa
	
	1.7 MPa



	Upper Thread Pitch (UP)
	1.6 MPa
	
	1.7 MPa



	Groove Width (W)
	1.7 MPa
	
	1.6 MPa



	Tapered Angle (TA)
	1.6 MPa
	1.7 MPa
	1.7 MPa
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