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Abstract

:

Currently, bone fractures are commonly treated with bone fixation plates that present rigid designs and stiff biometals (e.g., Ti-6Al-4V) that increase the probability of stress shielding happening during bone remodeling by shielding the required stress stimuli for adequate healing. This can lead to medical implant loosening, bone resorption and possible bone refracture. In this paper, an initial custom-fit bone plate is designed to be treated based on the computer tomography imaging of a patient suffering from distal tibia spiral fracture. The initial bone plate was redesigned to reduce the risk of bone being stress shielded. Topology optimization were implemented to redesign the bone plates by minimizing the strain energy and reducing the total plate’s volume in three different cases (25%, 50% and 75%). A bone-plate construct was assembled and examined using finite element analysis considering load conditions of the patient’s gait and the tibia bone being loaded with 10% of the bodyweight. The bone stresses were evaluated in order to compare the topology optimized plates with the initial design. The findings show that with higher volume, load transfer reduction increases in the fractured area and reduces the risk of stress shielding. Topology optimization is a viable approach for building custom-fit distal tibia plates for spiral distal tibia fracture.
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1. Introduction


Currently, metallic fixation medical implants (i.e., plate and screws) are the standard procedure to treat fractured bones for a variety of traumatic and pathological bone disorders [1]. Clinical outcomes showed successful follow-up evaluations [2]. The ideal bone plate scenario is to stabilize the fractured bone fragments with minimal or no interference to the bone remodeling process. However, clinicians and researchers agree that the metallic biomaterials used to build fixation implants for bone treatment have an effect on the bone healing efficiency [3,4,5]. This is mainly due to the stiffness mismatch between the implant and bone; for example, Ti-6Al-4V elastic modulus is ~120 GPa with a density of 4.43 g/cm3, whilst cortical bone ranges from 15 to 25 GPa [3]. Wolff’s law states that the biomechanical forces subjected to bone will stimulate the remodeling process [4]. Hence, the plate’s stiffness strongly influences this process [4,5]. Subsequently, in the bone-plate fracture region, the loads will be distributed unevenly, mainly absorbed by the plate and screws. The bone will be stress shielded from the required stimuli due to the excessive stiffness of the metallic implant, thus leading to decreased mineralization, implant loosening and bone resorption and over the long-term, significant bone density reduction and potential for bone refracture [4,5]. Stress shielding is one of the primary causes of failures in fracture fixation that requires expensive further clinical intervention [6]. Removal of metalwork increases the risk of bone refracture or nerve damage. However, if the fixation is kept in situ, which is not infrequent with adverse reactions such as soft tissue irritation, further stress shielding, growth disturbance and protentional carcinogenic, toxic and allergic reactions can occur [7,8]. This demonstrates how crucial the development of new metallic fixation implants involving advancements in fixation architecture and materials is to prevent and minimize these issues.



Addressing the elimination or minimization of the stress shielding phenomenon in treating bone fractures is a major research topic. Mainly, these studies are divided into two key research problems focusing on either the fixations materials or the design. Several studies have investigated the incorporation of biomaterials into the implant that have a similar stiffness to bone [9,10,11,12]. For example, biodegradable biomaterials have become a major trend in the development of fracture fixations due to their mechanical properties (e.g., Young’s modulus of polyglycolic acid is 5–7 GPa) and its ability to degrade while matching the bone healing period and eventually eliminate the risk of stress shielding [9]. However, biodegradable biomaterials show significant limitations when it comes to withstanding physiological loads over a long period and matching the specific biomechanical and degradation performance of bone during healing (i.e., maintaining suitable biomechanics) [10]. Hence, biodegradable biomaterials are more popular in the tissue engineering field due to their more suitable performance in low load-bearing applications (e.g., trabecular bone scaffolds) [11,12].



An ideal design for a medical fixation implant is tailored to optimize its topology, geometry and shape to create a lightweight structure with more flexibility and able to resist physiological loads without any failure. Plate failure is commonly determined by either plastic deformation, crack or plate fracture. It has been demonstrated by several authors that by redesigning the bone plate, stress shielding can be reduced [13,14]. In addition, medical implant design research has shown that patient-specific bone plates provide superior mechanical and biomechanical behavior over the standard computer aided bone plate designs [15]. This assists the preoperative planning preventing, minimizing complications [16]. Furthermore, this route results in improved cost–benefit analysis as the higher quality implants (more accurate anatomical-fit) minimize clinical complications, reduce operating room times, and can eliminate the need for second surgery fixation removal [17,18]. Topology optimization has become a design tool pillar of part shape optimization due to its ability to mathematically generate optimal structures based on the original structure considering a defined objective function (e.g., strain energy) and constraints (e.g., volume and stress). Topology optimization has been shown and proven to be a suitable technique primarily to optimize designs by redistributing the material based on the loading conditions and removing any material regions that have minimum contribution to the design’s mechanical stability. The reason why this is optimal for osteosynthesis application is that it can tailor the mechanical stiffness of the plate without changing its parent material and compromise its instability. Since 2006, it has been a popular and feasible approach to design biomedical implants and has been employed in designing joint replacement prosthetics [19], osteosynthesis and reconstruction implants [20,21]. Topology optimization was previously used to address shielding by optimizing the medical implant designs of pelvic prosthetics [22], femur hip joints [23], generic bone plates [24] and spinal cages [25], showing improved bone-implant load transfer. In addition, in the case of [26], the authors presented a topology-optimized mandible fixation plate able to perform and withstand the imposed physiological loads. A topology optimization model of medical implants could be constructed as a stand-alone model without including a bone model to optimize the implant based on its mechanical behavior. However, this will eliminate an important role of the implant’s biomechanical behavior. This is why, in this study, topology optimization considered a physiological loading including bone and screws, aiming to minimize the risk of stress shielding. In addition, the adaptation of topology optimization to the patient-specific computer tomography (CT) data is significant in order to optimize plates specific for each patient. This allows medical imaging and topology optimization techniques to integrate, rapidly producing optimized specific plates and accommodating the patient’s condition (implant size, injury type, normal or osteoporotic bone, etc.).



However, topology optimization is known to present designs with complex internal/porous structures which are not possible to be manufactured using conventional techniques [27,28,29]. Additive manufacturing (AM) is considered to be the ideal technology to fabricate these complex structure; additionally, AM is able to fabricate parts with no complex tooling and achieve a reduction in material waste, and it is significantly reliable in producing medical implants for mass personalization [30,31,32].



The scope of this study is to combine medical imagining and topology optimization to address stress shielding, promote better load transfer and reduce surgery and post-surgery complications. The purpose of this paper is to present the validity to create a topology-optimized patient-derived custom-fit bone plate. A spiral distal tibia fracture was considered to optimize a distal tibia fixation plate. The custom-fit plate was initially designed considering a computer tomography (CT) scan of a patient’s tibia. Afterwards, the plate’s initial design was topology optimized considering three volume reductions (25%, 50% and 75%) and a gait loading condition on the CT scanned fractured tibia. Stress finite element analyses were performed to evaluate the initial design and topology-optimized plates to investigate the implant-bone load transfer on the defined bone fracture planes. Finally, a three-dimensionally (3D) printed polymer prototype was fabricated to visualize the optimized plates.




2. Materials and Methods


2.1. Patient Bone Fracture Model and Plate Design


In order to reconstruct the patient’s data to 3D digitized model and design a custom-fit distal tibia fixation plate, a ~70 kg female human patient with a spiral distal fractured right tibia (fracture classified 43A1.1) was scanned by computer tomography, as shown in Figure 1 [33]. The patient’s bone was dislocated and fractured into two fragments. CT raw data is archived in standard Digital Imaging and Communications in Medicine (DICOM) format. The DICOM format files are then transferred and processed in MIMICS software (Materialise, Leuven, Belgium) for segmentation and obtaining the 3D digital models of the spiral fractured tibia. The 3D digital model was exported as “STL” format and imported and converted as a solid through Autodesk Inventor 2019 (Autodesk, San Francisco, CA, USA) software to be employed in the finite element bone-plate construct model.



The initial custom-fit fixation plate design ‘INT-BP’ was created in Autodesk Inventor 2019 (Autodesk, San Francisco, CA, USA) based on the 3D digital tibia bone anatomical data and considered a distal tibia locking compression fixation system to treat a spiral distal tibia fracture with a length of 194 mm, of width 13.5 mm and thickness of 4.6 mm, as shown in Figure 1. Synthes distal tibia locking compression plate (X39.912) was used as a design reference [34].




2.2. Plate Topology Optimization


Topology optimization considers the optimal redistribution of the material of a given design domain to find the optimal element restructure controlled by an objective function and constraints. Solid isotropic microstructure with penalization (SIMP) is a topology optimization approach established by Bendsoe and Sigmund, 1999 [35], employed by several commercial software packages such as Abaqus (Dassault Systèmes, Waltham, MA, USA) and Ansys (Ansys, Canonsburg, PA, USA) and used in medical applications [36]. SIMP aim is to find the optimal design layout considering continuously converging the design variable (material element density,  ρ e) by either retaining the element (   ρ    = 1  ) or eliminating it (   ρ    = 0  ) [37].



Mathematical description of the topology optimization problem is as follows [35]:


      min        ρ e      C  (   ρ e   )  =  f T  · u  



(1)






  subject   to    {      (2)      ∑   e = 1  N  (  ρ e  )  v e  ≤  V *  ,      (3)      ∑   e = 1  N   (   ρ e p   )   K e  u = f ,        (4)    0 <  ρ 0  ≤  ρ e  ≤ 1 ,          








where f is the force vector, u is the displacement vector C is the compliance,   p     is a penalization factor ( p  = 3), ve is the volume of each element, V* is the volume fraction, Ke is the elemental stiffness matrix and ρ0 is the initial density. The constraint (3) represents the equilibrium equation representing all the stiffness tensors to attain the material properties of a given isotropic material. The inequality equation in (2) expresses the amount of material at the user disposal with a limited volume for the minimum compliance design. The constraint (4) presents the interpolation of the density with minimum density to prevent singularities of the equilibrium problem. This design problem for user-defined design domain is formulated as a sizing problem with continuously modifying the stiffness matrix as a function of the material’s density. This function becomes the design variable. Due to the material/no material situation, the artificial density intermediate values are penalized in analogous manner. This penalization factor is usually defined as the value of ≥ 3 to obtain globally optimized designs [35]. SIMP method was considered to redesign the implant in Figure 1c, considering 25%, 50% and 75% volume reductions referred to as ‘TO25-BP’, ‘T50-BP’ and ‘TO75-BP’, respectively [37]. Topology optimization problem was executed in TOSCA module, Abaqus (Dassault Systèmes, Waltham, MA, USA).



2.2.1. Finite Element Procedure


In order to achieve custom-fit optimized plate, the finite element analysis in the optimization procedure considered a bone-screw-plate model (i.e., an assembled bone-plate construct) as shown in Figure 2. Although the SIMP approach is not affected by the magnitude of the load, the loading conditions are considered to simulate a 10% bodyweight of the patient’s weight (i.e., ~70 N) during swing phase and subjected to the proximal tibia region (Figure 2a) [37,38,39]. The distal tibia region was fully constrained in order to prevent the model floating. Following the standard practice of fracture fixation, two different screw configurations (i.e., location and number of screws) was considered (Figure 2c,d) [40]. The screw configuration is expected to influence fracture stability and topology optimization procedure [40]. The locking head screws were modelled in Autodesk Inventor 2019 (Autodesk, San Francisco, CA, USA), each screw has a 3.5 mm diameter head and a main body of 2.5 mm in diameter and 35 mm in total length. For simplicity, screw threads were neglected. Fixation plate and screws were applied with an elastic modulus of 120 GPa, and a Poisson’s ratio of 0.3, assuming Ti-6Al-4V as the material. In terms of the bone, only the cortical region was considered in this simulation with a Young’s modulus of 18 GPa and a Poisson’s ratio of 0.3 [41]. The implant holes, screws and bone models were considered as non-design regions. Based on a previous mesh convergence study [24], all models in the finite element analysis considered quadratic tetrahedron elements C3D10, and the considered number of elements is shown in Table 1. In order to simulate the no friction or contact of the Locking Compression Plate technique, a gap of 0.5 mm was imposed between the bone and plate. The screw head were securely locked (i.e., tie-contact) to the plate, and the bone was secured to the screws [41].





2.3. Bone Plate Stiffness Analysis


The mechanical stiffness was investigated in order to compare both the initial and topology-optimized bone plate designs through finite element analysis considering quasi-static elastic behavior. The bone plate models were assumed homogeneous and isotropic. Similarly to Section 2.2.1, material and mesh properties are considered. The bone plate equivalent stiffness was determined according to the British Standards of bone plates (BS 3531-23.1:1991 ISO 9585:1990) considering a four-point bending setting [42]. As shown in Figure 3, the roller diameter is 10 mm, the span length between the support and force nodes (h) is 15 mm, and the distance between the force nodes (k) is 31 mm. The equivalent stiffness is calculated as follows:


  E =    (  4  h 2  + 12 h k +  k 2   )    S . h   24      ( N .  m 2  )   



(5)




where S is the stiffness and is defined through the following equation:


  S =   R F  D  ·  ( N / m )   



(6)




where RF is the average reaction forces along the plate’s thickness, and D is the displacement in the maximum tension region.



The change in percentage in the equivalent bending stiffness between the initial bone plates and topology-optimized bone plates is determined as follows:


  Δ  equivalent   bending   stiffness     ( % )  =    (  S t i f n e s  s  I N T − B P   − S t i f f n e s  s  T O − B P    )    S t i f f n e s  s  T O − B P      



(7)








2.4. Stress Analysis of a Bone-Implant Model


In order to measure load transfer on the bone, the initial design of the distal tibia plate and its topology-optimized counterparts were analyzed and compared numerically considering similar loading and boundary conditions considered in the optimization procedure. The stress on the bone was determined considering six cross sections (i.e., fracture planes) in the fracture area, as shown in Figure 2, and an average stress was calculated. The stress change is defined as follows:


   Δ S t r e s s   ( % )  =    (  S t r e s  s  I N T − B P   − S t r e s  s  T O − B P    )    S t r e s  s  T O − B P     × 100  



(8)







Plate stability post-operation is important and is affected by the tensile strength of the material. The bone fixation plate stability is investigated and their mechanical strength was analyzed using the resulting Von Mises stresses considering the material’s yield strength (Ti-6Al-4V ~860 MPa) [5].




2.5. The 3D Printing of the Plate Prototype


A prototype of the plates was visualized for presurgical planning purposes using a fused filament fabrication (FFF) 3D Printer (Raise3D E2, Irvine, CA, USA). After obtaining the designs from topology optimization, the files afterwards were tessellated as an STL format and imported into ideaMaker 4.1.1 (Irvine, CA, USA) to pre-process the design file and define the process parameters. The material used to fabricate the plate prototype was polylactic acid (Raised3D Premium PLA filament; obtained from Raise3D, Irvine, CA, USA). The nozzle diameter used was 0.4 mm, with infill 10%, layer thickness of 0.1 mm, a printing speed of 50 mm/s, melting temperature of 200 °C and bed temperature of 45 °C. All plates were printed in a horizontal orientation.





3. Results and Discussion


In this study, the results show that it is possible by using topology optimization and medical imaging to create less stiff plates with the ability to improve bone healing through anatomical-fit design and by promoting better load transfer to the bone fracture area. Furthermore, the optimized plates have shown to withstand physiological loads.



3.1. Topology Optimization of Bone Plate


Topology optimization model was considered to tailor the strength-to-weight ratio by maximizing the stiffness while reducing 25, 50, and 75% of the initial volume of a custom-fit distal tibia bone plate ‘INT-BP’. The aim is to reduce as much volume as possible without risking plate instability to minimize the overall equivalent stiffness. Topology optimization for each screw configuration resulted in three different optimal designs, as shown in Figure 4. Consistent with other findings, the resulting designs align with the stresses distributed from the considered loading and boundary conditions, hence presenting non-uniform designs [20,37]. The results reported an acceptable volume from all obtained designs within less than 5% of the user-defined volumes. Designs considering higher volume reductions have been shown to remove the entire connection between some of the screw holes (e.g., TO75-BP), thus decreasing the number of screws in the plate.




3.2. Plate Mechanical Stiffness


Biomechanically, the tibia bone and plate will be subjected to compression and bending loads during fixation of a tibia shaft, while the plate is fixed on the tension side of the fracture [43]. Furthermore, four-point bending targets the bone plate to withstand compression on one side and tension on the other, longitudinally. Thus, the plates were investigated mechanically considering a four-point bending test. The change in the equivalent bending stiffness of topology-optimized plates compared to the INT-BP is presented in Table 2. The test showed a clear trend that increasing the volume reduction percentage results in reducing the plate’s equivalent bending stiffness. The equivalent bending stiffness decreased around 75% when removing 75% of the INT-BP volume for both screw configurations. The reason for this significant decrease is generally related to the plate’s reduced volume. The bone plate’s stiffness is one of the major indicators of the implant mechanical behavior during bone healing [44]. Higher plate stiffness means a higher risk of stress being shielded by the plate from the fractured bone, and vice versa. Stress stimuli are one of the key factors to a healthy bone remodeling [45]. Similarly to previous studies, these results confer that the risk of stress shielding phenomenon is minimized [46]. Nevertheless, further investigation is still required which will consider comparing the obtained optimized implants with commercially available implants in terms of their stiffness and biomechanical behavior in a bone-model construct.




3.3. Biomechanical Stress Analysis


Finite element analysis is an important tool that topology optimization is based on, and it is necessary to simulate highly complicated biomechanical problems. Using the exact same finite element procedure that was initially used to create the topology-optimized plate is a key aspect to validate the results of topology optimization [41,47]. In this paper, a stress analysis study was performed to validate the topology optimization designs by monitoring the stresses at the fracture planes when fixated with the initial and optimized designs. Figure 5 presents the von Mises stress distribution in the region of interest of fracture plane 1 of the eight bone-plate construct FE models for both screw configurations. Table 3 shows the resulting average change in von Mises stresses at the region of interests for all considered bone-plate constructs. In the average stress at the fracture planes, the INT-BP plate under SC1 resulted in 3.98 MPa, while under SC2 it resulted in 13.79 MPa. This is mostly due to the change in the interfragmentary motion of the fracture and the stabilization technique [48]. The reason why this is happening when fixing the distal tibia plate to treat a 43A1.1 fracture with SC1 is due to the bone being stabilized absolutely, while fixing under SC2 results in relative fracture stability, with more interfragmentary motion.




3.4. Plate Mechanical Stability


The mechanical stability and stress distribution in Figure 6 shows a clear increasing trend with an increase in the volume reduction of bone plates. The stresses value increased up to 13% with a volume reduction of 75%, considering both screw configurations. This validates the topology optimization (SIMP) algorithm; by maximizing the design’s stiffness and controlling its volume reduction, the bone plates are now capable of distributing increased stresses at the fracture region. This is a clear indicator that the stress shielding phenomenon is reducing by optimizing the plates. All plates resulted in less stresses than the tensile strength of the Ti-4Al-6V and presented an acceptable safety factor (SF), which is always intended to be higher than >1 for any design to be accepted [49]. However, further biomechanical parameters such as screw threads must be considered in the finite element model to represent their role on implant-screw load transfer.




3.5. Plate Prototyping


Additive manufacturing has become widely popular due to its ability to manufacture complex geometries with topology optimization becoming an important tool in the manufacturing of advanced parts [50]. In a previous study [51], the author presented work verifying and validating the considered finite element analysis by additive manufacturing Ti-4Al-4V topology-optimized generic bone plates in an experimental comparison. This paper used an FFF AM to examine the ability of additive manufacturing to prototype and a produce physical model of an optimized implants. The manufactured implants demonstrate that additive manufacturing is capable of fabricating the obtained optimal designs of a distal tibia custom-fit plate, as shown in Figure 7. Common FFFs are quite accurate with an XYZ step size of 0.078–0.78 μm, resulting in acceptable geometrical differences between the digital and physical model. FFF is commonly used to produce implants as a plastic prototype to allow the surgeon to visualize the custom-fit implant pre-operation and prepare a surgical plan [52]. However, metal-based additive manufacturing must be explored in future work to validate the designs presented in the study. For example, Iqbal et al. [22] have presented a useful roadmap to optimize and manufacture a pelvic prosthesis using metal additive manufacturing. However, topology optimization technique does not address nor consider additive manufacturing constraints and challenges such as overhanging structures, thermal warping and material anisotropy. Further development on the topology optimization of these implants must consider these constraints prior to fabricating in a metal-based additive manufacturing process.





4. Conclusions


In this paper, a novel approach combining medical imagining and topology optimization was utilized to redesign a custom-fit distal tibia plate, focusing on reducing post-surgery complications and the risk of stress shielding. The paper concluded with the following:




	
Topology optimization is a popular technique to target the stress shielding problem in many different types of implants and has been shown to be a suitable tool. Moreover, topology optimization minimizes the drawbacks of manual iterative design procedures through the use of computer aided design and finite element analysis.



	
Topology optimization is capable of redistributing the elemental material of a custom-fit distal tibia plate and results in lightweight plates with less equivalent bending stiffness and, consequently, a more flexible plate design.



	
Increasing the effect of topology optimization by increasing the volume reduction led to increased stress stimuli transferred to the bone and reducing the risk of stress shielding, while being able to withstand the biomechanical environment and presenting mechanical stable bone plates for all given topology-optimized plates in both screw configurations.



	
Topology optimization presented the ability to design for different screw configurations and enabling the alteration of the behavior of the bone fixation, with SC1 optimal designs providing absolute stability and minimal interfragmentary motion, whilst the SC2 optimal designs providing relative stability with interfragmentary motion. This shows that topology optimization is a suitable tool for pre-surgical planning.



	
Rapid prototyping presented the ability to create visual prototypes of the intricate designs obtained from topology optimization and to assist with the planning of the surgical operation.
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Figure 1. Computer tomography of (a) 2D scans and (b) 3D bone model and (c) initial custom-fit distal tibia fixation plate design, dimensions in mm. 
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Figure 2. Bone plate construct model showing (a) loading and boundary conditions, (b) fracture planes (distance between each plane is 6 mm) considered to calculate the average bone stresses, (c) screw configuration 1 (SC1) and (d) screw configuration 2 (SC2). 
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Figure 3. Four-point bending condition of ‘INT-BP’ plate, dimensions in mm. 
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Figure 4. Topology optimization of a custom-fit distal tibia plate under two different screw configurations. 






Figure 4. Topology optimization of a custom-fit distal tibia plate under two different screw configurations.



[image: Applsci 12 10569 g004]







[image: Applsci 12 10569 g005 550] 





Figure 5. The von Mises stresses at fracture plane 1 for the eight bone-plate models. 
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Figure 6. The von Mises stresses on topology optimization plates during spiral fracture fixation. 
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Figure 7. Initial and topology-optimized plates manufactured using fused filament fabrication technique. 
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Table 1. Number of elements considered for each model.
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	Model
	Number of Elements





	Bone plate
	400,000



	Screws
	500



	Tibia bone–Proximal
	87,000



	Tibia bone–Distal
	29,000
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Table 2. The equivalent bending stiffness change percentage in comparison to INT-BP plate.
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Equivalent Bending Stiffness Change (%)




	
Initial Design

	
14.13 ± 1.7 N.m2




	
Volume Reduction, %

	
Plates SC1

	
Plates SC2






	
25

	
−22.29%

	
−20.99%




	
50

	
−32.74%

	
−27.83%




	
75

	
−76.24%

	
−73.38%
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Table 3. Average change in the von Mises stresses at the fracture planes of the topology-optimized plates based on the initial designs (INT-BP for SC1 is 3.98 ± 0.23 MPa and INT-BP for SC2 is 13.79 ± 0.19 MPa).
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Plate

	
Von Misses Stress Change (%)




	
SC1

	
SC2






	
TO25-BP

	
0.16

	
0.09




	
TO50-BP

	
2

	
5




	
TO75-BP

	
13

	
13
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