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Abstract

:

In the present study, the effects of human physiological activity levels on the fatigue life of a porous magnesium scaffold have been investigated. First, the dynamic immersion and biomechanical testing are carried out on a porous magnesium scaffold to simulate the physiological conditions. Then, a numerical data analysis and computer simulations predict the implant failure values. A 3D CAD bone scaffold model was used to predict the implant fatigue, based on the micro-tomographic images. This study uses a simulation of solid mechanics and fatigue, based on daily physiological activities, which include walking, running, and climbing stairs, with strains reaching 1000–3500 µm/mm. The porous magnesium scaffold with a porosity of 41% was put through immersion tests for 24, 48, and 72 h in a typical simulated body fluid. Longer immersion times resulted in increased fatigue, with cycles of failure (Nf) observed to decrease from 4.508 × 1022 to 2.286 × 1011 (1.9 × 1011 fold decrease) after 72 hours of immersion with a loading rate of 1000 µm/mm. Activities played an essential role in the rate of implant fatigue, such as demonstrated by the 1.1 × 105 fold increase in the Nf of walking versus stair climbing at 7.603 × 1011 versus 6.858 × 105, respectively. The dynamic immersion tests could establish data on activity levels when an implant fails over time. This information could provide a basis for more robust future implant designs.
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1. Introduction


The ability of bones to regenerate is a unique and complicated phenomenon, influenced by various biological and biomechanical processes. Unlike other tissues, it can be returned to its original shape without leaving scars. However, in cases of bone damage with a critical shape, bone scaffold tissue must be made to replace the lost bone tissue. It also does not make the bones heal spontaneously; they need other factors to support a perfect bone regeneration, such as levels of activity, where different activity levels will produce different strains in the bones [1]. It has been proven that the strain that occurs in the bones can help the regeneration process [2]. However, limiting the activity level to the correct portion is still necessary because the number of activities carried out repeatedly has also been known to result in fatigue stress damage to the implants under cyclic loading stresses, over time [3,4,5]. The weakening material results in progressive and localized structural damage, leading to fatigue propagation that, in turn, will eventually lead to implant failure [6].



Furthermore, when the implant is used to replace the lost tissue, it will undergo a complicated process, especially for the degradation mechanism. This degradation mechanism is one of the most common reasons for failure [7]. It can be caused by a degradation mechanism that causes a material’s volume to decrease [8] that affects the material’s toughness. The higher the toughness, ductility, and deformation of plastic fatigue life, the more it will increase [9].



In addition, materials that undergo changes in their material properties but continue to result in bone shielding effects, due to the higher Young’s modulus, than the native cancellous bone, would continue to result in the degradation of the surrounding tissue. Therefore, it is paramount to use a biologically compatible material, in terms of its biomechanical properties, to be selected as the implant of choice. It is also better for this material to degrade in a controlled way instead of breaking down, due to fatigue so that the load can be gradually transferred to the bone and the tissue can remodel well. Amongst the many biomaterials discovered to date, magnesium has been identified as this potential biomaterial, since it possesses mechanical properties close to human bone, in addition to being biodegradable [10]. In previous studies, researchers performed experimental fatigue tests for PLA [11], zinc [12], and ferrous materials [13]. However, examining the porous Mg bone scaffold’s fatigue behavior when implanted in the bone is complicated and almost impossible with experimental testing.



It is to be expected that when a magnesium scaffold degrades, the structure of the scaffold loses its mechanical strength, affecting the fatigue properties or strength of the magnesium scaffold. Furthermore, the degradation rate may be affected by other factors, such as the amount of cyclic loading from daily human activities or the design of the implant itself. Unfortunately, there is not enough information about the rate of degradation and the effect of the microenvironment or physiological loads on the implant. Because of this, it is hard to predict the implant fatigue, which is essential to know when an implant is likely to fail. Furthermore, it would be interesting to know if some implant designs would be better than others since the rate of degradation or failure would depend on many things about the implant, such as its composition and design.



In trying to establish such data, an experimental model would be best served if implants were subjected to in vivo testing, since this would provide an accurate demonstration of real-life events. However, doing so would be impractical and impossible to investigate using present technologies, not to mention the legal and ethical issues of animal and human testing. Therefore, an indirect measure of this is more valuable and accurate enough for the present time, representing real-life data using simulated predictive modeling to achieve similar objectives. In the present study, the experiments using pure magnesium in the form of implant has been conducted that would be used in human subjects and subjected these to simulated body fluid (SBF) environments. The present study has observed the degradation rates of these implants, which was discussed by Basri et al. [14], and then put them through cyclic loading to simulate real-life activities, such as walking, running, and climbing stairs. The data was then analyzed using a computational model to predict their failure rates. It confirmed that the degradation process causes the changes in the structure, and that the load on the Mg porous bone scaffold structure affects the mechanical behavior and fatigue life of bone tissue, by using a combination of computational methods. With these data, an accurate prediction of our hypothetical scenario that implant level of activities can inherently influence implant failure. It, in turn, would provide the basis for future implant designs, considering these factors.




2. Materials and Methods


2.1. Production and Degradation of the Porous Magnesium Scaffold


Pure magnesium material is commercially available (with a diameter of 25.4 mm and a purity of 99.9%, Cambridge, UK-based Goodfellow Inc., London, UK) in cubes (10 × 10 × 10 mm). The materials were processed to mimic an orthopedic implant with a pore size of 800 µm, utilizing a CNC machine (HAAS, Kannapolis, NC, USA). Implants of various designs are made in cuboidal samples (5 × 5 × 3 mm) with a porosity of 41% [14]. Table 1 illustrates the geometry of the porous magnesium scaffold.



The porous magnesium bone scaffolds were tested for dynamic degradation using simulated body fluids. Prior to the immersion test, the 41% Mg sample was dried in a vacuum. Following the fabrication process, the dynamic immersion tests were carried out. Samples were removed and cleaned of excess air with jets and interdental compound brushes (Tepe, Anaheim, CA, USA). Prior to polishing for 15 min, the specimens were submerged in acetone. The specimens outside surfaces were then polished with #800 and #1200 grit paper before being ultrasonically cleaned in acetone, for 15 min. A peristaltic pump was used at 0.025 mL/min with Reynold’s number (Re) 5.44, to the simulated body fluids through a conduit tube with a 2 mm diameter, to ensure a constant flow rate. The specimens were immersed for 24 h, 48 h, and 72 h. The sample was rinsed with deionized water after immersion and then vacuum-dried for 1 h. A dilute solution of chromic acid (H2CrO4) was utilized to clean all of the tested object’s corrosive products.




2.2. Morphological Characterization


Samples with a porosity of 41% were subjected to mechanical testing with compressive and monotonic specimens, for different degradation times (0 h, 24 h, 48 h, and 72 h) [14]. The specimen’s micro-CT images were cleaned and acquired (n = 12) using micro-CT Skyscan 1172 (Kontich, Belgium) at a resolution voxel 17.2 µm. Then, the image micro-CT was exported to ImageJ (Rasband, W.S., ImageJ US National Institutes of Health, Bethesda, MD, USA). These were then analyzed as the parameters of the degraded volume ratio of the surface area, the total volume (BV/TV), and the trabecular separation (Tb.Sp).



The local thickness of the chosen volumetric region (space) between the mean surface-to-surface trabecular, was used to calculate the trabecular separation (Tb.Sp). According to Figure 1, the diameter of the most important sphere corresponding to a certain space, is defined as Tb.Sp of a porous construction. The average number of reported Tb.Sp is the mean of the values of the measured Tb.Sp on random sites. The mean was calculated using ImageJ and BoneJ plugin apps, based on the trabecular thickness sections.




2.3. Segmentation Procedure


A deteriorated magnesium implant porosity specimen’s 3D model was created using grayscale micro-CT scans and the gathered 2D data, with a 0.172 mm cut thickness. As seen in Figure 2, the image is loaded into the Mimics program (Materialize, Leuven, Belgium), which converts it into a 3D model. To ensure that the specimen is enclosed with the fewest feasible black voxels, the intended region (ROI) is identified and shrunk to the greatest extent possible (i.e., air). A rectangular shape with dimensions of 4 mm × 6 mm and a height of 6 mm—which is greater than the cross-sectional area—determine the ROI.



The optimal threshold value is the segmented volume that is close to reality. When the V actual-V model difference is minimal. The optimal threshold value is achieved by manually repeating the segmentation in the Mimics software. The flowchart of the repeated or iterative segmentation, can be seen in Figure 2. an image of a porous magnesium specimen obtained from a CT scanner in the form of grayscale information. Gray value is a quantifiable relationship between each pixel assigned to the gray value and the material density of the scanned item. As a result, the Mimic software is capable of modeling any identifiable shape found in the scanned data, by combining the shades of gray. Segmenting the 2D data and building the 3D models are both possible. Thresholding is a sort of segmentation that creates a precise 3D model.



The specimen’s volume must match that of the real model. By dividing the scaffold’s mass by the density of the pure magnesium (1.74 g/cm3), the actual volume of the scaffold after degradation (V actual) may be determined from the experimental results. The volume of the model scaffold and the real volume is compared, during the validation step. To obtain a model volume that matches the real volume, the optimization step—which repeatedly adjusts the threshold value—is repeated if the prerequisites are not satisfied as explained in Table 2.




2.4. Monotonic Compression Test


A universal testing machine (The FastTrack 8874, Instron, Norwood, MA, USA) was used for the monotonic compression test. The mechanical properties of the porous Mg specimens were tested by compression using a 25-kN load cell at a strain rate of 0.005/s [14]. The fracture mechanics, strain life, and stress life are useful techniques for predicting the fatigue life in specimens. The strain-based approach works well for forecasting a low cycle fatigue. Cyclic loading with strain control may also be done on universal testing equipment. Software with strain control was used to execute the cyclic loading (Wave MatrixTM Dynamic Material Testing Software, Instron, USA). The sample is compressed and loaded at a 2 Hz sine wave with a loading ratio of R = 0.1, under typical operating circumstances of 1–3 Hz [15,16].



The 3D model of porous magnesium is given homogeneous, isotropic, and plastic-elastic properties. Prior to the numerical analysis, Young’s modulus of magnesium solids was determined, by performing a pressure test using magnesium solids. The average value of the test results is then used as the input value for all numerical simulation samples carried out in this study. A Poisson ratio of 0.35 (see Table 3) was chosen to match the characteristics of thick trabecular bone tissue with a density of 1.74 g/cm3, and Young’s modulus was adjusted to be 3.5 GPa.




2.5. FEA-Based Modeling of the Fatigue


The finite element analysis (FEA) is a numerical approach to analyzing the mechanical behavior of porous scaffolds, such as the structural stiffness and fatigue life. The advantage of the FEA is that it is repeatable, and can be used to replicate actual tests. It can be used repeatedly to perform different types of simulations, and this is not possible with destructive experimental tests [17]. This capability opens up wide opportunities for scaffold samples to be optimized, such as in the morphological parameters.



A computer method known as the finite element analysis (FEA) is used to examine the mechanical properties of the porous scaffolds, such as their structural stiffness and fatigue life [18,19,20,21,22]. The benefit of the FEA is that it can be used to reproduce real experiments and is reproducible. For instance, comparable models may be used repeatedly to run various simulations, but destructive experimental tests cannot be employed for this. With this capacity, the scaffold samples may be improved in a variety of ways, including the morphological factors.




2.6. Boundary Condition and Material Input


Walking, running, and climbing stairs are examples of human physiological activities that put repetitive loads on the bones, resulting in a relatively small strain [23]. The stress distribution and fatigue life of the porous scaffold model are simulated in the next phase, using commercial software made by Comsol Multiphysics, Burlington, USA. Tetrahedral is an element found in the resultant three-dimensional numeric. Figure 3 displays the boundary conditions utilized in this simulation. To simulate the uniaxial loads, caused by the mechanical loads on bone, the defined displacement boundary conditions are defined on the top surface [24,25,26]. In addition, the surface normal shifts the zero-state displacement boundary.



This boundary condition restricts the nodes in the y direction but allows them to move freely in the x–z plane. The model is fixed in the y direction at the bottom, and a physiological-based strain of 1000–3500 µm/mm loads is applied to the upper surface, according to the variations in the bone mechanical loading [27]. The following is the behavior of the nonlinear elastic material magnesium; elasticity modulus 3500 MPa, Poisson’s ratio 0.35, and the kinematic tangent modulus 0.05E. The fatigue analysis was performed utilizing complete elastoplastic using a mix of Basquin and Coffin–Manson equations to forecast the fatigue life in low and high-cycle fatigue locations.





3. Results


3.1. Simulation Result Using The Fatigue Method


To analyze the structural fatigue, i.e., the fatigue cycle, the fatigue method’s simulation is required. The simulation is based on the human physiological activity from 0 to 3500 µm/mm. The simulation results will be graphed and viewed in two dimensions. Software Comsol Multiphysics 5.4 was used to predict the fatigue life in porous magnesium for the fatigue analysis studies. Sample porous magnesium, before being degraded by the human physiological activity, while walking, showed the highest fatigue cycle of 9.977 × 1025 and the lowest value of immersion time of 72 h was 2.05873 × 105, so that the heavier the activities carried out by humans, the greater the potential for failure on the magnesium scaffold. The value of fatigue life in Sample porous magnesium has a significant effect on the variations in the loading. It can be seen in Figure 4 that the greater the load is given, the lower the fatigue value of the implant. The immersion time of each sample affects the fatigue life value on the implant, whereas the longer the immersion time, the fatigue life value decreases, due to the reduced surface area and specimen volume on the implant.




3.2. Stress Distribution of Porous Magnesium Implants on the Physiological Activity


Walking for 1000 µm/mm, running for 2000 µm/mm, and stair climbing for 3500 µm/mm are examples of physiological activity conditions. This loading causes different stress distributions on the porous magnesium sample. Then to find the strain using the equation   ε = Δ l / l  total, which  ε  is a strain,   Δ l   is displacement, and  l total is the initial length of the bone scaffold. The contour plot of the stress distribution on the magnesium bone scaffold, during daily activities is shown in Figure 5. The stress distribution shows that the heavier the activity carried out on the porous magnesium, the greater the stress distribution that occurs.




3.3. Stress Distribution on the Porous Magnesium Implant over Time


The stress distribution on our designed magnesium bone implants was analyzed using solid mechanics studies from the finite element method. The distribution of the stresses is represented by a color legend on the object, with red indicating a high distribution level and blue indicating a low distribution level. Figure 6 shows the contour plot of the porous magnesium stress distribution on the physiological activity of walking with the dynamic immersion times of 0, 24, 48, and 72 h. The immersion time and condition of the bone scaffold during daily activities affect the stress distribution. In magnesium before and after immersion for 24 h, the highest distribution occurred on the main support in the magnesium structure. The dynamic immersion that occurs in magnesium after 48 and 72 h of immersion, occurs in stress concentrations in certain parts. This stress concentration is due to the presence of a very thin porous magnesium structure, so this structure does not describe the overall stress distribution.




3.4. Fatigue Failure on the Porous Magnesium on Physiological Activity


The simulation results, as shown in Figure 7 on porous magnesium sample at 48 h, showed that human activities significantly affected the fatigue life of bone scaffold implants when do running activities, the value of fatigue life is low with a value of 1.11995 × 109. The fatigue life of these implants increases significantly as the load activity decreases.




3.5. Fatigue Failure on the Porous Magnesium Implant over Time


The prediction of fatigue failure in porous magnesium was conducted using fatigue analysis software. Figure 8 shows the fatigue failure of the porous magnesium degradation rate before and after the dynamic immersion for 72 h. The fatigue life of porous magnesium will increase with the increasing surface area. This is because the longer the immersion time, the more surface will be degraded. So the surface area greatly affects the fatigue life. It illustrates the effective plastic strain contours of the porous magnesium at 0, 24, 48, and 72 h of dynamic immersion. The simulation on this porous magnesium obtained a maximum fatigue value of 4.5081 × 1022 and a minimum of 2.2856 × 1111 on the human physiological activities while walking. The effective plastic strain will decrease with the time of the dynamic immersion of porous magnesium. This decrease is indicated by the reduced surface area and the reduced volume of the specimen. With a reduced surface area and volume, there is an increase in stress in certain parts.





4. Discussion


Many researchers believe that porous magnesium can be used as a cancellous bone substitute because of its mechanical identity, which is nearly identical to cancellous bone properties. The nature of the cancellous bone environment encourages bone remodeling if a physiological activity is also involved. This action creates pressure differentials on the bone, which causes bone marrow to flow. Furthermore, the flow of bone marrow through the porous structure causes the mechanical load through mechanobiological signaling, to stimulate the bone remodeling process and maintain the bone quality [28]. When porous magnesium is implanted into human tissue, it will be exposed to the cancellous bone environment. As a result, it will receive a cyclic load when humans carry out physiological activities and degradation mechanisms during bone healing.



This research is essential for figuring out bone scaffolds’ fatigue life while still in living tissue. It relates to the porous magnesium scaffold implants’ shape and some cycles. Previous research has shown that because of the degradation, the dynamic immersion testing reduces the surface area of the bone scaffold [29]. The shape of the porous magnesium changes dramatically as the dynamic immersion time increases. The more time the sample spends in dynamic immersion, the more surface area it loses to degradation. These changes are significant for figuring out how well the bone scaffold will work as a load-bearing surface as the new bone grows [30].



It is complicated to predict the lifetime of the scaffold when it is embedded in the bone. At this point, the scaffold will fall because of a phenomenon called “degradation,” in which the scaffold’s struts weaken because of the cyclic load they have been supporting. Therefore, researchers performed a dynamic immersion test, after which the after-degradation model was obtained and reconstructed using a micro-CT scanner [31]. This method is a non-destructive way to look at the microarchitecture of applications for bone tissue engineering. For example, an orthopedic doctor can monitor the morphology after implanting the bone. Furthermore, by scanning the micro-CT and using finite element analysis (FEA), the mechanical behavior and fatigue of the scaffold can be analyzed [32]. The initial values for the boundary condition that were used to find the parameter values for the fatigue life simulation are shown in Table 3.



In this study, the material used is a non-ferrous metal type, so it does not have fatigue or no endurance limit. In the end, it will fail if it experiences sufficient stress cycles [33]. It can be seen in Figure 4 that the cycles of failure (Nf) increase when the given strain is low. The fatigue life analysis in this study uses strain life as a control. Mechanical changes in the material are indicated by a decrease in the modulus of the material under plastic strain [34]. Several parameters affect the fatigue life: the applied load, surface area, and fatigue [35]. The applied load significantly affects the fatigue life of porous magnesium. Loading will affect the stress of the material; the greater the load applied, the higher the stress that occurs, so the fatigue life in porous magnesium will be faster, as shown in Figure 8. A porous magnesium implant with a low strain rate will have a better fatigue cycle value, so it takes longer for the implant to fail.



Looking at how stress is distributed in bone scaffolds, is essential because it gives us new information about how structures will fail. Theoretically, a structure with a high porosity will also cause a higher stress distribution, which can be seen in Figure 8. The distribution of stress before and after the dynamic immersion for 24 h did not significantly increase in stress distribution. The missing surface area is not too significant, but the stress distribution has increased significantly when the dynamic immersion is carried out for 72 h. The highest stress distribution is focused on the support (struts) of the bone scaffold. It is because these struts have a smaller surface area.



The type of fracture of porous magnesium under variation of the load, as shown in Figure 7, indicates the type of global fracture. FEA analyses of the magnesium structures show that porous magnesium sample has cracks everywhere. This type of fracture mode may be attributed to the material’s ductility. Furthermore, a study found that most cancellous bone has global fractures. However, some cancellous bone samples still have oblique and local fractures. The sample with a higher percentage of pores has changed significantly because of the random way it has broken down. The fracture characteristic is similar to cancellous bone, which could represent the scaffold’s damage behavior once implanted to avoid different directional stress effects. The damage fracture may be due to stair climbing because it has a tremendous load.



Loading will affect the stress of the material; the greater the load applied, the higher the stress that occurs, so the fatigue life in porous magnesium will be faster, as shown in Figure 8. A porous magnesium implant with a low strain rate will have a better fatigue cycle value, so it takes longer for the implant to fail. Fatigue life in the bone scaffold dramatically affects the surface area, where the reduced surface area, due to degradation is faster as the bone scaffold fails, as shown in Figure 8. Bone scaffolds after degradation for 24, 48, and 72 h had a lower cycle of failure value than bone scaffolds that have not been put through dynamic immersion. It can be seen in Figure 8 that the effectiveness of plastic strains at a dynamic immersion of 72 h is higher, as stated by Basri et al. [14]. They state that the effect of the cyclic loading on a structure will decrease as immersion increases due to the degradation process.



The fatigue life graph can be obtained by the finite element simulation. This method can closely monitor new bone tissue that grows in the healing period. Furthermore, if the bone heals well, the failure of the bone scaffold can be kept to a minimum, so the patient does not have to have a second surgery. It can reduce patient costs, and the use of bone scaffolds allows patients to continue to do their desired activities, thereby reducing the time patients receive treatment and contributing to a better life.




5. Conclusions


This study demonstrates how human physiological activity levels and immersion duration have an impact on the fatigue life of porous magnesium. The fatigue life of the porous magnesium scaffold will decrease as the activity intensity and dynamic immersion time increase. The degree of deterioration has an impact on the fatigue life as well, and dynamic immersion testing of each porous magnesium sample revealed a considerable increase in the relative surface area loss. It is hoped that this study can improve the understanding of the fatigue life behavior of the porous magnesium implants when given the influence of human physiological activity and dynamic immersion time so that when the implant is implanted into bone tissue it can be predicted and controlled during the bone healing process.
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Figure 1. Detail morphology of the porous magnesium scaffold: (a) Cross-sectional; (b) Tb.Sp. 
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Figure 2. Flow chart of the iterative segmentation, based on the thresholding optimization. 
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Figure 3. Boundary conditions schematic diagram. 
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Figure 4. Load (μm/mm) vs Cycles of failure (Nf). 
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Figure 5. Comparison plot of the porous magnesium stress distribution contour on human physiological activity, after 48 h of immersion. 
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Figure 6. Comparison of the porous magnesium stress distribution contour plots on the walking activity after the dynamic immersion times of 0, 24, 48, and 72 h. 
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Figure 7. On human physiological activity, the effective contour plot of porous magnesium plastic strain on sample porous magnesium with a 48-h immersion time. 
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Figure 8. Effective plot contour of porous magnesium plastic strain on walking activity for dynamic immersion durations of 0, 24, 48, and 72 hours. 
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Table 1. A summary of the specific geometry for the porous magnesium specimens.
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	Porosity
	Surface Area
	Volume
	Mass per Surface Area





	41%
	209.81 mm2
	44.57 mm3
	0.34 kg/m2
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Table 2. A summary of the specific geometry for the porous magnesium specimens [14].
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	Iterative
	Threshold Values (HU)
	Volume of Mimics Model (mm3)
	Actual Volume (mm3)
	Percentage Error (%)





	#1
	−592
	50.58
	39.89
	26.82



	#2
	−407
	46.32
	39.89
	16.13



	#3
	0
	41.61
	39.89
	4.33



	#4
	110
	40.57
	39.89
	1.72



	#5
	150
	40.19
	39.89
	0.77



	#6
	186
	39.87
	39.89
	0.03



	#7
	200
	39.73
	39.89
	0.39



	#8
	240
	39.41
	39.89
	1.19



	#9
	267
	39.16
	39.89
	1.82



	#10
	300
	38.89
	39.89
	2.49



	#11
	1076
	32.53
	39.89
	18.53



	#12
	1416
	28.83
	39.89
	27.72
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Table 3. Magnesium’s mechanical characteristics when used in the FEA.
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	Mechanical Properties
	Magnesium





	Monotonic Properties
	



	  Young’s modulus, E (GPa)
	3.5



	  Poisson’s ratio
	0.35



	    Yield   strength ,    σ y     (MPa)
	147



	    Kinematic   tan gent   modulus ,    K  T k i n    
	0.05E



	Fatigue Properties
	



	     Fatigue   ductility   coefficient ,     ε ′  f   
	0.425



	    Fatigue   ductility   exponent ,   c  
	−1.3



	    Fatigue   strength   coefficient ,    σ f    ′    (MPa)
	180



	    Fatigue   strength   exponent ,   b  
	−0.09
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