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Abstract

:

The inverse finite element method is a technique that can be used for material model parameter characterization. The literature shows that this approach may get caught in the local minima of the design space. These local minimum solutions often fit the material test data with small errors and are often mistaken for the optimal solution. The problem with these sub-optimal solutions becomes apparent when applied to different loading conditions where significant errors can be witnessed. The research of this paper presents a new method that resolves this issue for Mooney–Rivlin and builds on a previous paper that used flat planes, referred to as hyperplanes, to map the error functions, isolating the unique optimal solution. The new method alternatively uses a constrained optimization approach, utilizing equality constraints to evaluate the error functions. As a result, the design space’s curvature is taken into account, which significantly reduces the amount of variation between predicted parameters from a maximum of   1.934  % in the previous paper down to   0.1882  % in the results presented here. The results of this study demonstrate that the new method not only isolates the unique optimal solution but also drastically reduces the variation in the predicted parameters. The paper concludes that the presented new characterization method significantly contributes to the existing literature.
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1. Introduction


Several tests have become standardized in characterizing hyperelastic material models, such as the Mooney–Rivlin model. Well-established examples of these tests are uniaxial tension, planar tension, equibiaxial tension, uniaxial compression, and bulge tests [1,2]. The coefficients of the constitutive material are determined with physical test data obtained from these tests. A common tool for fitting the coefficients is least squares regression (curve fitting) as demonstrated by research groups [1,2,3,4,5,6]. The curve-fitting approach is considered a direct method for characterization. The limitation of the direct approach is the requirement of an analytical solution to recreate a stress–stretch curve. In cases where the sample geometry becomes relatively complex, an analytical solution may either be too difficult to determine or may not exist. It is then not possible to apply the direct method approach. In these situations, the inverse finite element method must be applied. This approach is also referred to as the finite element method updating method or FEMU.



The Inverse FE approach is not without its own problems, as demonstrated by several research groups [4,6,7,8,9,10,11,12] where the solutions are often non-unique. These non-unique solutions fit the test data with identical error levels to the actual solution, as if the model has been successfully characterized. The differences in these solutions become evident when these models are applied to different load cases resulting in significant errors [4,13]. A paper by Nicholson [7] demonstrated that even in cases of linear elasticity, where direct well-posed problems have a unique solution, the corresponding inverse problem may not. There appeared to be a gap in the literature for handling these non-unique solutions, which prompted research into what key factors are present in this problem.



In previous research [14], it was hypothesized that the non-unique solutions were caused by local minima scattered throughout the design space. To gain insight into the distribution of local minima, error functions between predicted and measured material behavior from a non-standard indentation load case (depicted in Figure 1) was used to sample different areas of the design space. The non-standard test was chosen since the deformation is relatively complex and would contain all material behavioral aspects obtained from the material standard tests in one test case. It is important to note the reference frame indicated in Figure 1, as this will be used throughout the paper. The error functions for surface deformation and indentation force showed a clear pattern to the local minima. The data used in the investigation were from a simulated experiment. Stand-in experimental data were extracted from a relatively high element density finite element model. The investigation was focused on evaluating fundamental behavior and not factors such as experiment noise, incomplete datasets, and other aspects, which is why this type of synthetic data was used.



The results of the design space sampling investigations are presented in Figure 2 and Figure 3. In these figures, red areas indicate a high error, while the blue areas, which correspond to the locations of local minima, represent low error and are of particular interest in this study. After examining these areas of low error in both datasets, it became clear that there exists an identifiable pattern to the local minima rather than being randomly dispersed. Figure 2a displays all the sample points for absolute indentation force error, with the error magnitude for the point represented in color. In Figure 2b, which has the high error points removed, as they are not of interest to the investigation, a strong correlation is evident between the constitutive model parameters and indentation force error. Fitting a flat plane through these filtered data points using linear regression resulted in an   R 2   score of 0.998, indicating a high degree of fit.



Similar to the indentation force error results, the results for the displacement field error are depicted in Figure 3a, where blue points indicate the low error region. Figure 3b shows the filtered points for this region, which also reveal a clear correlation between low error and the constitutive model parameters. Fitting a flat plane to perform a regression analysis on these points resulted in an   R 2   value of 0.941, indicating a high level of fit. Comparing Figure 2b and Figure 3b, it is clear that the two regions have different relationships with the constitutive model parameters. Further investigation revealed that these regions, which are referred to as hyperplanes in [14], rotate around the correct solution. The rotation was found to be dependent on the loading of the sample. Based on these findings, a method was developed to capture this rotation and isolate unique solutions for the Mooney–Rivlin material model. It should be noted that the results of the previous paper [14] were evaluated only on simulated data, and the method’s applicability to physical data remains uncertain, which the research of this paper aims to resolve. Additionally, it was found that the low-error regions were not perfectly flat but had a slight curvature, although assuming them to be flat near the optimal solution did produce low-error results. These factors motivated the research presented in this paper.



The research presented here expands upon previous studies in [14] by exploring a modified version of the previous hyperplane method on data obtained from physical experiments as opposed to simulated experiments. In an effort to account for the curvature of the design space in areas with low error, the method was modified by replacing the intersecting planes with a constrained optimization approach. The objective function of this modification is the prediction error between the displacement field from a finite element model and a measured displacement field using digital image correlation (DIC). The mapping of local minima using planes was transformed into equality constraints. In doing so, the curvature of the low error regions in the design space is considered. The constraints were based on the prediction error of the indentation force. The presented research aims to demonstrate the repeatability of the modified method when applied to physical test data. The results show that a unique solution can still be obtained when assessed on physical test data through a constrained optimization approach. Additionally, the results were found to be highly repeatable, with limited variation in the predicted outcomes across different characterization runs. Twenty different starting points in the design space were evaluated in total.




2. Materials and Methods


The research in this paper builds upon previous work by using a modified version of the hyperplane method described in [14]. In this study, we modified the method for characterizing the Mooney–Rivlin model, but the most significant difference is the use of new test data. The test data came from a physical experiment that includes several aspects not found in a simulated experiment. The aspects are noise and patches of missing displacement data of random regions that result from the DIC system failing to track those specific regions. This is especially true regarding the full-field displacement data captured by a DIC setup.



2.1. Physical Test


The test sample was made of platinum cure Smooth Sil-950 silicone [15]. Prior to testing, it underwent preconditioning which involved applying three full-depth indentations of 20  m  m . This minimized any Mullins effects [16] and ensured that the sample would exhibit its working material behavior rather than its virgin material characteristics.



The test setup is depicted in Figure 4a,b. Figure 4a shows the main components used to collect the indentation force-displacement data. The load cell used for measuring the force had a capacity of 30  k  N  and a noise floor of approximately 1  N . The measured indentation forces, which characterized the test sample, ranged from   859.4    N  at   12.5    m  m  to 1635  N  at   17.5    m  m  depth. The load cell error of 1  N  at the   12.5    m  m  indentation depth would be   0.116  % and was considered negligible for practical purposes.



A calibration plate was used to synchronize the two cameras to the sample location [17] as shown in Figure 4a. Figure 4b depicts the remaining components related to the DIC system. The DIC tracking method used two 5 megapixel cameras placed at a distance of 1  m .



After the sample reached the required indentation depth of 20  m  m , 10 stereoscopic images (20 total) were taken at a frequency of 10 Hz. The displacement data were extracted using DaVis 10 [17] software with a step size of 25 and a subset size of 7. Since a stereoscopic DIC method was used, the effect of the cameras not being perpendicular to the test samples’ surface could be ignored [18]. Although the literature states that the effect of the slight camera rotation should be negligible, effort was put into aligning the cameras with the sample.



Once extracted from Davis 10, the DIC coordinate data were processed to ensure the FE model and test data were in the same reference frame. The DIC system requires images of the initial unloaded sample to generate a reference for calculating the displacement field. Rigid body offsets were added to these initial coordinates until the physical test data coordinates matched that of the FE model. Moving the coordinates of the FE model to that of the physical test instead would have the same effect. Rigid body rotations were also implemented for the same purpose, as the Davis 10 software assumes a reference frame, which may be slightly rotated to the desired reference frame.



The measured displacements were averaged across the 10 measurements to minimize the effect of noise. The data were then screened for outliers that resulted from regions of poor correlation by the DIC system. These regions are typically found along the edges of the DIC field, where gradient information is poor and are referred to as edge effects [19]. The edge effects were accounted for by removing all the data points along the perimeter, 1  m  m  from the edge, as this was found to be sufficient for the measured dataset. Figure 5 shows all the unfiltered data points from the DIC measurement. This figure highlights three examples of poorly correlated regions with red circles. As expected, these regions are mainly found along the perimeter dataset.



Figure 6 shows the test sample at full indentation depth and the resulting displacement field pattern for each component direction. The test sample had dimensions of 40 × 40 × 120  m  m , and the indenter had a diameter of 25  m  m .



The main component of an inverse FE analysis requires an FE model with aspects which are adjusted until the predicted behavior matches the measured behavior with minimal error. The next step is to have physical test data to compare the FE model to.




2.2. Finite Element Model


The FE model must accurately recreate the physical test so that the obtained material parameters accurately reflect the assessed physical material. As seen in Figure 7, the sample geometry has two symmetry planes in conjunction with the cylindrical indenter formed with a geometric surface.



2.2.1. Boundary Conditions


To simulate the base plate, which had a touching contact condition applied between it and the test sample nodes, a flat geometric surface was used. This condition allows the nodes to break contact as soon as the reaction force vector is in the opposite direction to the surface while allowing the nodes to move freely along the surface. The indenter was generated from a 25  m  m  diameter cylindrical surface with a touching contact condition applied between it and the test sample nodes. The base plate and indenter together restrict any rigid body motion in the Y-direction.



A FE model that uses symmetry was used for this investigation, as it reduces computational costs while obtaining the same level of detail. The FE model uses two symmetry planes, reducing the number of elements in the simulation by a factor of four. The length and mid-symmetry planes indicated in Figure 7 had a touching contact condition applied to them and the sample nodes. However, for symmetry planes in Marc Mentat, nodes on this surface are not allowed to separate, but they can move frictionlessly along the surface [20]. This type of boundary condition can also be created using appropriate displacement constraints. The two symmetry conditions restrict the sample’s rotation in all three directions and restrict motion in the X and Z directions. Therefore, the applied boundary conditions restrict all possible rigid body motions.




2.2.2. Model Friction


In the physical test, artifacts such as friction will be present. To reduce friction as much as possible, all contacting surfaces were given a mirror polish, and silicone grease was applied. The friction coefficient, now significantly reduced, was still unknown. Therefore, a brief study was performed by selecting a range of friction coefficients applied to the FE model’s base plate and indenter, with consideration of the literature-estimated values. This investigation aimed to determine the amount of friction present in the system and the friction coefficient’s effect on the predicted parameters while considering the predicted surface error (objective function) in the inverse FE process. An additional goal of the investigation was to determine if there would be any added benefit to including friction in the FE model. A paper by [21] determined a sliding friction coefficient for a rubber stop on a smooth glass plate coated with silicone oil to between 0.0067 and 0.06. In the FE model of this paper, a Coulomb friction model was chosen. The results of this investigation are shown in Figure 8.



The results indicate that adding the chosen friction coefficients increased the objective function value. This indicates that the predicted displacement field worsened, implying that these friction coefficients are too large. Further study showed that the positional difference in the design space for friction coefficients less than 0.004 in this test case would result in an absolute mean difference of   0.8  % in the predicted parameters when compared with the zero friction model estimates. Considering that the friction coefficient in this system, from this study is expected to be close to zero, it was assumed that the additional complexity to the FE model would also have no meaningful difference to the predicted parameters based on the small variation of relatively larger friction coefficients. Therefore, it was decided to exclude friction from the FE model for this investigation.



Evaluating Figure 9, which shows the deformed FE model on the left and the deformed physical sample on the right, we see a close similarity between the two deformations. This similarity confirms that the boundary conditions and contact models accurately simulate the real-life test configuration.




2.2.3. Model Mesh


A first-order hexahedral mesh (hex-8) was selected for the FE model due to the simple geometry, as opposed to the second-order tetrahedral elements (tet-10), which had issues with the contact interaction not releasing from the surface.



The choice of hex-8 over tet-10 was also recommended by Hexagon [20], as hex-8 elements are more stable when distorted. Remeshing was not applied in the FE model to allow for node tracking on the surface where the DIC measurements were taken. These surface nodes replicate the full-field dataset that would be obtained through DIC.



Since remeshing was not applied, the element quality and stability were of primary concern. The mesh was exported to MSC Apex, where important mesh characteristics, such as aspect ratio and the Jacobian, were assessed at the full 20  m  m  indentation depth. Nearly all elements passed the default assessment criteria, with over   98.8  % of the mesh having a Jacobian value of 0.9 or higher and   96.7  % of the meshing having an aspect ratio less than 3.00 at the full indentation depth.



The number of elements used in the mesh was determined through a mesh convergence study, which showed convergence at 19,140 elements.




2.2.4. Indentation Force Extraction


The indentation force could be extracted from either the base plane or the indenter contact body as depicted in Figure 9. The base plane contact body was used in this case. The non-linear solver used in this case was the full Newton–Raphson (Hexagon [20]). This solver updates the system at discrete iterations, resulting in the load-displacement curve having discrete points. A cubic spline fit was used to interpolate between these points so that the indentation force could be requested at any indentation depth.





2.3. Error Functions


With the FE model in place, error functions must be established to compare the physical and predicted material behavior.



2.3.1. Displacement Field Error Function


A weighted root mean square (RMSE) error function was used to compare the measured and predicted displacement fields. The RMSE function produces a single value that represents the overall error for the predicted displacement field. This RMSE function also serves as the objective function for the optimizer in the characterization process.



The displacement field error function   e disp   calculation consists of three steps. Firstly, an RMSE error score is calculated for each of the three component directions X, Y, and Z (labeled   x 1  ,   x 2  , and   x 3  ), represented by   e 1  ,   e 2  , and   e 3  , respectively, in Equation (1). The RMSE scores are calculated with Equation (2), where vector  d  contains the measured experiment displacement field, and vector  p  contains the predicted displacement field. In both vectors, i denotes the component direction, and j represents a data point for N total data points:


  e =      e 1     e 2     e 3       



(1)






  e =     ∑  j = 1  N      d ij  −  p ij    2   N   , i = 1 , 2 , 3  



(2)







The next step towards calculating   e  d i s p    is to sum the vector  e  while dividing each component   e 1  ,   e 2  , and   e 3   by the maximum measured displacement in that component direction as shown in Equation (3):


   e disp  =  ∑  i = 1  3    e i   max    d i       



(3)







Dividing each RMSE component by the maximum displacement in that direction is performed to mitigate bias introduced in calculating   e disp   that would otherwise favour larger displacement errors. This is because each component direction will have displacements of varying magnitudes and, correspondingly, RMSE values that differ greatly. The method outlined in Equation (3) proved effective in characterizing complex material models using displacement field data as demonstrated in [22].



The final step towards comparing the measured and predicted displacement fields requires both datasets to be mapped to the same size and order. This requires an interpolation function to map the respective displacements to their corresponding regions between two grid spaces, which are the predicted and measured displacement fields. Each grid space contains XYZ displacements corresponding to their respective XYZ positions. The radial basis function (RBF) was chosen for this task, as it proved to be effective in mapping two grid spaces in [23]. When using the RBF, the positional coordinates for each data point were used, to which the corresponding displacements were mapped. The mapping direction was from the FE model to the DIC displacement field data since the physical test data would have more noise than the dataset from the FE model dataset, which would not be ideal for interpolating. The RBF function was implemented using the Python library SciPy [24].




2.3.2. Indentation Force Error Function


The difference between the measured and predicted indentation force was used to calculate the indentation force error. It is important to note that the two datasets have different resolutions: the FE model generated 18 points between the 0 to 20  m  m  indentation, while the measured indentation force curve comprises several thousand points. A cubic spline fit was chosen to calculate the force error at a requested indentation depth. In both the physical and predicted datasets, the cubic splice was fit on indentation depth, with the indentation force being the dependent variable.



The force error function is described by Equation (4). Here,   f  e x p    and   f  s i m    represent the interpolation functions fitted to the measured (exp) and predicted (sim) indentation force datasets, respectively, and y represents the indentation depth:


   e  f o r c e    y  =  f  e x p    y  −  f  s i m    y   



(4)









2.4. Optimizer and Analysis Details


The final component needed to perform the analysis is an optimizer that will iterate the Mooney–Rivlin coefficients    C 10  ,  C 01   , and   C 20   to minimize the error between the measured and predicted displacement field subjected to two equality constraints and two inequality constraints. A single variant constrained optimization approach was chosen instead of simultaneously optimizing for both the displacement field and indentation error functions to avoid situations such as Pareto fronts [25].



The chosen optimization algorithm was the modified method of feasible directions (MMFD). The software Design Optimization Tools (DOT) [26] provided the MMFD algorithm. To demonstrate the method’s ability to characterize the Mooney–Rivlin model, an arbitrarily wide range of   ± 1.5   times the solutions parameter for the   C 10   and   C 01   was chosen. However, the   C 20   parameter range was only   ± 0.6   since this parameter, which acts as a bulk modulus parameter, significantly impacts the material stiffness for large deformations.



The two equality constraints, represented by Equations (5) and (6), serve to limit the design space to the regions of the hyperplanes discussed in [14] by evaluating the predicted force error at   12.5    m  m  and   17.5    m  m  indentation depths. These equality constraints were implemented in DOT as two equal and opposite inequality constraints with a small tolerance of 1  N  at both indentation depths:


   h 1   x  =  e force   12.5  = 0  



(5)






   h 2   x  =  e force   17.5  = 0  



(6)







The two inequality constraints represented by Equations (7) and (8) focus on the material parameters of the Mooney–Rivlin model and ensure that the stability criteria are met [27]:


   g 1  = −   C 10  +  C 01   ≤ 0  



(7)






   g 2  = −   C 20   ≤ 0  



(8)







The goal of this paper is to demonstrate that a unique solution can be determined even with physical test data and that the repeatability of the method used in [14] can be improved with a new formulation. The new approach involves treating the hyperplanes as equality constraints.



To support these focus points, 20 randomly selected starting positions in the design space were generated. The converged optimal results from these 20 starting points can then be investigated to evaluate the robustness of the constrained optimization approach. This will not only indicate if the solutions are unique but also give an indication of repeatability.



The distribution of these starting points and results are shown in Figure 10. The values of these starting points plus additional details are found and summarized in Table A1 of Appendix A.





3. Results and Discussion


The start and end positions for each of the 20 optimization runs are illustrated in Figure 10. This figure shows the original distribution of the 20 starting points parameters using box whisker diagrams. The start and end positions for each characterization run of all 20 starting points in the parameter design space are shown in Figure 11. The figure illustrates visually how the points are distributed around the final solution. The numerical values of these points and further details are found in Table A2 of Appendix A.



The solutions for each optimization run have slight variations in their positions in the design space; the obtained parameters, however, are similar. On average, the parameters differ by 0.08715% for   C 10  , 0.3159% for   C 01  , and 0.1614% for   C 20  . This is a noticeable improvement compared to previous research [14], where the parameters were off by an average of 1.106% for   C 10  , 1.934% for   C 01  , and 0.6034% for   C 20  . On average, there is roughly a 10-fold improvement towards the converged results. The low parameter variation indicates that the problem is well posed and has repeatable results. This variation can be further reduced by applying stricter convergence criteria to the optimizer.



Focusing on the displacement field error, we can see how the optimized model approximates the original displacement field. As seen in Figure 12, the errors in the X and Y direction have similar error levels, while the Z direction shows twice the error. Despite this higher error, the mean error remains at a manageable level of approximately 61   μ m  , which is still a good fit considering the large displacements (20  m  m  indentation) involved in the physical test. This suggests that the characterized model provides a good approximation of the original displacement field.



The results of the load-displacement curve comparison between the characterized model and physical test data are shown in Figure 13. The strong positive correlation between the two curves is indicated by a Pearson correlation coefficient of 0.9976 and an RMSE score of   52.10    N  from 0 to 20  m  m  indentation. However, when measured up until the point of deviation (0 to   17.5    m  m ), the correlation becomes even stronger with a Pearson coefficient of 0.9997 and a lower RMSE value of   19.37    N . The deviation towards the end of the curves may be due to the reduced-order nature of the Mooney–Rivlin model used in the characterization, and a higher-order version of the model may provide improved results.



These results show that the inverse FE characterization of the Mooney–Rivlin model was successful with repeatable and unique results. Regarding the significance of the minor variation in the predicted material behavior, further study would be needed to determine what impact they may have on the overall predicted material behavior and whether the impact is meaningful.




4. Conclusions


In this paper, an inverse finite element analysis was conducted to characterize the Mooney–Rivlin three-parameter model using an indentation loading case. A modification to the hyperplane method established in [14] was applied, which was also able to successfully eliminate the issue of non-unique sub-optimal solutions, a known problem addressed in the literature. The analysis demonstrated through the use of 20 independent starting points that the results were repeatable and unique, even when applied to physical test data. This was confirmed since all starting points converged to the same solution with an average deviation of 0.1882% from the mean predicted set of parameters. This slight variation is not a deficiency in the method but rather a result of the tolerances applied to the optimizer. The slight variation is also a significant improvement on the results of the previous paper, which had an average deviation of 1.934%.



These results highlight how significant the modification to the previous hyperplane method is, which instead treats hyperplanes as equality constraints, which accounted for the continuous curvature of the design space, resulting in reduced variability in the results.



To summarize, the findings of this study demonstrate that a unique solution with repeatable results can be determined using physical experiment data, such as DIC, which are inherently noisy when evaluated with the new method. This provides valuable insight for future researchers facing similar challenges when working with the Mooney–Rivlin three-parameter model, for which the literature may need to provide more information to reduce non-unique solutions. The paper concludes that the present new characterization method significantly contributes to the existing literature by resolving the non-uniqueness problem and providing a method capable of producing highly repeatable results no matter the starting position in the design space.
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Appendix A


The starting points, as labeled in Section 2.4, are summarized in Table A1 below. The inequality constraints   g 1   and   g 2   were omitted, as they do not provide information regarding the results other than whether they meet the stability criteria or not. Variables   e 1  ,   e 2   and   e 3   are calculated from Equation (2) and show the RMSE levels for each component direction before they were normalized and added together to form the overall objective function   e  d i s p   .
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Table A1. All starting points used in the material characterization.






Table A1. All starting points used in the material characterization.





	Variable
	    C 10    
	    C 01    
	    C 20    
	OBJ
	    h 1    
	    h 2    
	    e 1    
	    e 2    
	    e 3    





	   S  p 1    
	   4.805  ×   10  − 1     
	   6.164  ×   10  − 2     
	   9.978  ×   10  − 2     
	   1.712  ×   10  − 2     
	   7.172  ×   10 2    
	   1.283  ×   10 3    
	   7.445  ×   10  − 2     
	   3.722  ×   10  − 2     
	   4.720  ×   10  − 2     



	   S  p 2    
	   5.346  ×   10  − 1     
	   2.353  ×   10  − 2     
	   3.773  ×   10  − 2     
	   3.750  ×   10  − 2     
	   6.344  ×   10 2    
	   9.178  ×   10 2    
	   1.303  ×   10  − 1     
	   1.342  ×   10  − 1     
	   4.609  ×   10  − 2     



	   S  p 3    
	   5.002  ×   10  − 1     
	   5.501  ×   10  − 2     
	   9.626  ×   10  − 2     
	   1.784  ×   10  − 2     
	   7.401  ×   10 2    
	   1.303  ×   10 3    
	   7.105  ×   10  − 2     
	   4.637  ×   10  − 2     
	   4.738  ×   10  − 2     



	   S  p 4    
	   5.358  ×   10  − 1     
	   2.794  ×   10  − 2     
	   4.510  ×   10  − 2     
	   3.415  ×   10  − 2     
	   6.633  ×   10 2    
	   9.919  ×   10 2    
	   1.202  ×   10  − 1     
	   1.189  ×   10  − 1     
	   4.469  ×   10  − 2     



	   S  p 5    
	   1.429  ×   10  − 1     
	   6.440  ×   10  − 2     
	   8.325  ×   10  − 2     
	   1.818  ×   10  − 2     
	   1.573  ×   10 2    
	   1.799  ×   10 2    
	   8.240  ×   10  − 2     
	   7.166  ×   10  − 2     
	   5.793  ×   10  − 2     



	   S  p 6    
	   7.129  ×   10  − 2     
	   − 1.598  ×   10  − 3     
	   5.958  ×   10  − 2     
	   5.234  ×   10  − 2     
	   5.962  ×   10 2    
	   1.025  ×   10 3    
	   2.381  ×   10  − 1     
	   8.504  ×   10  − 2     
	   1.847  ×   10  − 1     



	   S  p 7    
	   1.782  ×   10  − 1     
	   4.954  ×   10  − 2     
	   9.623  ×   10  − 2     
	   1.612  ×   10  − 2     
	   9.790  ×   10 1    
	   5.620  ×   10 1    
	   4.258  ×   10  − 2     
	   5.240  ×   10  − 2     
	   8.210  ×   10  − 2     



	   S  p 8    
	   3.352  ×   10  − 1     
	   3.585  ×   10  − 2     
	   8.097  ×   10  − 2     
	   1.296  ×   10  − 2     
	   2.335  ×   10 2    
	   4.193  ×   10 2    
	   3.962  ×   10  − 2     
	   3.809  ×   10  − 2     
	   5.868  ×   10  − 2     



	   S  p 9    
	   3.180  ×   10  − 1     
	   6.936  ×   10  − 2     
	   9.321  ×   10  − 2     
	   1.579  ×   10  − 2     
	   3.198  ×   10 2    
	   6.268  ×   10 2    
	   8.395  ×   10  − 2     
	   2.910  ×   10  − 2     
	   4.785  ×   10  − 2     



	   S  p 10    
	   2.578  ×   10  − 1     
	   4.723  ×   10  − 2     
	   5.523  ×   10  − 2     
	   2.074  ×   10  − 2     
	   3.637  ×   10 1    
	   2.859  ×   10 1    
	   1.108  ×   10  − 1     
	   2.194  ×   10  − 2     
	   4.326  ×   10  − 2     



	   S  p 11    
	   2.929  ×   10  − 1     
	   − 1.044  ×   10  − 2     
	   4.057  ×   10  − 2     
	   2.466  ×   10  − 2     
	   8.912  ×   10 1    
	   2.707  ×   10 2    
	   7.835  ×   10  − 2     
	   1.254  ×   10  − 1     
	   6.830  ×   10  − 2     



	   S  p 12    
	   1.073  ×   10  − 2     
	   6.242  ×   10  − 2     
	   5.467  ×   10  − 2     
	   4.318  ×   10  − 2     
	   5.437  ×   10 2    
	   8.962  ×   10 2    
	   2.154  ×   10  − 1     
	   2.159  ×   10  − 1     
	   5.233  ×   10  − 2     



	   S  p 13    
	   3.196  ×   10  − 1     
	   1.358  ×   10  − 3     
	   3.081  ×   10  − 2     
	   3.047  ×   10  − 2     
	   3.531  ×   10 0    
	   1.418  ×   10 2    
	   9.843  ×   10  − 2     
	   1.327  ×   10  − 1     
	   4.701  ×   10  − 2     



	   S  p 14    
	   3.785  ×   10  − 1     
	   4.508  ×   10  − 2     
	   7.191  ×   10  − 2     
	   1.868  ×   10  − 2     
	   3.610  ×   10 2    
	   6.045  ×   10 2    
	   7.960  ×   10  − 2     
	   4.401  ×   10  − 2     
	   4.583  ×   10  − 2     



	   S  p 15    
	   8.879  ×   10  − 2     
	   4.188  ×   10  − 2     
	   6.528  ×   10  − 2     
	   1.980  ×   10  − 2     
	   3.970  ×   10 2    
	   6.443  ×   10 2    
	   6.671  ×   10  − 2     
	   7.500  ×   10  − 2     
	   7.763  ×   10  − 2     



	   S  p 16    
	   3.186  ×   10  − 1     
	   − 5.524  ×   10  − 3     
	   9.662  ×   10  − 2     
	   2.194  ×   10  − 2     
	   7.575  ×   10 1    
	   1.762  ×   10 2    
	   8.900  ×   10  − 2     
	   7.393  ×   10  − 2     
	   1.057  ×   10  − 1     



	   S  p 17    
	   2.153  ×   10  − 1     
	   1.488  ×   10  − 2     
	   1.006  ×   10  − 1     
	   2.461  ×   10  − 2     
	   1.129  ×   10 2    
	   9.842  ×   10 1    
	   9.356  ×   10  − 2     
	   4.639  ×   10  − 2     
	   1.151  ×   10  − 1     



	   S  p 18    
	   5.325  ×   10  − 1     
	   2.910  ×   10  − 2     
	   5.680  ×   10  − 2     
	   2.904  ×   10  − 2     
	   6.765  ×   10 2    
	   1.052  ×   10 3    
	   1.014  ×   10  − 1     
	   1.022  ×   10  − 1     
	   4.374  ×   10  − 2     



	   S  p 19    
	   2.464  ×   10  − 1     
	   1.533  ×   10  − 2     
	   5.474  ×   10  − 2     
	   1.408  ×   10  − 2     
	   9.995  ×   10 1    
	   2.208  ×   10 2    
	   3.543  ×   10  − 2     
	   5.634  ×   10  − 2     
	   6.492  ×   10  − 2     



	   S  p 20    
	   5.157  ×   10  − 1     
	   1.054  ×   10  − 2     
	   7.442  ×   10  − 2     
	   2.201  ×   10  − 2     
	   5.980  ×   10 2    
	   9.656  ×   10 2    
	   6.701  ×   10  − 2     
	   9.645  ×   10  − 2     
	   5.465  ×   10  − 2     








Table A2 contains the same information as Table A1 but for the optimization results. An additional row was added to this table containing each column’s average values.
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Table A2. Converged results of the material characterization.
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	Variable
	    C 10    
	    C 01    
	    C 20    
	OBJ
	    h 1    
	    h 2    
	    e 1    
	    e 2    
	    e 3    





	   S  p 1    
	   2.604  ×   10  − 1     
	   2.748  ×   10  − 2     
	   7.051  ×   10  − 2     
	   1.132  ×   10  − 2     
	   3.485  ×   10  − 1     
	   7.913  ×   10  − 1     
	   2.651  ×   10  − 2     
	   3.556  ×   10  − 2     
	   6.609  ×   10  − 2     



	   S  p 2    
	   2.604  ×   10  − 1     
	   2.744  ×   10  − 2     
	   7.050  ×   10  − 2     
	   1.133  ×   10  − 2     
	   3.589  ×   10  − 1     
	   7.170  ×   10  − 1     
	   2.649  ×   10  − 2     
	   3.561  ×   10  − 2     
	   6.611  ×   10  − 2     



	   S  p 3    
	   2.605  ×   10  − 1     
	   2.743  ×   10  − 2     
	   7.050  ×   10  − 2     
	   1.133  ×   10  − 2     
	   2.870  ×   10  − 1     
	   8.180  ×   10  − 1     
	   2.648  ×   10  − 2     
	   3.564  ×   10  − 2     
	   6.612  ×   10  − 2     



	   S  p 4    
	   2.605  ×   10  − 1     
	   2.739  ×   10  − 2     
	   7.042  ×   10  − 2     
	   1.134  ×   10  − 2     
	   3.948  ×   10  − 1     
	   3.656  ×   10  − 1     
	   2.655  ×   10  − 2     
	   3.572  ×   10  − 2     
	   6.607  ×   10  − 2     



	   S  p 5    
	   2.606  ×   10  − 1     
	   2.736  ×   10  − 2     
	   7.040  ×   10  − 2     
	   1.135  ×   10  − 2     
	   4.089  ×   10  − 1     
	   2.595  ×   10  − 1     
	   2.655  ×   10  − 2     
	   3.577  ×   10  − 2     
	   6.608  ×   10  − 2     



	   S  p 6    
	   2.607  ×   10  − 1     
	   2.735  ×   10  − 2     
	   7.039  ×   10  − 2     
	   1.135  ×   10  − 2     
	   1.522  ×   10  − 1     
	   6.212  ×   10  − 1     
	   2.658  ×   10  − 2     
	   3.582  ×   10  − 2     
	   6.606  ×   10  − 2     



	   S  p 7    
	   2.609  ×   10  − 1     
	   2.722  ×   10  − 2     
	   7.035  ×   10  − 2     
	   1.136  ×   10  − 2     
	   1.518  ×   10  − 1     
	   3.897  ×   10  − 1     
	   2.654  ×   10  − 2     
	   3.601  ×   10  − 2     
	   6.611  ×   10  − 2     



	   S  p 8    
	   2.608  ×   10  − 1     
	   2.728  ×   10  − 2     
	   7.027  ×   10  − 2     
	   1.137  ×   10  − 2     
	   3.699  ×   10  − 1     
	   1.795  ×   10  − 1     
	   2.668  ×   10  − 2     
	   3.596  ×   10  − 2     
	   6.600  ×   10  − 2     



	   S  p 9    
	   2.609  ×   10  − 1     
	   2.726  ×   10  − 2     
	   7.030  ×   10  − 2     
	   1.137  ×   10  − 2     
	   6.586  ×   10  − 3     
	   5.141  ×   10  − 1     
	   2.666  ×   10  − 2     
	   3.600  ×   10  − 2     
	   6.602  ×   10  − 2     



	   S  p 10    
	   2.608  ×   10  − 1     
	   2.728  ×   10  − 2     
	   7.026  ×   10  − 2     
	   1.137  ×   10  − 2     
	   3.183  ×   10  − 1     
	   1.196  ×   10  − 1     
	   2.670  ×   10  − 2     
	   3.596  ×   10  − 2     
	   6.598  ×   10  − 2     



	   S  p 11    
	   2.611  ×   10  − 1     
	   2.724  ×   10  − 2     
	   7.026  ×   10  − 2     
	   1.139  ×   10  − 2     
	   2.679  ×   10  − 1     
	   8.027  ×   10  − 1     
	   2.672  ×   10  − 2     
	   3.606  ×   10  − 2     
	   6.598  ×   10  − 2     



	   S  p 12    
	   2.609  ×   10  − 1     
	   2.720  ×   10  − 2     
	   7.015  ×   10  − 2     
	   1.140  ×   10  − 2     
	   4.361  ×   10  − 1     
	   7.243  ×   10  − 1     
	   2.677  ×   10  − 2     
	   3.612  ×   10  − 2     
	   6.594  ×   10  − 2     



	   S  p 13    
	   2.609  ×   10  − 1     
	   2.723  ×   10  − 2     
	   7.015  ×   10  − 2     
	   1.140  ×   10  − 2     
	   3.460  ×   10  − 1     
	   5.625  ×   10  − 1     
	   2.681  ×   10  − 2     
	   3.608  ×   10  − 2     
	   6.591  ×   10  − 2     



	   S  p 14    
	   2.611  ×   10  − 1     
	   2.717  ×   10  − 2     
	   7.020  ×   10  − 2     
	   1.140  ×   10  − 2     
	   9.776  ×   10  − 2     
	   2.742  ×   10  − 1     
	   2.673  ×   10  − 2     
	   3.617  ×   10  − 2     
	   6.598  ×   10  − 2     



	   S  p 15    
	   2.610  ×   10  − 1     
	   2.717  ×   10  − 2     
	   7.016  ×   10  − 2     
	   1.140  ×   10  − 2     
	   3.093  ×   10  − 1     
	   5.126  ×   10  − 1     
	   2.675  ×   10  − 2     
	   3.617  ×   10  − 2     
	   6.597  ×   10  − 2     



	   S  p 16    
	   2.610  ×   10  − 1     
	   2.717  ×   10  − 2     
	   7.016  ×   10  − 2     
	   1.140  ×   10  − 2     
	   2.976  ×   10  − 1     
	   4.992  ×   10  − 1     
	   2.675  ×   10  − 2     
	   3.617  ×   10  − 2     
	   6.597  ×   10  − 2     



	   S  p 17    
	   2.610  ×   10  − 1     
	   2.714  ×   10  − 2     
	   7.016  ×   10  − 2     
	   1.140  ×   10  − 2     
	   3.849  ×   10  − 1     
	   6.779  ×   10  − 1     
	   2.673  ×   10  − 2     
	   3.620  ×   10  − 2     
	   6.599  ×   10  − 2     



	   S  p 18    
	   2.611  ×   10  − 1     
	   2.717  ×   10  − 2     
	   7.018  ×   10  − 2     
	   1.140  ×   10  − 2     
	   3.844  ×   10  − 2     
	   2.057  ×   10  − 2     
	   2.675  ×   10  − 2     
	   3.618  ×   10  − 2     
	   6.597  ×   10  − 2     



	   S  p 19    
	   2.612  ×   10  − 1     
	   2.720  ×   10  − 2     
	   7.020  ×   10  − 2     
	   1.140  ×   10  − 2     
	   4.032  ×   10  − 1     
	   7.983  ×   10  − 1     
	   2.678  ×   10  − 2     
	   3.616  ×   10  − 2     
	   6.595  ×   10  − 2     



	   S  p 20    
	   2.611  ×   10  − 1     
	   2.715  ×   10  − 2     
	   7.016  ×   10  − 2     
	   1.140  ×   10  − 2     
	   3.942  ×   10  − 2     
	   1.101  ×   10  − 1     
	   2.677  ×   10  − 2     
	   3.621  ×   10  − 2     
	   6.596  ×   10  − 2     



	Average
	   2.608  ×   10  − 1     
	   2.727  ×   10  − 2     
	   7.028  ×   10  − 2     
	   1.137  ×   10  − 2     
	   1.933  ×   10  − 1     
	   1.473  ×   10  − 1     
	   2.666  ×   10  − 2     
	   3.598  ×   10  − 2     
	   6.601  ×   10  − 2     
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Figure 1. Indentation test for collecting both full-field digital image correlation (DIC) data and indentation force data. The indenter, test sample, load cell, and base plate are shown. 
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Figure 2. Absolute indentation force error plots of the sampled design space: (a) showing all the sample points, (b) highlighting the low error region of the design space. 
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Figure 3. Displacement field RMSE error plots of the sampled design space: (a) showing all the sample points, (b) highlighting the low error region of the design space. 
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Figure 4. Indentation test configuration (a) showing the front view highlighting the compression machine key components, (b) showing the DIC configuration. 
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Figure 5. Unfiltered, full field test data showing each measurement point related to its physical position highlighting regions of poor correlation. 
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Figure 6. Raw digital image correlation images showing the component directions: (a) showing the deformed sample, (b) X-displacement component, (c) Y-displacement component, (d) Z-direction component. 
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Figure 7. Finite element model replicating the physical test loading conditions. 
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Figure 8. Friction coefficient effect on objective function   e disp  . 
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Figure 9. Finite element model left versus physical sample right at 20  m  m  indentation. 
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Figure 10. Optimizer start and end points showing the original distribution with a box and whisker diagram and where the points converged to. 
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Figure 11. A 3D plot showing the starting points start (green) and converged end points (red). 
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Figure 12. Displacement field prediction error [mm]. 
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Figure 13. Force-displacement curve comparing the fitted material model indicated as the average predicted parameters in Table A2 with the experimentally measured force curve. 
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