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ABSTRACT  

Methods used to evaluate bone mechanical properties vary widely depending on the 

motivation and environment of individual researchers, clinicians, and industries. Further, 

the innate complexity of bone makes validation of each method difficult. Thus, the 

purpose of the present research was to quantify methodological error of the most 

common methods used to predict long-bone bending stiffness, more specifically, 

flexural rigidity (EI). Functional testing of a bi-material porcine bone surrogate, 

developed in a previous study, was conducted under four-point bending test conditions. 

The bone surrogate was imaged using computed tomography (CT) with an isotropic 

voxel resolution of 0.625 mm. Digital image correlation (DIC) of the bone surrogate was 

used to quantify the methodological error between experimental, analytical, and 

computational methods used to calculate EI. These methods include the application of 

Euler Bernoulli beam theory to mechanical testing and DIC data; the product of the 

bone surrogate composite bending modulus and second area moment of inertia; and 

finite element analysis (FEA) using computer-aided design (CAD) and CT-based 

geometric models. The methodological errors of each method were then compared. The 

results of this study determined that CAD-based FEA was the most accurate 

determinant of bone EI, with less than five percent difference in EI to that of the DIC and 

consistent reproducibility of the measured displacements for each load increment. CT-

based FEA was most accurate for axial strains. Analytical calculations overestimated EI 

and mechanical testing was the least accurate, grossly underestimating flexural rigidity 

of long-bones.  
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HIGHLIGHTS 

• Flexural rigidity (EI) of long bones is commonly used to assess treatment effects 
• Digital image correlation measurements on bone surrogate quantified accurate EI 
• Bending tests of bone surrogate underestimated EI by 72% 
• Euler-Bernoulli beam theory overestimated EI by 45% 
• EI from CAD- and CT-based finite element analyses are accurate to within 6% 

1 INTRODUCTION 

Musculoskeletal conditions are the highest contributor to global disabilities and affect 

20-33% of the population(James et al., 2018). Approximately 54% of adults over the 

age of 50 in the United States suffer from osteoporosis, a degenerative bone disease 

associated with increased risk of bone fracture(Wright et al., 2014). The annual 

incidence of osteoporotic related fracture is projected to exceed three million by 2025 

(Burge et al., 2007). During the first three months after an osteoporotic related hip 

fracture, women and men are at a six- and eight-times greater risk of morbidity, 

respectively.  Even at ten years post fracture, patients who suffer osteoporotic related 

hip fracture remain at a two times greater risk of mortality than the general population 

(Bliuc et al., 2009). The scale and breadth of musculoskeletal conditions motivates a 

range of research studies into prevention and treatment methods.  

Preventative treatments for osteoporotic fracture include antiresorptives and 

anabolic therapies. However, both have limited efficacy, adverse side effects, and the 

optimal dosage and duration of use is still unknown (Iolascon et al., 2020; McClung et 

al., 2014; Ruggiero et al., 2004; Wysowski and Greene, 2013). Early detection of a loss 

in bone mechanical properties is necessary since preventative treatment options are 

limited and the consequences of osteoporotic fracture are so high. Elastic modulus and 
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second moment of area are key parameters for fracture risk assessment. Both fracture 

toughness and flexural rigidity rely on accurate estimates of structural and material 

stiffness. For example, osteoporosis has been shown to increase material stiffness but 

decrease fracture toughness (Morais et al., 2010). Image-based finite element analysis 

(FEA) is another method to predict fracture, as demonstrated by Kluess and co-workers 

(Kluess et al., 2019). For this to be effective, accurate structural and material properties 

are required. Also, inverse methods which capitalize on image-based FEA have been 

used to account for subject specific differences in the conversion of computed 

tomography (CT) density to elastic modulus (Rezaei et al., 2019). Subject specific 

parameters such as age and sex, both of which affect the pathophysiology of 

osteoporosis, can then be incorporated in fracture prediction methods (Dy et al., 2011). 

In vitro mechanical testing is the most common determinant of bone stiffness but is 

limited to destructive methods. Dual-energy x-ray absorptiometry (DXA) is the standard 

clinical method for determining changes in apparent bone density, a contributing factor 

to bone stiffness. DXA, however, is a poor evaluator of bone mechanical properties as it 

only yields a measure of areal bone mineral density and does not provide three-

dimensional (3D) density information. In contrast, specimen or patient-specific 3D 

geometry and material properties are captured with CT image-based analytical and 

finite element methods(Leslie and Morin, 2020). The accuracy of bone stiffness 

calculations is dependent on meeting the assumptions of the underlying equations from 

classical mechanics(Arias-Moreno et al., 2020; Schriefer et al., 2005; Sommers et al., 

2007; van Lenthe et al., 2008). Image-based FEA is arguably the most accurate of the 
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methods used to determine bone stiffness (Leslie and Morin, 2020); however, image-

based FEA requires validation and is computationally expensive.  

Although all methods detailed above can be used to quantify bone stiffness, the 

innate complexity of bone makes validation of each method difficult. Therefore, a bi-

material and CT scan compatible surrogate was developed (Collins et al., 2018) to 

provide consistent reproducible mechanical properties for methodological evaluation of 

experimental, analytical, and computational bone bending stiffness. In the current study, 

the errors in bone bending stiffness derived from Euler-Bernoulli beam bending theory, 

FEA, and crosshead deflection during mechanical testing are quantified against 

experimental measurements with digital image correlation (DIC). 

2 MATERIALS AND METHODS 

2.1 Four-point bending 
A fabricated, bi-material and CT scan compatible bone surrogate with a 

locational translational fit (N7/h6) between the core (high-density polyurethane (HDPU)) 

and shell (acetyl copolymer (AC)) was selected for functional testing. Development and 

design of the surrogate is detailed in a previous study (Collins et al., 2018). The 

surrogate underwent repeat four-point bending tests (n=3) using an MTS Sintech 10/GL 

testing machine (MTS, Eden Prairie, MN) with displacement rate of 5.0 mm/min. The 

distances between upper and lower supports were 12.7 mm (a) and 50.8 mm (L), 

respectively. Support diameter, D, was 5 mm. The surrogate was loaded within the 

linear-elastic region of the surrogate, well below the yield point. Force and displacement 

data were directly measured from the MTS testing system load cell and crosshead, 
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respectively. The Hertzian contact (Puttock et al., 1969) equation (Eq. (1)) for a cylinder 

on a plane was used to determine the theoretical local deformation, y, of the surrogate 

at the point of contact with the supports. Here, �� is the applied force per unit length of 

contact (i.e. width of the surrogate, w = 37.5 mm), and v1, v2, E1, and E2 are the 

Poisson’s ratios and elastic moduli of the steel support and AC shell, respectively, as 

described in detail (Collins et al., 2018). Effective flexural rigidity (EIeff) of the surrogate 

was calculated at the peak load increment using Euler-Bernoulli (EB) beam theory for 

prismatic, long beams in pure bending (Eq. (2) (Young et al., 2002)). Here, Ks is the 

bending stiffness of the surrogate, calculated from the peak force, F, and the peak 

deflection, δ, corrected for Hertz contact (Eq. (3)), and x (12.7 mm) is the position of the 

measured displacement. 

 � =  �� ���	
�
�

 + ��	��

�
� � �1 + �� � ���� ��
�
��
�

��
 �
����
��� ���� ! (1) 

 "# = $%&'(�&(��$�)*+�,   (2) 

  -. = �
/�,0 (3) 

2.2 Digital Image Correlation 
Following the initial tests, the surrogate was spray painted with a random black 

and white speckle pattern and subjected to additional repeat four-point bending tests 

(n=5) using the same MTS Sintech 10/GL testing machine (MTS, Eden Prairie, MN) and 

two-dimensional (2D) DIC equipment (Fig. 1). Four steps of incremental loads of 

approximately 1500 N, from 0 N to 6000 N, were applied to the surrogate and images 

were captured at each increment using a Grasshopper GRAS-50S5M camera with a 35 

mm focal length lens (Point Grey Research, Richmond, BC, Canada). The camera was 
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positioned perpendicular to the surrogate at a distance of 35 cm. Contour plots of strain 

in the axial, x-direction (εxx,DIC) and displacement in the vertical, y-direction (δDIC), 

correlating to the approximate 1500 N load increments from 0 to 6000 N, were 

calculated using the Improved Digital Image Correlation Software (Eberl, 2010; Jones et 

al., 2014) in Matlab R2015a (MathWorks, Natick, Massachusetts). Each contour plot 

was sampled at positions perpendicular and parallel to the x-axis to track changes in 

εxx,DIC and δDIC in response to load, respectively. The sampled εxx,DIC and δDIC data were 

averaged at each load step for the repeat measurements and plotted with 95% 

confidence intervals (CIs) labelled for comparison to the results of other methods. DIC 

flexural rigidity (EIDIC) of the surrogate was calculated for the ~6000 N load increment 

using Eq. (4) where Fmax is the average maximum applied force (= 6026 N) and x (= 

25.4 mm) is the position along the x-axis of the expected peak deflection (point B, Fig. 

1). The total localised deflection of the surrogate at the points of contact with the 

supports (yDIC) was approximated by averaging the calculated displacements at the x-

position of the lower supports (points A and C, Fig. 1) in response to each load 

increment. For EIDIC, δ was the peak deflection corrected for local displacement at the 

supports, calculated using the difference between δDIC at point B and yDIC for the ~6000 

N load step.  

"# = ��123('�$)�6(3�2)7
6�2 �(7�'��('�$)�(�

�,/' + �123$�6(3�682)7
2 �(7�%'��$�)(�

�,/'  (4) 
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Fig. 1. Photo of the bone surrogate speckled for 
DIC between the four-point bending supports, 
with coordinate system and points A, B and C 
(x= 0, 25.4 mm, and 50. 8 mm) labelled.   

2.3 Medical Imaging 
The surrogate was CT scanned in air using a Discovery CT750 HD CT scanner 

(GE Healthcare, Little Chalfont, United Kingdom) with an isotropic voxel resolution of 

0.625 mm (equal slice thickness and spacing) at 120 kV and 60 mA. CT images were 

reconstructed using accompanying scanner software with the GE “boneplus” algorithm 

and imported as Digital Imaging and Communications in Medicine (DICOM) images into 

the medical image processing software Mimics 17.0 (Materialise, Ann Arbor, MI). The 

surrogate was segmented into volume masks of the shell and core using thresholds of –

139 to 640 and –678 to 244 HU for the AC and HDPU, respectively. 

2.4  Finite Element Analysis 
Finite element analyses (FEAs) were performed on CAD and CT-based models of 

the surrogate under four-point bending in Abaqus Explicit 2017 (Simulia, Providence, 

RI). The bone surrogate models were meshed using linear hexahedral elements with 

incompatible modes (C3D8R) or quadratic tetrahedral elements (TET10, C3D10) with a 
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maximum edge length of 1 mm (Fig. 2). Homogeneous, linear elastic material properties 

were assigned to the AC shell (Eb,AC = 2850 MPa, vAC=0.363 (Osswald and Menges, 

2003)) and HDPU core (Eb,HDPU = 596 MPa, and vHDPU=0.3). Two load applicators were 

spaced 25.4 mm apart on the top surface of the bone surrogate. They were fixed in the 

z (perpendicular to bending plane) and x (principal beam axis) directions and moved 

vertically downward in the +y direction (Fig. 1) with a speed of 5 mm/minute. Two 

supports were positioned 50.8 mm apart at the bottom of the bone surrogate for which 

all degrees of freedom were fixed. The load applicators and supports were meshed 

using four-noded, three-dimensional, bilinear, rigid quadrilateral elements (R3D4) with a 

maximum edge length of 1 mm, shown in Fig. 2. A surface-to-surface contact algorithm 

was used between the bone surrogate models and the load applicators/supports with 

frictionless tangential behaviour and a “hard” contact pressure-overclosure relationship. 

A time period of 10 seconds was used for each load step and FEA results were written 

every 0.25 seconds.  
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Fig. 2: Methods used to evaluate the flexural rigidity of the bone surrogate. Here the 
preprocessing steps and resultant meshes for CAD- vs CT-based finite element 
analysis are highlighted. 

FEA displacement in the y-direction (δFEA) and FEA strain in the x-direction (εxx,FEA) 

were sampled along the face of the geometric models of the surrogate parallel and 

perpendicular to the x-axis (Fig. 1), respectively. δFEA, measured as the difference in 

displacement between points A and B in the y-direction (Fig. 1), and εxx,FEA for the 

specified load intervals (0:1500:6000 N) were interpolated from the two closest FEA 

results in order to replicate the DIC test conditions. Effective flexural rigidity from the 

FEA data (EIFEA) was calculated for the highest load increment using Eq. (4), where F 

was the total reaction force from the load applicators (6000N), δ was the δFEA at point B, 

and x (= 25.4 mm) was set to the x-position of point B (Fig 1).  

2.5 Analytical Calculations 
The analytical flexural rigidity (EIx) was calculated in a previous study from the 

product of the composite second moment of area about the x-axis and the bending 
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modulus of the acetyl copolymer (Eb,AC) (Collins et al., 2018). Since the lower support 

span length to surrogate height ratio (roughly 2:1) is significantly smaller than 

recommended for negligible shear deformation (20:1), Eq. (5) was used to determine 

the appropriateness of using EB to evaluate the surrogate (Dolph, 1954; Gere and 

Timoshenko, 2000; Howe et al., 1951). This dimensionless number, S, provides a 

means to evaluate the importance of the shear rigidity, κAG, relative to that of the 

flexural rigidity (EI) and beam length. Here, 9  is the calculated Timoshenko shear 

correction coefficient for rectangular cross sections (0.852) based on v2, h is the height 

of the surrogate (25 mm), A is the total cross-sectional area of the surrogate (938 mm2), 

and G is the shear modulus derived from Eb,AC and v2 (1050 MPa) (Eq. (5)). When S << 

1, the Timoshenko beam theory for a uniform, static beam is equivalent to EB beam 

theory, indicating negligible shear deformation. 

 : = ;<,>?�@AB
CD �

E>FGD   (5) 

3 RESULTS AND DISCUSSION 
A representative contour plot of δDIC at the peak load increment (6000 N) can be 

seen in Fig. 3. As expected, peak vertical deflections occurred between the upper 

supports, and contact deflections increased with increasing load: 0.06 mm, 0.12 mm, 

0.18 mm, and 0.23 mm for 1500 N, 3000 N, 4500 N, and 6000 N, respectively.   
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Fig. 3: Contour plot of the calculated DIC 
deflection (δDIC) at the peak load increment 
(6000N). 

For comparison, the displacements from the DIC and FEA for all CAD-based and 

CT-based models were sampled along the horizontal midplane (i.e. at y=0 mm (Fig. 1)) 

at each 1500 N load increment and plotted (Fig. 5). 
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Fig. 4: Vertical deflection (δ) vs x-position for the 0, 1500, 3000, 4500, and 6000 N load 
increments, as measured by DIC (Left), CAD-based FEA with a Hex mesh (Left, 
Centre), CAD-based FEA with a Tet mesh (Right, Centre) and CT-based FEA with a Tet 
mesh (Right). δDIC data is presented as an average with 95% confidence intervals in 
each plot. 

 The repeatability of the DIC displacement measurements was relatively high, as 

evident by the relatively small CIs at each load increment. The largest variance was 

observed at the 1500 N load increment, where the ratio of displacement to spatial 

resolution is lowest. A slight skew was present in the DIC displacements, particularly at 

the lower load increments. This behaviour was closely matched for the CAD-based FEA 

with the Tet-mesh and somewhat mirrored in the CT-based FEA, while the CAD-based 

FEA with the Hex-mesh exhibited displacements that were symmetric about the bone 

surrogate/“beam” centre (point B, Fig. 1). Both the CT-based FEA and CAD-based FEA 

with the Hex-mesh over- and underestimated the DIC displacements, depending on the 

load increment, with the shift from over- to underestimation occurring at the 4500 N and 

6000 N load increments, respectively. The deflections of the CAD-based FEA with the 
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Tet mesh nearly matched those of the DIC, with slight overestimations as the load 

increased (Fig. 4).  

 The accuracy of 2D DIC measurements is heavily dependent on the position of 

the camera relative to the observed object face. Any misalignment of the camera 

relative to the observed object face results in skewed displacement measurements. 

Although care was taken to ensure that the camera was level and perpendicular to the 

surface of the bone surrogate, post-processing of the DIC data revealed that the centre-

to-centre distances for the cylindrical supports (as measured from the circular faces, 

both top and bottom sets) were slightly larger than the those of the test setup (ratio of 

1.009). This indicates that the camera was positioned out of the x-y plane of the 

surrogate face (Fig. 3). This slight misalignment resulted in a measured displacement 

that was nearly 8% larger at x=34.1 mm than at x=19.4 mm when the applied load was 

1500 N (Fig. 4). The relative effect of this camera misalignment decreased with 

increasing load and was less than 2% when the applied load was 6000 N.  

  A representative contour plot of the % εxx,DIC at the peak load increment (6000 N) 

can be seen in Fig. 5.  Strain values shifted from compressive to tensile from the top (y 

=-12.5 mm) to the bottom of the surrogate (y =12.5 mm), with peak strains occurring 

towards the centre of the surrogate (point B, Fig 1). 
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Fig. 5: Contour plot of the calculated DIC 
strain in the x-direction (εxx,DIC) at the peak 
load increment (6000N). Strain is reported as 
a percentage.  

For comparison, the εxx,DIC and εxx,FEA for all CAD- and CT-based models were 

sampled along the vertical midplane (point B, Fig. 1) at each load increment and plotted 

in Fig. 6. The plane of zero strain occurred below the geometric neutral axis for both 

εxx,DIC and εxx,FEA for all models. Since the surrogate is a composite of AC and HDPU, 

which exhibit anisotropic material properties, the shift in the plane of zero strain towards 

the edge of the beam in tension may be a result of the more compliant tensile compared 

to compressive stiffness of both materials. However, the agreement between the DIC 

and FEA measurements infers that bulging of the material is not the sole cause of this 

shift in neutral axis. More than likely, the short and stout geometry of the beam resulted 

in combined loading due to shear forces at the points of contact between the beam and 

the supports, wherein the conditions of Saint-Venant’s principle were not met.  
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Fig. 6: Strain in the x-direction (εxx) versus y-position for the 0, 1500, 3000, 4500, and 
6000 N load increments, as measured by DIC (Left), CAD-based FEA with a Hex mesh 
(Left, Centre), CAD-based FEA with a Tet mesh (Right, Centre) and CT-based FEA with 
a Tet mesh (Right). All strains are reported as a percentage and εxx,DIC data are 
presented as an average with 95% confidence intervals in each plot. 

In contrast to the displacement measurements, the variability of the DIC strain 

measurements was relatively high for all load increments. All three models 

overestimated εxx,DIC on the compressive side of the beam, particularly at the 1500 N 

load increment. The CAD-based FEA with the Hex mesh performed the worst, with 

εxx,FEA overestimating both compressive and tensile strains at each load increment. With 

increasing load, εxx,FEA showed improved agreement with εxx,DIC for both the CAD-based 

FEA with the Tet mesh and the CT-based FEA. The tensile strains from the CAD-based 

FEA with the Tet mesh performed well and matched εxx,DIC at the edges of the beam (y= 

±8 mm) for all load increments, while compressive strains at the edges were 

overestimated until the peak load increment (Fig. 6). εxx,FEA from the CT-based FEA best 

captured εxx,DIC across the face of the beam at all load increments, with near perfect 

agreement across all load increments. 
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The spatial resolution of 2D DIC measurements was limited by speckle pattern 

quality measures. These measures include the ratio of the individual speckle size 

relative to the pixel size of the captured images and the randomness of the applied 

speckle pattern itself. If the distribution of the speckle pattern is too sparse or too dense 

or if the speckles are too big the DIC software loses the ability to accurately measure 

small displacements. Therefore, the greater difference in εxx,DIC and εxx,FEA at the lower 

load increments is somewhat expected.  

Results of the flexural moduli calculations are summarized in Table 1. Here, 

percent difference (PD) from the EIDIC are calculated for each analysis method. The 

values for EI of the surrogate are similar to previous mechanical characterization 

studies of native bone as well as osteoporotic and healthy bone surrogates, 3.7-66.4, 

10.3, and 22.8 x107 Nmm2, respectively (Sommers et al., 2007).  

Table 1: Summary of flexural rigidity results at the 6000 N load increment. 

Method 
 EI 

(Nmm2) 
PDa 

(%) 
4-pt Bending Mechanical 
Testing 2.60x107 -72 

DIC 9.24x107 - 
FEA CAD Hex 9.81x107 6.1 
FEA CAD Tet 9.20x107 -0.43 
FEA CT Tet 9.65x107 4.4 
Analytical Calculation* 13.4x107 45 
aPD=Percent difference from the DIC test results 
*As determined by Collins et al., 2018 

 

The largest PD in EI occurred between the mechanical testing and DIC results. 

Here, the Hertz contact deflections at an applied load of roughly 6000 N was 0.23 mm 

for the four-point bending mechanical testing, roughly one third of the total measured 
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displacement. Moreover, the mechanical test deflection data were measured from 

displacement of the crosshead at the upper supports. As a result, any machine 

compliance would result in additional overestimation of the true deflection propagating 

to an underestimation of the true bending stiffness of the surrogate. In contrast, the DIC 

data were directly measured from the surface of the surrogate, eliminating any machine 

compliance from the deflection data. Despite the large underestimation (-72% PD), the 

PD between the flexural rigidity derived from mechanical testing and DIC for the 

surrogate is similar to what others have found for murine femora (Arias-Moreno et al., 

2020; Schriefer et al., 2005; van Lenthe et al., 2008). 

Sources of deviation between EIDIC and EIFEA for all CAD and CT-based FEAs 

were limited since both were calculated using Eq. (3) and displacement measurements 

were taken directly from the face of the surrogate and surrogate models. As noted 

previously, the use of linear elastic, isotropic material properties in the FEA may 

misrepresent the true nature of the bone surrogate materials. However, since the 

mechanical testing was performed well below the yield strength of the AC or HDPU and 

under a quasi-static loading rate, any inelastic behaviour was unlikely to be induced 

during testing. Both the CAD-based and CT-based models generated with a Tet mesh 

outperformed the model with a Hex mesh, indicating that element type affected the 

accuracy of the FEA regardless of the source of the model data. The contour preserving 

nature of a tetrahedral mesh resulted in a better estimate of the surrogate EI. 

Interestingly, EIFEA of the CAD-based model with a Tet mesh underestimated EIDIC, 

while EIFEA of the CT-based model with a Tet mesh overestimated EIDIC. This difference 

may be due in part to the segmentation of the surrogate from the CT data, where the 
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clinically relevant voxel size (0.625 mm) is known to suffer from partial volume effects at 

the boundary. An increase in beam height (h = 25 mm) by one voxel would decrease 

strain by 5% in accordance with Euler-Bernoulli beam theory where strain is 

proportional to 1/h2. 

The PD between EIDIC and EIx can be attributed to the EB assumption for 

negligible shear deflection. The dimensionless number, S, calculated as 0.062 for the 

surrogate, differentiates the static case for Timoshenko beam theory and accounts for 

shear deflection assumed to be negligible when using EB beam theory. This scalar can 

only be neglected when it is much less than one. Therefore, the span length to 

surrogate height ratio of roughly 2:1 resulted in an overestimation of the flexural rigidity 

when using EB beam theory, as is common in mammalian long bones.   

The small span length to diameter ratio of the surrogate (2:1), typical of porcine 

long bones, did not meet the assumption of EB beam theory; and therefore, was a 

source of error in this method. However, the aspect ratio of murine femora, more 

commonly used in bone mechanical characterization studies, also do not meet this 

assumption (Arias-Moreno et al., 2020; van Lenthe et al., 2008). Hertz contact 

deflections contributed the most to deviations from EB beam theory, but shear 

deflection was also a contributing factor. These methodological errors are nonlinearly 

affected by morphology and material properties. Although acknowledged, sources of 

error in the DIC measurements were negligible at 6000 N.  
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4 CONCLUSION 

The long-bone surrogate used in the current study eliminated the variance 

associated with analysis and testing of bone mechanical properties. The results of this 

study determined that CAD-based FEA was the most accurate determinant of bone 

surrogate EI and CT-based FEA was most accurate for axial strains. Analytical 

calculations could also be used as a relatively accurate measure of bone EI provided 

the geometry of the bone can be reasonably characterized as a prismatic beam and 

with the understanding that the calculated EI will be overestimated. Mechanical testing 

was the least accurate and grossly underestimated flexural rigidity of our long-bone 

surrogate. Simplified bone surrogates, such as the one evaluated in this study, can be 

designed to mimic long-bones from other large and small animal species as well as to 

mimic the effects of aging or disease on bone morphometry. These surrogates can then 

be applied to quantify errors and verify modelling and testing methods that assess bone 

mechanical properties. 
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NOMENCLATURE 

2D two-dimensional 

a length of the moment arm from the upper to lower support, 12.7 

mm 

A cross-sectional area of the surrogate, 938 mm2 

AC acetyl copolymer 

CAD computer-aided design 

CT computed tomography 

D support diameter, 5 mm 

DIC digital image correlation 

DICOM Digital Imaging and Communications in Medicine 

E1 elastic modulus of the steel support (compressive), 200,000 MPa 

E2 elastic modulus of the AC shell (compressive), 2300 MPa 

EB Euler-Bernoulli beam theory 

Eb,AC experimentally measured bending modulus of the AC, 2850 MPa 

EIDIC effective flexural rigidity as measured from the DIC data, Nmm 

EIeff effective flexural rigidity, Nmm2 

EIFEA  effective flexural rigidity from the FEAs 

EIx analytical flexural rigidity of the surrogate about the x-axis, 
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13.4x107
 Nmm2 

F force, N  

�� applied force per unit length, N/mm 

FFEA force from the FEA, N 

Fmax average maximum applied force during mechanical testing, 6026 N 

FEA(s) finite element analysis (analyses) 

G shear modulus derived from Eb,AC and v2, 1050 MPa 

HDPU high density polyurethane foam 

HU Hounsfield unit 

h height of the surrogate, 25 mm 

Ks bending stiffness, N/mm; � �/ � 

L length of the lower support span, 50.8 mm 

N7/h6 locational translational fit, as described by the ASTM International 

Handbook, Machining 

S dimensionless number, yielding the ratio of flexural rigidity to shear 

rigidity and beam length 

w width, 37.5 mm 

x position at which displacements were measured, 25.4 mm  

y Hertz contact deformation at each support, mm 
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yDIC total localized deflection of the surrogate at the points of contact 
with the supports, points A and C (Fig. 1), mm 

δ displacement, mm  

δDIC measured DIC displacement, mm 

δFEA calculated displacement from the FEA, mm 

εxx,DIC strain in the x-direction measured using DIC 

εxx,FEA  strain in the x-direction calculated from the FEA, measured across 
the face of the bone surrogate model 

κ Timoshenko shear coefficient, 0.852 

v1 Poisson’s ratio of steel support, 0.3 

v2 Poisson’s ratio of AC, 0.363 
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Figure Captions List 

Fig. 1. Photo of the bone surrogate with N7/h6 fit prepped for DIC 
between the four-point bending supports, with coordinate system 
labelled.   

Fig. 2 Methods used to evaluate the flexural rigidity of the bone 
surrogate. Here the preprocessing steps for CAD- vs CT-based 
finite element analysis are highlighted. 

Fig. 3 Contour plot of the calculated DIC deflection (δDIC) at the peak load 
increment (6000N). 

Fig. 4 Vertical deflection (δ) vs x-position for the 0, 1500, 3000, 4500, 
and 6000 N load increments, as measured by DIC (Left), CAD-
based FEA with a Hex mesh (Left, Centre), CAD-based FEA with a 
Tet mesh (Right, Centre) and CT-based FEA with a Tet mesh 
(Right). δDIC data is presented as an average with 95% confidence 
intervals in each plot. 

Fig. 5 Contour plot of the calculated DIC strain in the x-direction (εxx) at 
the peak load increment (6000N). Strain is reported as a 
percentage. 

Fig. 6 Strain in the x-direction (εxx) vs y-position for the 0, 1500, 3000, 
4500, and 6000 N load increments, as measured by DIC (Left), 
CAD-based FEA with a Hex mesh (Left, Centre), CAD-based FEA 
with a Tet mesh (Right, Centre) and CT-based FEA with a Tet 
mesh (Right). All strains are reported as a percentage and εxx,DIC 
data is presented as an average with 95% confidence intervals in 
each plot. 
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Table Caption List 

Table 1. Summary of flexural rigidity results at the 6000N load increment.  
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