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Abstract (count 248)
[bookmark: _Hlk54601308]Finite element human neck models (NMs) aim to predict neck response and injury at the tissue level; however, contemporary models are most often assessed using global response such as head kinematics. Additionally, many NM are developed from subject-specific imaging with limited soft tissue resolution in small structures such as the facet joints in the neck. Such details may be critical to enable NM to predict tissue-level response. In the present study, the capsular joint cartilage (CJC) geometry in a contemporary NM was enhanced (M50-CJC) based on literature data. The M50-CJC was validated at the segment and full neck levels and assessed using relative facet joint kinematics (FJK), capsular ligament (CL) and intervertebral disc (IVD) strains, and head kinematics in frontal and rear impact. The validation ratings at the segment level increased from 0.60 to 0.64, with improvements for modes of deformation associated with the facet joints, while no difference was noted at the head kinematic level. The improved CJC led to increased FJK rotation and IVD strain, attributed to the reduced facet joint gap. Further enhancements of the capsular joint representation or a link between the FJK and CL injury risk are recommended. Enhancements at the tissue level demonstrated a large effect on surrounding tissues, but were not apparent in global metrics such as head kinematics. This study demonstrated that a biofidelic and detailed geometrical representation of the CJC contributes significantly to the predicted joint response, which is critical to investigate neck injury risk at the tissue level.
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[bookmark: _Hlk54601278]Introduction
[bookmark: _Hlk54087199]Finite element (FE) human body models (HBMs), and body region models such as head and neck models (NM), have been applied to improve the understanding of the biomechanics of injury under impact loading (Schmitt et al., 2019). Current approaches in safety assessment evaluate injury risk based on body region kinetics and kinematics for use with current injury criteria. For example, the neck injury criterion (Nij) uses the neck bending moment and axial force to calculate injury risk. Although current HBM can be applied in this manner, they have the added potential to investigate tissue-level response and the corresponding potential for injury risk within relevant tissues (Yang, 2018).  Tissue level injury risk assessment is critical to improve our understanding of injury causation and ultimately mitigate injury; however, it has been suggested that tissue-level predictions may be highly dependent on the geometry and level of detail within the model (Barker & Cronin, 2020) and thus more challenging to assess. Specifically, detailed cervical capsular joint cartilage geometry has not been implemented and assessed in a full neck computational model.  
[bookmark: _Hlk54087317]Injury to the neck may occur as a traumatic failure of tissues (e.g. vertebral fracture, ligament rupture or disc avulsion) or as sub-catastrophic tissue distraction leading to pain response in the context of low severity Whiplash-Associated Disorders (WADs). Within the neck, capsular ligament (CL) distraction (Cavanaugh, 2006; Quinn & Winkelstein, 2007) and intervertebral disc (IVD) distraction have been associated with the potential for pain response (Curatolo et al., 2011; Yoganandan et al., 2001). Therefore, the ability to predict soft tissue deformations (e. g. CL and IVD strain) during an impact could be beneficial to better understanding the potential for pain response. It has been proposed that the relative facet joint kinematics (FJK) (Stemper et al., 2011) can be associated with tissue response; for example, relative facet joint distraction in tension and shear can lead to CL strain. In addition, it has been proposed that other mechanisms such as compression of the capsular joint at the anterior and posterior aspects could result in impingement on the innervated cervical meniscoids (S. F. Farrell et al., 2017), potentially leading to pain response.  Although such metrics could be inferred from FJK, they are not commonly monitored in contemporary NM, FJK could provide insight into the potential compression of the meniscoids (S. Farrell et al., 2016). 
The capsular joint geometry has been identified as a critical geometrical feature controlling the capsular ligament responses in HBMs (John et al., 2018) and may play a role in neck response, including IVD deformations, in impact loading scenarios. Therefore, accurate geometrical modelling of the capsular joint is of interest to study WAD. The ViVa NM (Östh et al., 2017), developed to simulate rear impact response, represents an average stature young female with the capsular ligaments (CL) modelled using shell elements to monitor ligament distraction. However, no information regarding the definition of the cervical facet joint cartilage (CJC) geometry was provided (Östh et al., 2016). The THUMS average stature young male NM (Kato et al., 2018; Kimpara et al., 2006), developed to predict crash induced injuries in general, does not include a representation of the CJC, and the CL was represented with tension-only one-dimensional elements. The Global Human Body Models Consortium (GHBMC) subject-specific average stature male NM (M50, Version 5.0), previously validated at full neck level (Barker & Cronin, 2020) and segment level (Barker et al., 2017), included a detailed representation of the facet joint with a constant cartilage thickness (0.7 mm) and 28 one-dimensional elements around the circumference of the facet joint (Figure 1) incorporating non-linear response, deformation rate effects and progressive tensile failure criteria (Mattucci et al., 2012) representing the CL. Notably, the constant thickness cartilage representation in the model led to an average interfacet gap of 1.4 mm. A recent study (W. Womack et al., 2008) identified varying thicknesses of the CJC within the joint and imaging data of post mortem human subjects (PMHS), suggests that the facet gap should be close to zero in the lower cervical spine (Farrell et al., 2015). In addition to the imagining data, facet pressure mapping studies suggest that a gap between the adjacent CJC is formed only in physiologic neck flexion (Jaumard et al., 2011). 
The CJC maximum thickness and thickness distribution have been quantified (W. Womack et al., 2008) in 25 dissected cervical vertebrae from the C3 to C7 levels. The CJC thickness was measured on cut sections in the sagittal plane and found to be non-uniform in thickness. The maximum thickness occurred at the geometrical centroid of the joint, with decreasing thickness towards the periphery. An equation (Equation 1) describing the non-linear distribution of the CJC thickness as a function of the maximum CJC thickness (tmax), the location in the capsular facet (r/rp), and a shape coefficient (k) was developed. The variables tmax (1.04 mm on average) and k were found independently for each cervical level (C2 to C7).
Equation 1: Cartilage thickness distribution function.

In a subsequent study (Womack et al., 2011), the importance of a non-linear CJC thickness distribution in a motion segment FE model, validated only for range of motion flexion, extension and axial rotation, was investigated. It was concluded that the thickness distribution played a role in the pressure patterns and contact area. It was also found that the thickness distribution did not affect the range of motion (i.e. moment vs rotation response) at the segment level; however, the effect of the cartilage thickness distribution was not assessed at a full neck level.
In the present study, the neck region was extracted from a contemporary FE HBM (GHBMC M50-O v5.0), described as the M50 in this study, and the CJC thickness was enhanced at all vertebral levels (four CJC per vertebra) following Equation 1 (W. Womack et al., 2008) to create the M50-CJC model. Subsequently, the M50-CJC NM was validated using cross-correlation and corridor methods (CORA, pdb, Germany) at the motion segment and full neck levels as per previous studies (Barker & Cronin, 2020) to quantify the benefit of the CJC enhancement. Full neck level frontal (2 g and 8 g) and rear (3 g and 7 g) impact simulations were performed with the M50 and M50-CJC, and the resulting head kinematics FJK, CL strain, and intervertebral disc (IVD) strain were compared between the models to assess the importance of the CJC geometry.
[bookmark: _Toc507428745][bookmark: _Toc507519224][bookmark: _Toc507589710][bookmark: _Toc507664306]Material and Methods
Cartilage Geometry Enhancement
The head and neck complex was extracted from the 26-year-old (YO) subject-specific Global Human Body Model Consortium (GHBMC) mid-size male model (M50 v5.0) with a constant CJC thickness of 0.7 mm on average. In the literature, the CJC thickness was defined based on the hard tissue surface of the cervical facet (W. Womack et al., 2008). To apply the CJC thickness variation in the extracted M50 NM, a parametric representation of each facet surface was created in CAD software to serve as a reference for the enhanced CJC geometry. Firstly, the nodal coordinates of the CFJ hard tissue were exported from the M50 model using a commercial pre-processor software (LS-PrePost 4.6, Livermore Software Technology Corporation, US) into a CAD software (CATIA V5, Dassault Systems, France). The nodal coordinates were then used to create a parametric surface, referred to as the hard tissue surface. A set of 900 points were then interpolated on the hard tissue surface of the capsular facet to serve as the origin for the updated CJC. At each of the 900 interpolated points and at the facet mid-point, a local axis system was defined with the Z’ axis oriented normal to the hard tissue surface at the mid-point of the capsular facet (Figure 2). The facet midpoint was calculated in CAD software (CATIA V5) by projecting the geometrical centroid (center of gravity measured with the “inertia” tool) of the capsular facet to the capsular facet surface (Figure 2).
The cartilage thickness distribution function (Equation 1) was used to define the cartilage thickness at the previously 900 interpolated points. The cartilage thickness had the origin at the hard tissue surface, a direction along the Z’-axis and the magnitude defined by Equation 1. Two surfaces were created for the left facet joint for each vertebra from C2 to C7, one for the inferior facet and one for the superior facet. The surfaces were then imported into a pre-processor (LS-PrePost) and used as the projection target for the existing nodes of the left cartilage to create a solid element mesh of the cartilage. Finally, the left side cartilage elements were reflected about the sagittal plane to create the cartilage on the right-side facet joint to maintain the symmetry of the model about the sagittal plane. The final CJC mesh (Figure 3) was assessed for mesh quality and found to be acceptable based on typical metrics (warpage < 50°, aspect ratio < 8, skew < 70° and Jacobian > 0.4) for all cervical levels.

Model Validation
The lower cervical spine motion segments (C23 to C57) were extracted from the M50-CJC and evaluated, as per previous studies  (Barker et al., 2017), in the quasi-static range of motion and dynamic traumatic loading. The motion segments were assessed in extension and flexion, lateral bending, and axial rotation and compared to the experimental data (Camacho et al., 1997; Moroney et al., 1988; Nightingale et al., 2007; Panjabi et al., 2004; Wheeldon et al., 2006) using cross-correlation (CORA, PDB, Germany). Secondly, the full neck M50-CJC was evaluated in frontal (2 to 15 g), lateral (4 to 7 g), and rear (7g) impact scenarios and compared to the experimental data (Deng et al., 2000; Wismans et al., 1987; Wismans & Spenny, 1983). The CORA ratings for the M50-CJC NM were calculated and compared to those of the full neck M50 NM.
Model Assessment
The M50 and M50-CJC full neck models were assessed in frontal impact scenarios (2g and 8g) (Wismans et al., 1987; Wismans & Spenny, 1983) and rear impact scenarios (3g to 7g) (Deng et al., 2000; Ono et al., 2006; Sato et al., 2017) (Figure 4). The frontal impact conditions were taken from the NBDL human volunteer tests dataset. The subjects were belted in a seated position using a 5-point harness and subjected to acceleration pulses; the head, T1 and sled kinematics were reported. The 7 g rear impact load case was taken from experiments on PMHS subjects (Deng et al., 2000) with no muscle activation, and the 3g pulse was taken from a volunteer sled test conducted by Ono et al., 2006. The boundary conditions were applied to the first thoracic vertebra (T1) as linear and rotational acceleration versus time. Within the model, the most inferior layer of nodes in the adipose tissue, skin, passive muscle, and the tendons were fixed to T1 (Figure 4) (Barker & Cronin, 2020), while the rest of the model was unconstrained. For the 3g rear and the frontal impact, the novel Cocontraction Muscle Activation (CMA) scheme (Correia et al., 2020) was used. 
The head kinematics of both models (M50 and M50-CJC) were monitored and objectively compared to each other using the cross-correlation method, where a rating of 1 means strong similarity and 0 means no similarity. The FJK (shear, tension-compression and rotation) were calculated using a local axis system (X’’ Y’’ Z’’) (Figure 5a) with the origin in the superior facet of the lower vertebra for each segment level as has been presented in previous experimental studies (Stemper et al., 2011). The shear response was defined as the translation of the point “p” along the X’’ axis, the tension-compression response was defined as the translation of the point “p” along the Z’’ axis, and the rotation response was defined as the rotation of the superior facet surface with respect to the inferior surface around the Y’’ axis. Additionally, the CL strain, defined as the change in length divided by the anatomical ligament lengths measured in experimental data (Fice & Cronin, 2012; Pearson et al., 2004), and intervertebral disc (IVD) shear strain were monitored as per experimental data (Panjabi et al., 2004) and previous studies (Fice et al., 2011) (Figure 5b). The CL strain was monitored at the posterior and anterior aspects of the capsular joint, and the IVD strain was calculated at the anterior, middle, and posterior regions of the IVD.
Results
Model Validation
At the segment level, the CORA ratings (Appendix 1: Table A1) of the M50-CJC model (0.64) were higher on average when compared to those of the M50 model (0.60). A more pronounced increment in the CORA ratings of the M50-CJC was observed in extension loading and a modest effect in flexion loading (Appendix 1: Table A1). In axial rotation and lateral bending loading, the M50-CJC model was closer to the experimental data; however, outside one standard deviation from the experimental data (Appendix 1: Table A1). At the full neck level, the effect of the CJC update on the CORA ratings (cross-correlation and corridor method) was modest. In the frontal and lateral impact, the M50-CJC full neck model had the same correlation ratings on average (0.67 and 0.80 for frontal and lateral, respectively) compared to the M50 (Appendix 1: Table A2). In the rear impact, the M50-CJC NM had a slightly higher CORA rating (0.78) than that of the M50 NM (0.76).
Evaluation of the Enhanced Capsular Joint Cartilage (CJC)
At the global level, in the frontal and rear impacts, the head kinematic responses between the M50 and the M50-CJC were similar, demonstrated by high cross-correlation ratings (ranging from 0.87 to 0.98) (Figure 6). The cross-correlation ratings increased with increasing impact severity for the frontal impacts and vice-versa for the rear impacts. For the 2g frontal impact, the cross-correlation ratings were 0.91 (strong similarity) on average, with the lowest rating, 0.88, corresponding to the rotational acceleration in the Y direction in the frontal impact. At 8 g frontal impact (0.97 cross-correlation rating on average), the lowest rating, 0.92, corresponding to the linear acceleration in the Z direction. In the rear impact, the lowest cross-correlation ratings were at the 7g in the Z linear acceleration (0.85) with an average of 0.88, while the 3g rear impact had higher cross-correlation ratings on average (0.94) (Figure 6). 
Considering FJK, the relative facet compression predicted by the M50-CJC was lower compared to the M50 model, primarily due to the facet gap reduction in the M50-CJC. The relative facet tension predicted by both models was similar (2% difference between models on average) and had a modest magnitude (0.01 mm on average) in both the frontal and rear impacts. In the frontal impacts, the M50-CJC predicted less relative facet shear (16% at 2g and 7% at 8g) and less relative facet rotation (346% at 2g and 63% at 8g) (Figure 7). In contrast, in the rear impacts, the M50-CJC predicted similar relative facet shear (7% more at 3g and the same at 7g) and more relative facet rotation (326% at 3g and 50% at 7g) than that of the M50, when averaging all the cervical levels (Figure 7).
At the tissue level, the M50-CJC model predicted a similar CL strain on average when compared to the M50 in the frontal impacts (2g and 8g) and in the 7g rear impact (Figure 7). In the 3g rear impact, the M50-CJC predicted 80% more CL strain in the segment C23 than that of the M50. The predicted IVD strain was lower on average in the M50-CJC compared to the M50 in the frontal impact (54% in the 2g impact and 20% in the 8g impact). In contrast, for the rear impact, the IVD strain predicted by the M50-CJC was higher on average than that of the M50 (14% in the 3g impact and 20% in the 7g impact) (Figure 7). 
Discussion	
In this study, the head kinematics were not sensitive to the changes made to the CJC, which was consistent with early investigations involving change in posture of the neck (Corrales & Cronin, 2019) where the head kinematics of an aged neck with increased cervical spine lordosis were similar to those of a young model. Such results present challenges when interpreting epidemiological data where variations in injury risk level have been identified but may not be measurable using global measures such as head kinematics. Importantly, the enhanced CJC geometry did result in changes in the predicted response at the tissue level where the FJK and the IVD strain responses varied owing to the reduction of the facet gap. 
In the frontal impacts, it was expected that the CJC geometry would have a modest effect on the model response due to the lack of facet interaction in cervical spine flexion.  A modest change in the head kinematics was apparent between the M50 and M50 CJC (average cross-correlation rating of 0.94) demonstrating a small decrease in head kinematics. The relative facet rotation and IVD strain were both reduced with the incorporation of the enhanced CJC, attributed to earlier engagement of the facet joints leading to a higher motion segment stiffness due to the smaller facet joint gap and initial contact of the adjacent facets.
In the rear impacts, the cross-correlation ratings between the M50 and M50 CJC (0.89 average) demonstrated a higher sensitivity to the CJC in the head kinematic response compared to the frontal impacts. An increased effect was anticipated given that the cervical spine underwent extension in the rear impact case, where there was a strong interfacet interaction, leading to increased head kinematics. With respect to the FJK, the new CJC geometry led to an increased relative facet rotation and IVD strain, with a similar relative facet shear. The increased relative facet rotation in the rear impacts were attributed to the CJC effect on the center of rotation of the vertebra. A more posteriorly located center of rotation, due to the reduction of the facet gap, led to higher rotations in the anterior region of the cervical spine (e.g. facet joints). The increased IVD strain was attributed to the reduction of the facet joint gap. The reduced facet gap in the M50-CJC lead to a lever effect of the facet joint to the IVD joint to act in early neck extension provoking higher IVD deformations in the rear impact. In the M50 model, under a rear impact, the initial interfacet gap was first closed (spinal extension) followed by relative facet shear and rotation. In contrast, in the M50-CJC, the facet demonstrates shear and rotation from the onset of loading owing to the lack of an initial gap in the neutral posture (Jaumard et al., 2011). The increased relative facet rotation (capsular joint extension) response in the rear impact suggests an increased joint compression at the anterior aspect of the facet, where the innervated cervical meniscoids are located (S. F. Farrell et al., 2017), and could potentially lead to a higher likelihood of meniscoids impingement in rear impacts. Assessment of such effects requires additional detail within the model and should be investigated in the future.  
In both frontal and rear impacts, despite the noticeable change in the FJK, the CL strain was not affected by the improved CJC geometry, with the notable exception at the C23 level in the 3g rear impact where the M50-CJC predicted 8% CL strain  compared to 2% in the M50; however, these values were within the physiologic (linear region) of the CL response (Mattucci et al., 2012) and therefore considered low. The disconnection between the facet kinematics and the CL strain response was attributed to the numerical representation of the CL in the model. The uniaxial tension-only elements representing the CL (Figure 2) did not carry shear strain, and in extreme cases, the elements could pass through the hard tissues, which was not considered physical. In addition, the CL strain measurement was sensitive to the initial orientation of the CL elements with respect to the loading direction. The current orientation of the CL elements in the model were more prone to be elongated in flexion loading rather than extension. Hence, in the frontal impact, the CL strain was higher than in the rear impact for both models. Therefore, the FJK were identified to be a more informative metric in the context of crash induced injuries, given the current implementation of the CL in the model. At present, the effect of the enclosed volume in the capsular joint, the presence of the meniscoids, and the ligament distraction cannot be captured by looking solely at FJK. 
Within this study, the most prominent effect was observed the increased IVD shear strain suggesting that geometrical improvements to one region of a computational neck model could affect the response of other surrounding tissues that may be relevant to injury prediction. The present study enhanced the CJC to better represent the reported geometry and demonstrated changes in response at the facet joint level associated with the improved geometry, highlighting the importance of tissue-level geometry on predicted tissue-level response. Future research will investigate the prediction of CL strain as a potential cause of WAD through further enhancement of the ligament and meniscoid tissues.
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Figure Captions

Figure 1: Sagittal view of GHBCM M50 (v5.0) (left) and view of C45 motion segment with intervertebral disc (IVD) (right), and a section view of the cervical facet joint showing the capsular ligament (CL) and cervical joint cartilage (CJC).

Figure 2: Motion segment (GHBMC M50 v5.0) showing the calculated facet midpoint (black dots) and direction of the local axis system used to define the cartilage thickness along the local Z’ axis (black arrow).

Figure 3: C45 capsular joint cross-section of a) M50 cartilage geometry and b) M50-CJC cartilage geometry.

Figure 4: Full neck boundary conditions for the frontal and rear impacts. Acceleration pulses applied to the T1 vertebra.

Figure 5: a) Relative facet joint kinematics (FJK). The motion of “p” calculated with respect to a local axis system (C45 motion segment shown). b) Measurement of soft tissue distraction (IVD left, CL, right).

Figure 6: Head kinematics for frontal (top) and rear (bottom) impact scenarios. 

Figure 7: Relative facet joint kinematics, CL strain and IVD shear strain for all segment levels in the frontal (left) and rear impacts (right).
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