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1. Introduction 

 

1.1 Background 

At some point during their lifetime, 70-85% of individuals are affected by low 

back pain, the prevalence of which increases with age (Andersson, 1999). Facet 

joint pain is a subset of chronic low back pain, but there is inconclusive evidence 

pertaining to adequate diagnosis and treatment (Cohen, 2007). Nonetheless, the 

number of facet joint interventions increased 446% from 1997 to 2006 in the 

United States Medicare population, and the resulting expenditures increased from 

over $229 million in 2002 to upwards of $511 million by 2006(Manchikanti et al., 

2010).  

 

The lumbar facet joints flank the spinous process on the posterior aspect of the 

spine at the same level as the intervertebral disc. The bi-lateral facet joints and the 

intervertebral disc together form a three joint complex or spinal motion segment. 

The facet joint comprises four structures: two articular facets from adjacent 

vertebrae, the posterior facet capsular ligament (FCL) and the anterior 

ligamentum flavum. While lumbar facet joint orientation is the primary 

determinant of posterior spine kinematics (facilitating or restricting motion 

depending on the rotation axis), posterior soft-tissues function as a secondary 

measure(Schultz et al., 1979). The FCL, in particular, facilitates posterior spine 

kinematics by both stabilizing (Ewing et al., 1973; Ianuzzi et al., 2004; Panjabi et 
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al., 1982) and guiding the relative motion between the articular facets (Koreska et 

al., 1977). The FCL also functions to retain (Giles, 1989; Ham and Cormack, 

1987) between 1 to 1.5mL(Glover, 1977) of lubricating and nourishing synovial 

fluid within the facet joint space.  

 

The lumbar spine articulates with six degrees of freedom: flexion/extension, 

lateral bending, and axial rotation. Because the surface of the lumbar FCL aligns 

roughly with the sagittal plane, the relative rotation of the articular facets during 

flexion produces primarily shear through the FCL. As a result, and similar to the 

glenohumeral (Amini et al., 2014; Gohlke et al., 1994) and hip capsules (Pauwels, 

1976), the structure of the lumbar FCL must be accommodating to significant 

amounts of shear and extension.  

 

The structure of the FCL is central to its functional role in the lumbar spine. The 

geometry of the articular facets gives the FCL an innate convex curvature and 

because it is a capsule, the FCL has attachment sites in multiple planes. The 

posterior surface is composed of highly aligned type I collagen fiber bundles 

(Wong and Transfeldt, 2007) that span medially-laterally between the rigid 

articular facets (with some directional variation based on location) (Yamashita et 

al., 1996). Conversely, the anterior FCL, which faces inward towards the joint 

space, is elastin-rich (Yamashita et al., 1996). The presence of both collagen and 

elastin fibers gives the FCL both strength and multi-axis flexibility. Additionally, 

the lumbar FCL is densely innervated with mechanoreceptive, proprioceptive and 
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nociceptive nerve endings (Johnson, 2004; Kallakuri, 2012; McLain and Pickar, 

1998; Suseki et al., 1997; Vandenabeele et al., 1997) that both propagate signals 

to and receive signals from the central nervous system. Thus, FCL deformation 

under mechanical loading could activate any of the nerve endings to modulate 

position or elicit the perception of pain. 

 

The lumbar FCL is an invaluable component to the facet joint from a functional, 

structural and neuronal standpoint, and in spite of the need for better diagnostic 

and treatment procedures for facet mediated pain, there is a gap in knowledge 

about the tissue-level mechanical response of the lumbar FCL. With regards to the 

cervical FCL, extensive work has been published by the Winkelstein group 

characterizing the mechanical properties under physiologic conditions (Quinn and 

Winkelstein, 2007; Quinn et al., 2007; Quinn and Winkelstein, 2010) and during 

conditions simulating whiplash (Quinn and Winkelstein, 2009; Quinn and 

Winkelstein, 2011). With regards to the lumbar FCL, Panjabi et al. (Panjabi et al., 

1982), Little et al. (Little and Khalsa, 2005), and Ianuzzi et al. (Ianuzzi et al., 

2004), published seminal the works on FCL tissue mechanics. Ianuzzi’s research 

focused on gross tissue mechanics, however, instead of the inhomogeneous 

deformations that might arise with the complex tissue at hand. Therefore, the aim 

of this dissertation was to elucidate the effect of shear deformations on the 

kinematics and mechanical properties of the lumbar FCL, specifically the shear 

deformations that arise during spinal flexion.  
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1.2 Research Aims 

Motivated by the combination of three-dimensional geometry, preferentially 

aligned fibers with multiple attachment sites, and complex joint kinematics, all of 

which are inherent to the lumbar FCL, the objective of this dissertation was to 

evaluate the prevalence of shear deformations through the lumbar FCL during 

spinal flexion. Three aims helped to bring this goal to fruition and have evolved 

as time and research progressed.   

 

Aim 1: Motivated by the convex curvature of the lumbar FCL in situ, develop a 

method to monitor three-dimensional surface deformations of the lumbar FCL 

without the burden of external fiduciary markers.  

 

Aim 2: Motivated by the strong preferential alignment of the collagen fiber 

bundles of the lumbar FCL between the lateral articular facets, determine the 

importance of shear in realizing the instantaneous mechanical properties of the 

lumbar FCL. 

 

Aim 3: Motivated by the complex deformation applied to the lumbar FCL via the 

articular facets during motion segment flexion, develop a finite element model of 

the lumbar facet joint (two adjacent articular facets and the FCL) to elucidate the 

three-dimensional deformation profile of the FCL during flexion.  
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1.3 Resulting Research 

Completion of these research aims has lead to three key research studies, which 

are organized as the major chapters of this dissertation. The chapters are briefly 

outlined below as to how they fulfill the objectives stated in each research aim.  

 

Tracking 3D Deformation using Inherent Structural Properties (Chapter 2) 

Current methods to track lumbar FCL kinematics have used either bone-based 

(Kozanek et al., 2009a) or marker-based (Ianuzzi et al., 2004) approaches. 

Advantages and limitations are present in both methods, but notably, bone-based 

tracking is an indirect measure of FCL motion, and the deformation recorded by 

marker-based tracking can be coarse depending on the number of markers 

utilized. We hypothesized that internal structure and surface data (provided via 

polarization-sensitive optical coherence tomography (Ahearne et al., 2008; Wang 

et al., 2011)) combined with analytical methods by Filas et al. (Filas et al., 2007) 

can provide high-resolution 3D deformation profiles of lumbar FCLs during 

stepwise bending of isolated motion segments. The technique successfully tracked 

3D FCL motion with micrometer scale resolution. The technique captured small 

out-of-plane deformations, formed as a product of surface rotation and curvature 

change, that would be left unrealized in coarse marker-based or bone-based 

(indirect) tracking approaches.  

 

 Inclusion of Shear Forces Increases Specificity of Material Fits (Chapter 3) 

Previous work by Little et al. (Little and Khalsa, 2005) aimed to extract the 
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material properties of healthy human cadaveric lumbar FCLs by performing two 

sets of planar uniaxial extension experiments, along the primary fiber direction 

and perpendicular to it. The lumbar FCL never experiences uniaxial loading 

conditions in situ, however, and uniaxial tests cannot capture the probable off-axis 

dominated properties that allow the FCL to withstand large shear and tensile 

forces. We hypothesized that planar biaxial extension tests of healthy, human 

cadaveric lumbar FCLs would give rise to significant off-axis loads. In this study, 

we fitted normal and shear force data obtained from these biaxial test experiments 

to an eight-parameter hyperelastic strain energy density function. With fitting the 

model to both the normal and shear experimental reaction forces, the resulting 

parameter set specified a preferentially aligned fiber family distribution across all 

tested and simulated samples, and was sensitive to small perturbations of 

parameter values. In contrast, parameter sets fitted to normal force data only did 

not converge to a preferential fiber direction and were less sensitive to parameter 

perturbations, concluding that shear forces are present and important to realizing 

consistent lumbar FCL material properties.  

 

Three-Dimensional FCL Deformation during Realistic Flexion (Chapter 4) 

Revisiting 3D kinematics of the lumbar facet joint during flexion, we know that 

previous groups have studied bone-based kinematics in healthy subjects (Kozanek 

et al., 2009a) and others soft-tissue kinematics of the FCL in fresh cadaveric 

lumbar spines (Ianuzzi et al., 2004). Focusing on the soft-tissue kinematics, 

Ianuzzi published only gross tissue mechanics instead of identifying the 
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inhomogeneous deformations that may arise with a complex tissue such as the 

lumbar FCL. We aimed to elucidate full-field surface stresses and strains by 

combining physiologic kinematics, realistic geometry and material properties 

(Chapter 2) to create a finite element model of the lumbar FCL during flexion. 

Average principal strain values fitted to the whole surface were comparable to 

values obtained in the Ianuzzi study, but finite element simulations revealed both 

inhomogeneous stress and strain fields showing in-plane and through plane-shear 

deformations. The largest deformations occurred in the area of the ligament over 

the joint space. Dense areas of large magnitude deformations within the lumbar 

FCL may have implications in nerve ending signaling and onset of degenerative 

changes.  
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2. Marker-Free Tracking of Facet Capsule Motion using Polarization-

Sensitive Optical Coherence Tomography 

 

The content of this chapter was previously published as a research article in the 

journal Annals of Biomedical Engineering by Claeson, Yeh, Black Akkin and 

Barocas (Claeson et al., 2015a) 

 

2.1 Introduction 

The lumbar facet joint, which allows for posterior spinal motion, consists of four 

structures: two rigid articular facets from adjacent vertebrae, the ligamentum 

flavum, and the facet capsular ligament (FCL). The FCL is responsible for 

guiding the relative motion between articular facets and containing the synovial 

fluid within the joint. During spinal flexion, the articular facets rotate in the 

sagittal plane, causing shear across the lumbar FCL (Lorenz, 1983). The 

collagenous fiber bundles of the lumbar FCL are highly aligned and oriented 

medially-laterally between the articular facets (Yamashita et al., 1996). Thus, 

flexion creates a complicated strain profile across the ligament surface. In 

addition to complex kinematics, the lumbar FCL is thick, approximately 3 mm, 

and has an innate convex curvature. Capturing the complex, three-dimensional 

surface kinematics of the FCL in situ during spine motion is extremely difficult.  

 

In light of this challenge, two primary approaches have been taken to track FCL 
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kinematics: bone-based and marker-based. The bone-based approach involves 

imaging vertebral motion and then inferring FCL kinematics. The availability of 

single-fluoroscopic (Nagel et al., 2014b) or dual-fluoroscopic (Kozanek et al., 

2009b) measurements makes this approach attractive, in particular when 

combined with other imaging modalities and finite-element models, but it is still 

an indirect measure of FCL motion. The marker-based approach (Ianuzzi et al., 

2004)  involves suturing markers into the capsule to allow tracking of material 

points. The marker-based approach gives a direct measure of the FCL motion but 

is limited to a finite number of points and thus a relatively coarse measurement.  

 

Optical coherence tomography (OCT) is a non-destructive, depth-resolved, back-

scattering/reflection-based imaging technique that has been used previously in 

mechanical investigations of wound healing (Chao et al., 2013), tissue folding 

(Filas et al., 2008), and thermal denaturation of collagen (Aksan et al., 2005; De 

Boer et al., 1998). Importantly, Filas et al. (Filas et al., 2007; Filas et al., 2008) 

used OCT images of the embryonic chick heart with microspheres as markers to 

track tissue deformation, and Li et al. (Li et al., 2011)  used OCT for gross strain 

and strain rate estimates based on heart wall thickness changes. Although neither 

of these approaches would be directly applicable to the problem at hand, they 

demonstrate the potential of OCT as a deformation/strain imaging tool. A 

reflection-mode technique is essential for optical imaging of the lumbar FCL 

because the FCL is a thick and highly scattering sample for imaging by 

conventional transmission-mode techniques such as polarized light imaging (PLI) 
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(Tower and Tranquillo, 2001a; Tower and Tranquillo, 2001b), which has been 

used on the thinner cervical FCL (Lee and Winkelstein, 2012; Quinn and 

Winkelstein, 2011; Quinn et al., 2007).  

 

Polarization-sensitive (PS) OCT is advantageous over standard OCT in that it 

measures the birefringent properties of biological tissues as an additional contrast. 

PS OCT captures accumulation of retardance over depth, and optic axis 

orientation for fiber alignment, as characteristics of anisotropic tissues. 

Retardance and axis orientation measurements from PS OCT have been used 

previously to identify fiber pathways in the brain (Wang et al., 2011) and fiber 

alignment in tissue-engineered tendon (Ahearne et al., 2008).  

 

It may be possible to track 3D structural reorganization with PS OCT because the 

system can record changes in surface geometry and can identify innate structural 

characteristics with micrometer-scale resolution. These structural features could 

serve as fiducial points to track motion, as done previously with transmission-

based polarized light imaging (Chandran and Barocas, 2004; Quinn and 

Winkelstein, 2009). If tracking can be combined with the surface geometry 

acquired routinely in OCT imaging, then the full 3D displacement field of the 

tissue surface can be obtained, allowing the methods of Filas et al. (Filas et al., 

2007) to be used to calculate surface strains. This study aims to utilize PS OCT, 

without the aid of fiducial markers, to extract three-dimensional surface strains in 

the FCL during stepwise bending of an isolated motion segment.  
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2.2 Methods 

2.2.1 Specimen Preparation 

Four cadaveric L3-L5 motion segments, ages 29− 61 years, were obtained from 

the University of Minnesota Anatomy Bequest Program for use in this study. Of 

the eight available L4-L5 FCLs on the four motion segments, three were excluded 

because of gross collagen fiber damage and/or osteophyte formation near the joint 

space. Three left FCLs and two right FCLs (! = 5) were included in the study 

and showed no visible signs of structural or kinematic degeneration in spite of the 

range of specimen ages. One bilateral pair of FCLs was from the same motion 

segment, and one FCL was imaged twice to check reproducibility.  

 

Motion segments were cleared of all posterior musculature, and intervertebral 

discs were removed at the pedicles, leaving only the posterior elements intact. The 

spinous processes were also resected to create more space for focusing the OCT 

beam. To impose reproducible vertebral body motion, three bone screws were 

drilled into the L3, L4 and L5 laminae of each specimen. The preparation is 

shown schematically in Figure 2.1. The rigid bone screws, when squeezed with 

towel forceps, induced sagittal plane rotation analogous to motion segment 

flexion. One ‘click’ during forceps depression displaced the clamps 3 !!, 

corresponding to roughly 1.87° of relative rotation between the vertebrae. We 

note that the motion was not intended to reproduce the actual motion during 
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flexion, which depends on the action of the spinal muscles and connective tissues, 

but rather to provide well-controlled, reproducible bending of the motion 

segment. For comparison, Kozanek et al. (Kozanek et al., 2009b) report in-vivo 

sagittal plane L4-L5 facet joint displacements of approximately 2 !! from full 

flexion to full extension in healthy subjects. We expected a lesser amount of FCL 

displacement in the current study because the relative rotations we induced were 

only flexural. Additionally, the motion segment’s rotation axis was moved 

posteriorly from the removal of the intervertebral discs, which created less 

relative motion through the facet joint.  

 

The L5 vertebra of each specimen was immobilized via a vice grip. Video was 

captured while the towel forceps clamped the L3 and L5 bone screws.Figure 2.2 

shows the L5 facet joints of a L3-L5 motion segment fixed within the vice grip, 

and the method by which relative rotation was achieved. The video was imported 

into ImageJ (Schneider et al., 2012), and the bone screw heads and insertion 

points were tracked over the duration of the image sequences. Imposed motion 

was quantified by subtracting the initial angle between the bone screws from the 

angle between the clamped bone screws during the sequence. The relationship 

between a forceps ‘click’ and the induced bend angle were recorded for each 

specimen. 
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2.2.2 Experimental Protocol 

For imaging the samples, we used a polarization-maintaining-fiber-based swept-

source polarization-sensitive optical coherence tomography (SS-PSOCT) system. 

The center wavelength was at 1300 !" with a full width at half maximum 

bandwidth of 78 !". A detailed description and characterization of the optical 

setup has been previously reported with several modifications in this study (Al-

Qaisi and Akkin, 2010). Briefly, the interference signals on the main and crossed 

polarization channels are split by a fiber polarization splitter and detected by 

balanced detectors. The a-line scan rate of the system was 42 !"# and the signal 

was recorded at a sampling rate of 250 !!/! and an anti-aliasing filter with a cut-

off frequency of 50 !"# was applied.  Data were acquired with a high-

performance digitizer (NI-5761, National Instruments, Austin, TX) and the 

implementation of the anti-aliasing filter and data pipelining, making high-

throughput real-time streaming possible, were accomplished with custom 

programming of an FPGA module (NI 7965R). Both the digitizer and FPGA 

module operated on the same PXI platform. This resulted in an imaging range of 

2.6 !!, which can be increased up to five times using the full throughput of 

250 !"/!. This imaging range was sufficient for the FCL sample since 

penetration was no greater than one mm. The beam spot on the sample had a 1 !! 

diameter of 48 µ! resulting in a Rayleigh range of 1.4 !!. The galvanometer 

scanner scanned the sample laterally in two dimensions (! − !, raster scan), 

which allowed the en-face and contour analysis, whereas the information along 

the depth direction (!) is provided by the inverse Fourier Transform of the raw 
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spectral data. Vibrations from the raster scan were negligible because the high-

precision galvanometer used raised the 1 !" noise floor of the system by only 

0.5− 1 !", thus altering the retardance degree by 0.0000055°. 

 

The specimen was placed on a custom stage under the scanning lens of the SS-

PSOCT with the posterior side facing up (Figure 2.3A). The stage was bolted 

securely to the tabletop to prevent extraneous motion during imaging. A thin slit 

was cut into the surface of the stage to allow the bone screws to protrude 

downward into the stage cavity while the motion segment lay flat on the stage 

(Figure 2.3B). The specimen was secured to the stage, ensuring that in-plane 

motion over the FCL surface was only a result of the imposed bending and not 

from gross translation of the motion segment. A window was cut into the side of 

the stage, permitting the towel forceps access to the bone screws in the stage 

cavity. Polymer retarder film (Edmund Optics, Barrington, NJ) was mounted onto 

a slide and attached to a lateral edge of the imaging window. The edge of the film 

was trimmed in an irregular, jagged orientation to facilitate image registration 

between resulting image stacks. 

 

A 9.0 ! 7.2 ! 1.37 !! volumetric imaging window was captured including 250 

c-lines (frames) at increments of 29 !", which allowed for depth information 

1.1 !! through the tissue thickness. Imaging began at the lateral aspect of the 

FCL, traversed the FCL surface, and ended at the medial aspect (Figure 2.3C). 

Since the right FCL is the mirror image of the left, the data were computationally 
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manipulated so that in all cases the right side of the frame was the superior FCL 

and the left side of the frame was the inferior FCL (the natural anatomical 

orientation of a left FCL). 

 

At the time of testing, the motion segment was positioned with the L4-L5 FCL of 

interest under the SS-PSOCT beam. The motion segment was then secured to the 

testing stage and hydrated with 0.9% saline solution. The towel forceps were 

clamped around the screws but not squeezed. The beam was focused by adjusting 

its vertical position with respect to the FCL surface. The film was positioned at 

the edge of the imaging window such that approximately 100 a-lines were 

included (10% of a cross-sectional frame). Once the imaging area had been 

confirmed and the initial image (REST) had been focused, the volumetric scan 

commenced, and the data were captured within a few seconds. For the first bend 

case (BEND 1), the towel forceps were then depressed to a screw angle change 

~5° (approximately half the range of maximum L4-L5 motion segment flexion 

(Nagel et al., 2014b)), the initial image was refocused, and the volumetric scan 

was captured. This sequence was repeated for BEND 2 at ~10° (maximum L4-L5 

motion segment flexion). The sample was only hydrated once immediately before 

capturing the initial scan because each scan was completed within a few seconds. 

Water does increase scattering and can reduce the image intensity, but if the 

signal is strong, the effect is minimal.  
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2.2.3 Data Processing and Image Analysis 

To construct the images from the data, the spectra on two orthogonal polarization 

channels were interpolated and resampled from the wavelength domain to k-space 

using the grating equation (Dorrer et al., 2000). After residual background from 

the reference arm had been subtracted, dispersion mismatch between the sample 

and the reference arm was compensated for numerically (Cense et al., 2004). The 

side lobes were suppressed by apodization using a Hamming window. Lastly, the 

inverse Fourier transform was applied to the spectra in k-space that carried the 

complex signals in depth 

 

For the two polarization channels, the amplitude !! and !! were extracted. The 

reflectivity (!) and phase retardance (!) were calculated as,  

 

 ! ! = !! (!)! + !! (!)!        (2-2.1) 

 

! ! =  !"#!! (!! (!) !! (!))          (2-2.2) 

 

where ! denotes the depth. The low signal-to-noise regions of the reflectivity and 

phase retardance images were masked for further data processing. A mask was 

created using segmentation to remove noise from each cross-sectional reflectivity 

image, and a median filter further reduced the speckle noise. The mask was 

applied to the initial reflectivity and retardance images.  
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Three sets of image stacks (REST, BEND 1 and BEND 2) were acquired for each 

L4-L5 FCL. Overlapping volumetric areas were identified and registered; 

extraneous frames and a-lines were removed from analysis, thus the full 

9.0!7.2 !! imaging area was not analyzed. The images were registered by 

watching the irregular edges of the film enter and exit the imaging window. 

Between 40 and 75% of the volumetric area remained for analysis after image 

registration (mean 60.2 ±  13.0%).  

 

Figure 2.4 displays the image processing scheme for a representative a-line (phase 

retardance) within a frame in an image stack. The banding pattern is due to phase 

wrapping. Each image stack (Figure 2.4A) was filtered in the two transverse 

directions with an ideal low-pass filter at 20 pixels-1, and the signal length within 

each a-line (unfiltered dimension) (Figure 2.4B) was computed. Signal length was 

used to translate the data into physical units; an a-line composed of 219 pixels is 

equivalent to 1 !! of depth penetration through the lumbar FCL. Unfiltered a-

lines from the filtered image stack were then transformed into Fourier space, and 

a spectral analysis was performed on each a-line (Figure 2.4C). The maximum 

value of the power spectrum (related to the uniformity of birefringence along the 

depth direction) at each a-line was recorded and its location was used to 

determine the dominant banding frequency (a measure of degree of fiber 

alignment) for all a-lines in the image stack. The dominant banding frequencies 

and the maximum values of the power spectra were mapped to separate 2D arrays 
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(Figure 2.4, Row D).  

 

2.2.4 Motion Analysis 

Two types of en-face images of the lumbar FCL surface were reconstructed to 

determine the best set of tissue characteristics to use to track motion of the FCL 

between cases of static bending. Figure 2.5 shows reconstructed en-face plots for 

a representative lumbar FCL surface using reflectivity (Figure 2.5A), and 

maximum power (Figure 2.5B). Integrating the depth information from the PS-

OCT reflectivity data created the en-face reflectivity image, which is comparable 

to a traditional light microscopy image. The en-face images of maximum power, 

henceforth called “maximum power maps,” resulted from the power spectral 

analyses described previously. Both images exhibited similar structural patterns, 

but the pixel value distribution of the maximum power maps created more texture 

within the image.  

 

To assess the texture of each type of image, one en-face image and one maximum 

power map were each digitally deformed using a transformation matrix in Matlab 

to 10% and 20% equibiaxial extension and 10% and 20% shear. An in-house 

image-correlation-based 2D tracking algorithm (Raghupathy et al., 2011) was 

used to track the displacement of pixels between the original, first deformation, 

and second deformation for each deformation of each image type. Kernel size was 

determined by image texture, and smoothness was determined by the element size 
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of the mesh. The same parameters and mesh were applied to all images and 

deformations. The pixel-wise displacements calculated by the algorithm were 

compared to the actual deformation and the average RMS displacement error was 

calculated for each condition.  

 

To assess further motion tracking capabilities of each type of image, three en-face 

reflectivity images and three maximum power maps were generated for each 

specimen, corresponding to REST, BEND 1 and BEND 2. The same pattern 

occurred in each surface map from REST to BEND 2 but in a slightly different 

location due to tissue deformation, allowing the aforementioned image-

correlation-based 2D tracking algorithm (Raghupathy et al., 2011) to track the 

displacement of pixels between the three maps of each type. On average, 

52.2 ±  18.1% of the surface was tracked; remaining locations were 

incompatible with the 2D tracking algorithm due to insufficient signal quality and 

were removed from further analysis. Within a sample, the same parameters and 

mesh were used for both the en-face reflectivity images and maximum power 

maps. The correlation coefficients for each node of the applied meshes (! =

 441 !"#$%/!"#ℎ) were extracted from the image correlation results to 

determine the most accurate image set of tissue characteristics to use for further 

analysis; a perfect correlation of an area in two sequential images has a 

correlation coefficient of 1. The correlation coefficients of each node were pooled 

for all samples from REST - BEND 1 and from BEND 1 - BEND 2 for the en-

face reflectivity images and maximum power maps.  
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Nodal displacements in 2D were represented using a rectangular finite element 

mesh with piecewise biquadratic basis functions. Whole-tissue deformation 

gradient tensors were calculated for each sample by averaging the deformation of 

each element within the mesh. In addition, the depth of each point was extracted 

by obtaining the location of the first index inclusive of signal after low-pass 

filtering. Thus, for each initial location (!,!,!) on the surface of the FCL, the 

new ! − ! (en-face) position was obtained from the image correlation, and the 

new ! position was obtained from the depth measurement, providing a full 3D 

displacement field for the surface. 

 

Lagrangian surface strains were given by (Filas et al., 2007) 

 

!!! = !,!!!!,!!!!
! (!!!,!! )

+ !,!!!!,!!
! (!!!,!! )

         (2-3.1) 

 

!!! = !,!!!!,!!!!
! !!!,!!

+ !,!!!!,!!
! !!!,!!

                       (2-3.2) 

 

!!" = !,!!,!!!,!!,!
! !!!,!! !!!,!!

+ !,!!,!!!,!!,!
! !!!,!! !!!,!!

            (2-3.3) 

 

where (!,!,!) is the initial position of a point, (!,!, !) is the final position, and 

!,! is !" !", etc. The first term on the right-hand side of each equation 
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corresponds to the strain contributions from in-plane deformation (!!"), and the 

second term corresponds  

to strain contributions from out-of-plane motion (!!"#).  For each node, a 3!3 

node biquadratic element was constructed with the node of interest in the center. 

The heights and displacement over the element were then fit to biquadratic basis 

functions, which were used to calculate the derivatives needed for Equations 2-

3.1-3. RMS surface strains were calculated for each strain map and for every 

specimen to compare the strain magnitudes across all specimens.  

 

Surface curvature of the REST, BEND 1 and BEND 2 cases was calculated from 

the height of the samples and the nodal displacement. For each case, the surface 

curvature was calculated via the function ‘surfature.m’ downloaded from the 

Matlab Central File Exchange. The function calculated the first and second 

derivatives of the height (!) and the first and second fundamental coefficients 

from a 2D XY grid and the height at each grid point to output the first and second 

principal curvatures, the Gaussian curvature, and the mean curvature. The 

principal curvature (!) in a direction is defined to be the reciprocal of the best-fit 

circle to the curve and has units of inverse length. The Gaussian curvature (!) is 

the product of the principal curvatures calculated via the unit normal vectors to 

the surface. The Gaussian curvature is an intrinsic property of the surface and 

determines whether the surface is locally convex or saddle-like. The mean 

curvature (!) is the average of the principal curvatures and determines a local 

peak or local valley.  
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2.3 Results 

2.3.1 Assessment of Image Quality 

The algorithm tracked both equibiaxial and shear deformations for the en-face 

reflectivity and maximum power maps with sub-pixel error from the actual 

applied deformations. Thus, both the en-face reflectivity images and the 

maximum power maps could be used to extract the biaxial extension and shear 

deformations applied in this study based on the deformation of a single image. 

However, an additional assessment was necessary to correlate the REST, BEND 1 

and BEND 2 images, which had a similar pattern and texture, but were not 

identical due to tissue deformation. For the en-face reflectivity images, the mean 

correlation coefficients of every nodes in each mesh for all five samples from 

REST - BEND 1 and BEND 1 - BEND 2 were both 0.56± 0.13 

(! =  2205 !"#$% each). For the maximum power maps, the mean correlation 

coefficients from REST - BEND 1 and BEND 1 - BEND 2 were both 0.69± 0.13 

(! =  2205 !"#$% each). The maximum power maps were selected for further 

analysis because of the significantly higher (! <  0.0001,! =  2205 !"#$%) 

correlation between sequential images determined by the algorithm.  

 

2.3.2 In-Plane Tissue Kinematics 

The maximum power maps for the three cases all shared the same general surface 

pattern, but in different locations. Figure 2.6 includes maximum power maps for a 
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representative sample for the three cases. Banding of high-signal (yellow) 

spanned medially-laterally between the articular facets. The high-signal banding 

was approximately 200 !" in width, comparable to the diameter of lumbar FCL 

collagen fiber bundles (Silver et al., 1992). Low-signal areas corresponded to 

areas of poor transmission quality from the original PS-OCT scan.  

 

Pixel-wise displacements tracked across the three sequential surface images gave 

a grid of local displacement vectors with a range of magnitudes and orientations. 

The overlaid 20!20 element square mesh (Figure 2.6) varied in size with the 

usable area of the individual image. The average mesh size was 22.3 !!!, and 

the average element was of 0.0559 !!! resolution. Displacement vectors 

calculated from the motion tracking (Figure 2.7) were predominantly oriented in 

the superior-inferior direction, following the gross motion applied by vertebral 

displacement. Another way to visualize the displacement of the overlaid mesh is 

by plotting the nodes of the mesh on the surface of the retardance images. The 

displacement from REST to BEND 2 of the column of nodes denoted by the 

arrow in Figure 2.7A is plotted on their corresponding retardance images. The 

deformed nodes travel laterally and traverse image stacks from the initial position. 

Because the nodes follow the inherent structural characteristics of the lumbar 

FCLs, the banding frequency under each node appears similar in corresponding 

nodes. Samples also exhibited gross shear in response to the applied 

displacement, as was expected from physiological motion, evidenced by the non-
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zero diagonal terms of the whole-tissue average deformation gradient tensor 

! = 0.99 0.01
−0.03 1.03  across all samples. 

 

Each sample had its own unique and complex strain field, including normal 

strains as well as shear, but some broad trends emerged as shown for a 

representative sample (Figure 2.8) and across all samples (! = 5) in Figure 2.9. 

In-plane strain fields of a representative sample are shown in Figure 2.8A. The 

average RMS strain in the off-fiber direction was higher (!!!!" = 0.049) than the 

fiber direction strains (!!!!" = 0.031) across all samples, although not significant 

(! > 0.05, ! =  5). This result is as expected, because the medially-laterally 

oriented collagen fibers are stiffer along their long axis, and were less stretched by 

the imposed motion. The averaged RMS in-plane strain contribution of the shear 

component (!!!!" = 0.035) was comparable to the normal strains, consistent with 

the gross appearance of shearing.  

 

2.3.3 Out-of-Plane Tissue Kinematics 

Sample height increased in all samples with bending. The medial border of the 

lumbar FCLs was consistently the apex of the surface, which sloped downward 

toward the lateral, superior and inferior edges. The average mean curvature (!) of 

all samples increased in magnitude from −0.0392 ±  0.1592 !!!! to 

−0.0540 ±  0.1301 !!!! with bending of the facet joint (! > 0.1 by a two-

tailed paired t-test, ! = 5). Local mean curvature (!) is plotted on the changing 
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surface of a representative FCL in Figure 2.10. The p-value and large standard 

deviations indicate there was a large variation in curvature between samples, but 

the curvature within each individual sample increased consistently. All samples 

exhibited local peaks and valleys aligned in the medial-lateral direction along the 

long axis of the collagen fibers. Local decreases in curvature are found in the 

superior half of all samples, whereas the inferior half of the sample tends to 

increase in curvature.  

 

Sample out-of-plane deformation (Figure 2.8B) created strains (!!"#) roughly an 

order of magnitude smaller than strains resulting from the in-plane deformation 

(!!"). The average RMS out-of-plane strain contribution (!!"#) magnitude was 

significantly higher in the off-fiber direction (!!!!"! = 0.014) than along the fibers 

(!!!!"# = 0.0032) (! < 0.020, ! =  5) and followed the same trend shown for in-

plane strains (!!"). The superior-inferior term !!!!"# varied between positive (the 

in-plane strain calculation underestimated the amount of extension because the 

tissue surface was steepening) and negative (in-plane calculation overestimated 

extension because the tissue surface was flattening). This variation had a banded 

appearance that followed the curvature bands of Figure 2.10, as expected. 

 

2.3.4 Three-Dimensional Surface Strains 

Three-dimensional surface strains (!) are a summation of the local in-plane strain 

(!!") and out-of-plane strains (!!"#) (Figure 2.8C). Similar in magnitude to !!", 
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the 3D average RMS strain magnitude in the off-fiber direction was higher 

(!!! = 0.052) than fiber axis strains (!!! = 0.032) across all samples, although 

not significant ( ! > 0.05, ! =  5). The averaged shear component of the 3D 

RMS strain contribution (!!" = 0.038) was again quite large, comparable to the 

in-plane strains.  

 

2.3.5 In-Plane vs. Three-Dimensional Surface Strain Comparison 

Two-dimensional planar strains (!!") are excellent predictors of the true three-

dimensional strain (!). To understand the connection between !!" and !, local 

points from all samples were selected that experienced no change in mean 

curvature (!) with bending, defined by a change in curvature less than 1%, 

( !!"#$! − !!"#$ < 0.01). These local points were sorted into two categories, 

increasing surface slope and decreasing surface slope between REST and BEND 

2, based on the change in the unit z-component of the normal vector (!!), a 

measure of the surface rotation. As stated previously, increasing and decreasing 

slopes correspond to !!"# < 0 and !!"# > 0, respectively. Linear regression was 

used to determine the line of best fit; results are depicted in Figure 2.11. !!!!"  are 

equivalent to  !!! with increasing slope (Figure 2.11A); !!!!"# are negligible likely 

because of restriction by the stiff collagen fibers meaning the tissue does not tilt 

along the lateral to medial fiber axis. However, !!!!"  underestimates !!! with 

decreasing surface slope (Figure 2.11B), showing that the tissue surface only 

becomes more flat in the lateral to medial fiber axis. This is expected because 
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facet joint motion creates shear across the FCL and elongates the off-fiber axis. 

!!!!"  overestimates !!! with increasing slope (Figure 2.11C) and !!!!"  

underestimates !!! when the tissue is flattening (Figure 2.11D). Evidence of this 

trend is witnessed pictorially in Figure 2.8. 

 

2.4 Discussion 

Polarization-sensitive optical coherence tomography (PS OCT) is non-destructive, 

reflection-based imaging modality that has been shown (Aksan et al., 2005; Chao 

et al., 2013; Filas et al., 2008) to provide depth-resolved structural characteristics 

of biological tissues. The current study shows the use of phase retardance images 

produced by polarization-sensitive optical coherence tomography (PS OCT) for 

providing the means for marker-free, high-resolution 3D motion tracking of the 

lumbar facet capsular ligament (FCL). Maximum power maps, extracted from the 

inherent fiber alignment of the FCL, depict the medially-laterally orientated 

collagen fiber bundles of the lumbar FCL as bands of high signal. The distinct 

features of the maximum power maps were passed through an image-correlation-

based algorithm (Raghupathy et al., 2011)  to track surface motion in lieu of 

standard fiducial makers. The in-plane strains from the image correlation, 

combined with out-of-plane deformation (provided by the depth resolution of the 

system), allowed calculation of the three-dimensional Lagrangian surface strains. 

Thus, PS OCT can measure high-resolution structural and kinematic information 

about biological tissues within the imaging depth by non-contact means. The 
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current study utilized the deforming orientation state of the tissue only as a 

fiducial marker to track 3D surface motion, but the orientation state could also be 

used for its inherent value, such as distinguishing fiber alignment in tissue-

engineered tendon (Ahearne et al., 2008) following fiber pathways in the brain 

(Wang et al., 2011).  

 

The study of motion via OCT has been previously reported in other contexts. 

OCT was used to identify gross strain and strain rate based on heat wall thickness 

deformation by Li et al. (Li et al., 2011) and 3D surface motion of the embryonic 

chick heart was monitored by Filas et al. (Filas et al., 2007; Filas et al., 2008) 

using microspheres as markers. A major feature of the current technique is the use 

of intrinsic tissue features to track motion, rather than the use of external markers 

or measurements. It is also, to our knowledge, the first application of PS OCT to 

track motion in a musculoskeletal setting. 

 

Other imaging modalities are commonly used for non-destructive motion 

tracking, such as ultrasound imaging (Liu and Ebbini, 2008; Okotie et al., 2012) 

and magnetic resonance elastography (MRE) (McKnight et al., 2002; Bayly et al., 

2012; Greenleaf et al., 2003). Ultrasound imaging has the capacity to reach much 

greater penetration depths than PS OCT, but there exists a trade-off between 

depth penetration and image resolution. In addition, the ultrasound probe must be 

in direct contact with the tissue of interest, as exposure to air will inhibit image 

acquisition. MRE combines magnetic resonance images with shear waves to 
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create an elastogram capable of measuring the stiffness of soft tissues. However, 

MRE is expensive, bulky, and would not be feasible in an operating room setting 

because of metal surgical tools and tables. Therefore, there is room for a 

technique that could monitor surface motion and mechanical properties in high-

resolution during surgery. Because PS OCT is a non-contact and depth-resolved 

technique, it could serve as the basis for a new device for imaging spinal tissues 

or other tissues in surgery.  

 

Development of the current method is motivated by the high prevalence of low 

back pain (Andersson, 1999) and facet joint pain, which is often misdiagnosed 

and mistreated due to lack of understanding (Cohen, 2007). The FCL is densely 

innervated (Johnson, 2004) with mechanosensitive nociceptive and proprioceptive 

nerve fibers that are embedded within the collagenous fiber bundles. Therefore, 

the ability to track the 3D kinematics of the FCL and extract the surface strains 

using 3D structural data may elucidate how these nerve fibers selectively activate 

in order to transmit either positional information or the perception of pain. 

Additionally, PS OCT scans could quantify abnormal strain patterns or alteration 

of fiber arrangement within the FCL or another tissue of interest. 

 

A limitation of the current method is it is unable to characterize the deeper 

portions of the lumbar FCL. The lumbar FCL is approximately 3 !! thick, and 

the current PS OCT system can only penetrate up to 1 !! of tissue depth. 

However, the imaging range of PS OCT can be increased by application of tissue 
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clearing agents (Smith et al., 2012; Schriefl et al., 2012). Although the phase 

retardance may be lowered by clearing, the slope of the phase retardance can still 

be used for analysis of the cleared tissue. Clearing the tissue to obtain a greater 

depth resolution may still allow motion tracking as shown here. Moreover, PS 

OCT is advantageous over transmission-based modalities, such as polarized light 

imaging (PLI), which are incapable of imaging a tissue of this thickness at all and 

which would be impossible to use in an intact (living or cadaveric) spine because 

of the surrounding tissues. 

 

2.5 Conclusion 

In conclusion, we have demonstrated that the use of phase retardance images 

produced by PS OCT provides the means for 3D motion tracking of curved 

surfaces without the use of external fiducial markers. The method shows that 

surface motion can be tracked by utilizing inherent structural properties of the 

tissue. This approach could be combined with methods such as those of Boyle et 

al. (Boyle et al., 2014) or Witzenburg et al. (Witzenburg et al, 2015) to identify 

damaged or remodeled regions in a tissue. 
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Figure 2.1.  Schematic of preparation of an L3-L5 motion segment for imaging. 

A. The posterior view of the motion segment shows the bilateral lumbar FCLs, 

which flank the central spinous processes. All posterior soft tissue was removed 

except the FCLs and ligamenta flava. B. The right lateral view shows the anterior 

elements, which include the vertebral bodies and intervertebral discs (IVDs). The 

anterior elements were removed at the pedicles and bone screws were inserted 

into L3, L4 and L5 laminae of the motion segment. Spinous processes were also 

removed to create a larger window for FCL imaging. C. The same right lateral 

view after removal of anterior elements, spinous processes and insertion of bone 

screws into the laminae. D. A representative specimen after preparation. 
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Figure 2.2.  The L3-L5 motion segment bends when bone screws are squeezed. 

A. The L5 articular facets are fixed within a force grip and towel forceps are 

placed around the L3 and L5 bone screws. B. Schematic of resting orientation. C. 

The forceps squeeze the bone screws together, which bends the motion segment at 

both the L3-L4 and L4-L5 facet joints. D. Schematic of a bent motion segment. 

Bone screw displacement (!) and corresponding L4-L5 facet joint rotation angle 

(!!) are recorded. 
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Figure 2.3.  Specimen placement for imaging by OCT. A. The specimen was 

placed on a custom stage, which is securely bolted to the tabletop. The top of the 

stage had a thin slit to allow the motion-inducing bone screws to protrude into the 

stage cavity and a side window provided access for the forceps. B. A top-down 

view shows a right FCL aligned under the OCT laser. Spinous processes were 

removed so the beam could be focused closer to the FCL without interfering with 

the specimen. C.  Image acquisition began at the lateral FCL. Each frame was 

acquired in the superior-inferior direction, and the frames were stacked from the 

lateral aspect to the medial aspect. Polymer retarder film with a jagged edge was 

included within the frame to enable image registration.  
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Figure 2.4.  Image processing flow diagram of a representative. First, the image 

stack, composed of retardance maps, is filtered in 3D with an ideal low-pass filter. 

A retardance map includes hundreds of vertical a-lines that can be represented 

simultaneously as (A.) an image, or (B.) the signal within an individual a-line can 

be plotted. Note how the color bar corresponds to the wave pattern. The a-line is 

transformed into Fourier space and (C.) a power spectral analysis found the 

dominant banding frequency (x-axis value) and the maximum power (y-axis 

value) of the signal. D. The dominant banding frequency and the maximum power 

of the a-line are assigned a color based on its value and plotted with remaining a-

lines as a 2D array.  
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Figure 2.5. Reconstructed en-face (A.) reflectivity and (B.) maximum power 

images for a representative lumbar FCL surface. A. The en-face reflectivity image 

was calculated by integrating the depth information from PS OCT and is similar 

to a conventional image one would expect from a microscope. B. The en-face 

maximum power image plots the maximum power from the spectral analysis. 

Both plots were created to determine which type of inherent tissue characteristic 

is best to use in an effort to track the in-plane motion of the FCL. The most 

desirable plot type is one that has a reproducible, abundant and distinct texture. 

The texture in both plots was analyzed with an image-correlation-based tracking 

algorithm26 to assess the displacement error from an applied known deformation 

and to assess the correlation between REST, BEND1 and BEND 2 images for 

each tissue characteristic.  
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Figure 2.6.  Representative maximum power maps overlaid with a 20x20 element 

mesh. The three maximum power maps have the same general pattern, but the 

location of the pattern changes slightly. The REST nodes remained linked to their 

initial features, thus the nodes displaced as the locations of the features shifted in 

BEND 1 and again in BEND 2. Nodal displacements were used to calculate in-

plane surface strains. 
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Figure 2.7.  Nodal displacements from Figure 2.6 are (A.) represented as 

sequential displacement vectors, and (B.) plotted on the surface of retardance 

maps. A. Displacement vectors show the surface primarily moved in the superior-

inferior direction. Black dots show REST nodes, maroon arrows show their 

displacement from REST to BEND 1, and orange arrows show the displacement 

from BEND 1 to BEND 2. B. A column of nodes denoted by the black arrow in 

A. is plotted on the surface of their corresponding retardance maps for REST and 

BEND 2. Nodal displacements follow the features of the maximum power maps, 

and maximum power is related to retardance. Thus, the banding pattern under 

each node is similar between corresponding nodes in REST and BEND 2 because 

the 2D surface tracking is dependent on the internal structure. 
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Figure 2.8.  Representative strain fields from REST to BEND 2 depict (Row A.) 

the in-plane strains (!!") and (Row B.) the out-of-plane strains (!!"#), which sum 

to (Row C.) the 3D surface strains (!). Strain fields are plotted on the 2D 

deformed surface of BEND 2 and show significant shear. The zero contour line is 

shown and the color bar applies to all plots. Row A. In-plane strains (!!") are 

derived from 2D displacement vector fields shown in Figure 2.7. The large strains 

in the inferior-medial corner of !!!!"  correspond to the large inferiorly oriented 

displacement vectors shown in the same region of Figure 2.7. !!!!"  are 

predominantly the largest of !!", whereas about half of !!!!"  are compressive. 
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Row B. Out-of-plane strains (!!"#) are a product of surface curvature changes 

and surface rotations. !!"# are an order of magnitude smaller than !!". When 

!!"# < 0, the surface increases in slope and when !!"# > 0, the surface is 

flattening.  The majority of !!!!"# are greater than zero, meaning the surface along 

the fiber axis. Negative regions of !!!!"# exist and are aligned with the fiber axis; 

these surface areas rotate to increase in slope while the remainder of the sample 

becomes increasingly flat. Row C. Overall, 3D surface strains (!) are similar in 

magnitude to !!", meaning !!" are good predictors of !. Increases in ! are 

visible where both !!" and !!"# are positive, and ! decreases where !!"# are 

compressive, such as the superior edge of !!! compared to the superior edge !!!!" . 
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Figure 2.9.  RMS surface strains for all samples (n=5). The median value for each 

RMS strain is displayed with 95% confidence intervals. In following with the 

representative sample in Figure 2.8, !!!!"  and !!! for all samples have the largest 

RMS strains and additionally, the largest range of values. !!!!"! is significantly 

larger than !!!!"  and !!"!"  (! < 0.05,! =  5). These large strains, indicative of 

greater tissue motion, are found in the off-fiber axis, which is less stiff than the 

fiber axis. !!!!"  and !!! are not significantly different (! > 0.05,! =  5) from 

another because these strains are calculated in the stiff fiber direction and very 

little !!!!"# is accumulated from the increase in curvature.   
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Figure 2.10.  The shape of the FCL surface changes with bending as depicted by 

the overlaid mean curvature (!). A value of ! > 0 denotes a local valley and a 

value of ! < 0 signifies a local peak. The inferior-lateral corner decreases in 

height and in curvature from REST to BEND 2. This follows with the high 

inferior-lateral !!!!"  in Figure 2.8A and the large displacement vectors in Figure 

2.7 in the same region.  
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Figure 2.11.  In-plane strains !!" are excellent predictors of 3D surface strains 

(!). Local points that exhibited no change in curvature were gathered for all 

samples and sorted into two groups, increasing slope and decreasing slope based 

on negative or positive values of !!"#, respectively. A. !!!!"  are equivalent to !!! 

because the stiff collagen fibers restrict the surface slope from increasing with 

induced bending. B. Conversely, !!!!"  underestimates !!! as the surface flattens, 

following the shear response created by rigid facet joint motion. Perpendicular to 

the fiber axis, (C.) !!" overestimates !!! when the surface slants and (D.) 

underestimates !!! when the surface flattens. This over and under prediction is as 

expected due to the nature of the rotations. 
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3.  Planar Biaxial Extension of the Lumbar Facet Capsular Ligament Reveals 

Significant In-Plane Shear Forces 

 

The content of this chapter was submitted as a research article to the Journal of 

Biomechanics by Claeson and Barocas (Claeson et. al., 2015b, in review) 

 

3.1 Introduction 

The lumbar facet capsular ligament (FCL) is a fibrous spinal ligament that spans 

the articular facets of the facet joint on the posterior spine. The lumbar FCL has 

an innately three-dimensional shape to follow the curvature of the articular facets, 

and because the FCL is a capsule, it has insertion sites on more than one axis. The 

facet joints articulate with six degrees of freedom to facilitate and constrain the 

spinal motions of flexion/extension, lateral bending, and axial rotation. This 

combination of three-dimensional geometry, multiple attachment sites, and 

complex joint kinematics gives rise to complicated deformations across the FCL 

during physiologic loading conditions.  

 

Since the lumbar facet joint surface coincides roughly with a sagittal plane, spinal 

torsion leads to extension of one facet capsule, but lateral bending and especially 

flexion produce primarily shear. Thus, similar to the glenohumeral capsule 

(Amini et al., 2014; Gohlke et al., 1994) and the hip capsule (Pauwels, 1976), the 

lumbar facet capsule must be able to endure significant amounts of shear as well 
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as extension. In light of these complex functional demands, one might reasonably 

expect that the fiber organization and material properties of the lumbar FCL are 

not uniaxially-dominated in the way that, e.g., those of the medial collateral 

ligament (Weiss et al., 2002; Woo et al., 1986) are. 

 

Structurally, the lumbar FCL is marked by highly aligned collagen fiber bundles 

spanning primarily laterally between the articular facets on the posterior aspect, 

with some directional variation with location within the capsule (Yamashita et al., 

1996). In contrast, the ventral surface (i.e., that facing into the joint space) is rich 

with isotropically oriented elastin (Yamashita et al., 1996). The combination of 

these two structurally different layers allows the capsule to endure the complex 

loads required for spinal function. 

 

Mechanical testing of the lumbar FCL has generally focused on standard methods 

that cannot capture the full extent of the behavior, and that have been limited by 

the desire to produce homogeneous strain and stress fields. Little et al. (Little and 

Khalsa, 2005) preformed two sets of orthogonal planar uniaxial mechanical tests, 

in the fiber direction and perpendicular to the fiber direction. Though the lumbar 

FCL is never loaded under pure uniaxial conditions in situ, Little’s data provide 

approximate upper and lower bounds of lumbar FCL mechanical properties. We 

performed equibiaxial tests on a lumbar FCL as part of a study on fitting methods 

(Nagel et al., 2014b), but the study was primarily methodological and did not 

generate detailed information on the tissue’s biaxial response.  
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Since some of the fibers of the tissue do not align with the (medial-lateral) testing 

axis, it is likely that the tissue generates significant shear stresses during biaxial 

loading (as seen in other tissue types (Fomovsky and Holmes, 2010; Sacks, 1999; 

Sommer et al., 2015)) . To our knowledge, the in-plane shear forces and strains 

have never been quantified in testing of the lumbar FCL, leaving a significant gap 

in our knowledge of the tissue’s mechanical behavior. Digital image correlation 

(Boyle et al., 2014; Claeson et al., 2015a; Kelly et al., 2007; Raghupathy et al., 

2011), however, can now provide tracking of the full displacement field, and six-

degree-of-freedom (6-DOF) load cells can measure the shear forces, enabling a 

much fuller examination of the mechanical response of a complex tissue such as 

the lumbar FCL. Thus, the objective of this work was to perform biaxial 

experiments on human cadaveric lumbar FCL tissue and incorporate shear forces 

into the analysis. 

 

3.2 Methods 

3.2.1 Specimen Preparation 

Six L4-L5 cadaveric lumbar facet joints (Right: n=2, Left: n=4) were resected 

from four motion segments (ages 32-65 years), cleared of all posterior 

musculature, and stripped of their thin surface membranes (Figure 3.1a). 

Specimens were obtained from cadavers through the University of Minnesota 

Anatomy Bequest Program and approved by institutional review. Spines were 
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scanned in a 3T MRI system at the University of Minnesota Center for Magnetic 

Resonance Research, and samples were only taken from sites with minimal to 

moderate intervertebral disc degeneration (Pfirrmann grades 1-3). Facet joint 

capsules were visually healthy and without osteophyte or enthesophyte formation 

(Figure 3.1b). In preparation for planar biaxial mechanical testing, the trabecular 

bone within each articular facet of the joint capsule was removed, and the innately 

curved ligament surface was flattened. The sample was trimmed to a cruciform 

shape, with the physiologic bone-ligament-bone attachments on one axis and 

ligament tabs on the perpendicular axis (Figure 3.1c). Ligament thickness was 

measured through the middle body with digital calipers. 

 

3.2.2 Planar Biaxial Mechanical Tests 

An Instron-Sacks planar biaxial tester was used for mechanical characterization of 

the lumbar FCL samples. The machine was fitted with two dynamic load cells 

(500N, Instron®, Norwood, MA, USA) and two six-degree-of-freedom (6DOF) 

load cells (100N, JR3 Inc., Woodland, CA, USA). Load cells were fitted such that 

each of the two axes had one dynamic load cell and one 6DOF load cell. Samples 

(n = 6) were loaded with the bone-ligament-bone attachments on the horizontal 

axis (Axis 1) and the ligament tabs on the vertical axis (Axis 2) (Figure 3.1d). The 

ligament surface was speckled with Verhoeff’s stain for displacement tracking, 

and the full test protocol was recorded at 24 frames/second. Ten cycles of 

preconditioning were applied at 12% grip strain at a rate of 3mm/s and data were 
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acquired at 10Hz. The full study protocol consisted of all combinations of one-, 

two-, three-, and four-arm extensions. The protocol concluded with an equibiaxial 

extension, which was compared to the last cycle of preconditioning to ensure the 

sample was not damaged during testing. Data from an equibiaxial extension in the 

middle of the protocol were used for all further analyses. The amount of grip 

strain was selected to be large enough to stretch the tissue out of the toe region 

and produce a significant nonlinear response, but no so large as to compromise 

tissue integrity, based on the observations of Little et al. (Little and Khalsa, 2005) 

and Nagel et al. (Nagel et al., 2014a)  

 

3.2.3 Data Analysis 

Force and Displacement: Force and displacement data from the equibiaxial 

extension were trimmed from approximately 50 data points to seven equally 

spaced points for use in the finite element model. These data points were selected 

to coincide with images used for displacement tracking at intervals of 2% grip 

strain.   

 

Surface Displacement Tracking: Video data from the equibiaxial extension 

experiments were converted into sequential images. For each sample, the first 

(undeformed) image was imported into Abaqus CAE, and a planar mesh was 

created of only the ligament surface, bounded by the grips and the rigid articular 

facets. The mesh and the sequential images of surface deformation (spaced at 2% 
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grip strain, consistent with the force data and designed to maintain high signal-to-

noise ratio in the displacement calculations) were input into an image-correlation-

based displacement tracking algorithm (Raghupathy et al., 2011). Surface strain 

maps were created using the displacement vectors at each finite element node. 

Displacement vectors at the grip boundaries were decomposed into their normal 

and shear components and averaged to verify the normal and shear displacement 

of the grips and bone.  

 

3.2.4 Finite Element Modeling 

Sample-specific finite element models were used to fit the data to a hyperelastic 

strain energy density function. The same mesh used for surface strain tracking 

was converted to 3D by extrusion through the sample thickness. The ligament was 

modeled in FEBio (Maas et al., 2012) as an uncoupled solid mixture containing a 

neo-Hookean ground matrix with the strain-energy density function 

 

! = !! !! − 3 + !
!! (ln !)!     (3-2.1) 

 

where !! is the Neo-Hookean material coefficient, !! is the first invariant of the 

deviatoric right Cauchy-Green deformation tensor, ! is the determinant of the 

deformation gradient tensor, and ! is the bulk modulus. In addition, there were 

two fiber families, each described by an exponential strain energy function 

(Equation 3-2.2) and a 2D von Mises distribution of fiber orientation (Equation 3-
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2.3). For the exponential fiber constitutive law (Equation 3-2.2), ! is a measure of 

fiber modulus at small strain, ! is the coefficient of the exponential argument, and 

! is the power of the exponential argument (! > 0, ! ≥ 0, ! ≥ 2). 

 

!! !! = !
!"  (!"# ! !! − 1 ! − 1)       (3-2.2)  

 

! ! = !"# ! !!!!!!
!!!! (!)          (3-2.3)  

 

The von Mises distribution (Equation 3-2.3) is an orthotropic 2D distribution in 

which !!,!!,!!  are the components of the fiber direction vector !, ! is a 

concentration parameter ! > 0 , and !! is the modified Bessel function of the 

first kind of order 0. 

 

The experimental grips were modeled as rigid bodies, and their normal and shear 

displacements were set based on the image analysis. Reaction forces at the grips 

were output by the model for each entered displacement, and the Matlab 

fminsearch routine was used to identify material parameters that minimized the 

squared error ! !  between the model and the data. The objective function for 

the optimizer was  

 

! ! = !!"#$%&'( !,! − !!"#!$%&!'( (!,!)
!!

!!!
!
!!! ∗! (!)  (3-2.4) 
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where !!"#$%&'( are the calculated reaction forces, !!"#!$%&!'( are the 

experimental forces, and the calculation is over six force measurements ! (two 

shear and four normal) at six distinct displacement points ! along the loading 

curve. Ligament-axis normal force errors and shear force errors were multiplied 

by a weighting factor !(!) to reduce optimization bias towards the larger bone-

axis normal forces. The default search tolerance of 0.01 was used, and each 

simulation was run with five different initial guesses for the fiber family 

orientations to account for local minima within the objective function: (-0.01°, 

+0.01°), (-25°, +25°), (-45°, +45°), (-45°, -0.01°), and (+45°, 0.01°). To determine 

the effect of shear forces on the fits, the optimization was also run using only the 

normal forces. 

 

Fibers were assumed to have identical material properties as defined by the strain 

energy parameters (!,!, !) but were treated as independent in terms of the 

preferred fiber angle !!,!!  and von Mises concentration parameter !!, !! . 

The bulk modulus !  in the Neo-Hookean model (Equation 3-2.1) was set to one 

thousand times the shear modulus (!!) to create a nearly incompressible model. 

Eight parameters in total, !!,!,!, !,!!,!!, !!, !! , were thus optimized. All 

simulations were carried out on one core at the University of Minnesota 

Supercomputing Institute. 
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Following the optimization, 95% confidence intervals were computed for each 

parameter by the method of Draper and Smith (Draper and Smith, 1981), which 

yields the following expression for the confidence intervals. 

 

! − ! !!!! (! − !) ≤ ! ! !
! − ! ! (!,! − !, 0.95)   (3-2.5) 

 

!!" ≡  !!!!!!
          (3-2.6) 

 

!! is the vector of parameters, and all terms with a hat denote those related to the 

fitted parameter set. ! is the number of parameters (! = 8) and ! is the number of 

observations. For shear fits, ! =  36 (6 forces x 6 time points), and for fits 

without shear forces, ! =  24 (4 forces x 6 time points). !!" , the sensitivity of the 

error to each parameter, is obtained numerically by making small perturbations 

around !. Although the optimization problem was non-linear, confidence 

intervals for each parameter were computed based on linear theory following 

Draper and Smith (Draper and Smith, 1981) by varying one parameter at a time 

and leaving the remaining seven parameters constant. The linearized form of 

Equation 3-2.5 is  

 

! ! ≤ ! ! 1+ 8 ! − 8 ! 8,! − 8, 0.95      (3-2.7) 
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To grow the confidence region bidirectionaly, the parameter of interest was 

sequentially incremented until ! !  was greater than the right side of Equation 3-

2.7. If ! !  was less than the right side of Equation 3-2.7 after a sixteen-fold 

change in parameter value, the confidence interval was specified as infinite. All 

computations were completed on a single core at the University of Minnesota 

Supercomputing Institute.  

 

3.3 Results 

3.3.1 Mechanical Testing 

Normal-force-displacement curves (Figure 3.2a) for lumbar FCLs in equibiaxial 

tension highlight the anisotropy of the tissue. Along the bone-axis (Axis 1), the 

FCL is much stiffer and exhibits a smaller toe region than along the ligament-axis 

(Axis 2). Peak normal forces averaged 16.11 ± 4.41N along the bone-axis (N1), in 

contrast to those (4.67 ± 3.05N) along the ligament-axis (N2). The RMS error 

between grip displacement and average tissue displacement at the grip boundary 

for all grips and all samples was 0.16mm, confirming that grip slipping was at a 

minimum.  

 

Because of variance in tissue structure, the signs of the shear forces (Figure 3.2b) 

were not the same for all samples, and no trends existed between the shear force 

sign and the grip location at which it was recorded. Shear forces on the bone-axis 

(S1) obtained a higher peak force magnitude (3.01 ± 2.61N) than ligament-axis 
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(S2) shear forces (1.68 ± 0.65N), although the two were not significantly different 

(p = 0.25). Pooled shear force magnitudes were significantly smaller than both the 

fiber-direction normal forces (p < 0.0001) and the cross-fiber-direction normal 

forces (p < 0.05). 

 

3.3.2 Data Fitting – Normal and Shear Forces 

The eight model parameters were regressed to the normal force and shear force 

data for six lumbar FCL planar equibiaxial extension experiments. Different 

initial guesses gave different fits because of the presence of local minima in the 

objective function. Initial guesses of (-25°, +25°) and (-45°, +45°) most often 

resulted in fits with the lowest sum of squared error. In general, error 

contributions from shear data were larger than error contributions from normal 

force data. Figures 3.3a-b show the experimental (dots) and model (line) force 

versus stretch for the best fit of a representative sample. The model captured the 

different shear force signs in the two directions but did not capture the non-

linearity of the shear force, S2 (i.e., the medially acting force on the inferior arm 

of the cruciform). 

 

The optimal parameter values with standard deviations are displayed in Figure 

3.3c. The average matrix stiffness, given by the Neo-Hookean term !!, was 0.018 

± 0.011MPa. The prefactor, !, in the exponential fiber strain energy density 

function had the largest value (3.64MPa) and the widest spread (2.25MPa) of the 
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three parameters (!,!, !). The exponential term ! had the smallest spread with 

respect to the parameter value (2.57 ± 0.29), and ! averaged 0.73 ± 0.29. The 

primary fiber direction parameter (!!) for all samples was oriented in the 

superior-lateral to inferior-medial direction, defined by a negative angle, with an 

average value of -22.40 ± 8.62°. The secondary fiber direction parameter (!!) 

resulted in both positively and negatively oriented fibers with an average 

magnitude of 19.11 ± 12.92°. The primary fiber direction was highly aligned (!! 

> 4.4 for all cases). The secondary fiber direction was less strongly aligned, with a 

!! range of 0.86 to 3.86 across all samples.  

 

Parameter values were divided by their respective 95% confidence region width 

to normalize each goodness of fit. Normalized values greater than one indicated a 

confidence region size smaller than the parameter value and thus a good estimate 

of the parameter value. The exponential term ! has the tightest confidence region 

consistently producing values greater than one. Three parameters had normalized 

values less than one, !!, !, and !!, meaning these parameters were the least 

specific. For !!, the upper 95% confidence bound was calculated as infinite for 

three of the six samples, generating a very large confidence region width. 

However, when ! > 5, the 2D von Mises distribution is close to fully aligned. 

Therefore, the large confidence region for !! merely suggests that once the fibers 

are strongly aligned, there is very little effect if they become even more strongly 

aligned. The 95% confidence intervals for each parameter are computed in Table 
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1 located in the supplemental material and the normalized values are plotted with 

standard deviations in Figure 3.4.  

 

The experimental surface strains were compared to those predicted by the model 

(Figure 3.5) by calculating the RMS error between the nodal strains. Nodal strains 

from all samples were pooled to calculate the RMS error in the EXX (Axis 1), EYY 

(Axis 2) and EXY (shear) directions, and resulted in visually similar strain fields 

but errors of 7.46%, 5.74%, and 4.37% strain, respectively. These fairly large 

strain errors show that even this eight-parameter model may not be sufficient to 

capture the full behavior of the material. Possible extensions to the model will be 

described in the Discussion. 

 

3.3.3 Data Fitting – Change in Model Fit Without Shear Forces 

When the model was re-fit without using the shear data, the resulting minimum 

sum of squared errors for the normal forces were smaller and less varied (range 

! !  = [0.25 2.94]) than those found previously (range ! !  = [0.52 12.21]). 

This result is not surprising since the need to fit the shear force data pulled the 

model away from the normal force data. Despite the lower error in the normal 

force fits (Figure 3.6a), the parameters calculated using only normal force data 

were not capable of capturing the magnitude and direction dependence of the 

shear forces (Figure 3.6b). Mean parameter values for the ground matrix and 

strain energy density function did not change greatly when the shear forces were 
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removed, but the fitted values had greater variability, as indicated by larger 

standard deviations. Both the primary and secondary fiber directions were 

estimated poorly using only normal force data; the inclusion of the shear forces 

led to more consistent and higher-confidence direction estimates (Figure 3.6c). 

Figure 3.4b shows the effect of fiber angle shear force magnitude and direction. 

While !! and !! have tight confidence regions creating normalized values greater 

than one, the primary (!!) and secondary (!!) fiber angles, whose distributions 

they specify, have wide confidence regions creating normalized values less than 

one. RMS errors in nodal strains between the normal force only model and the 

experimental strain maps (EXX, EYY, EXY) were not significantly different from 

the error calculated from the model inclusive of the shear forces. 

 

3.4 Discussion 

We used planar biaxial mechanical testing and finite element analysis to 

determine the mechanical properties of the lumbar facet capsular ligament (FCL) 

in equibiaxial extension. Two actuators of the mechanical test setup were fitted 

with load cells capable of measuring both normal and shear reaction forces. 

Experimental data produced measurable shear forces during equibiaxial extension 

that were not significantly different in magnitude from normal forces produces 

from the ligament-axis (Axis 2). Model parameters based on the shear force data 

as well as normal force data showed less variation and identified two fiber 

populations, one running primarily in the superior-lateral to inferior-medial 
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direction, and the other running roughly lateral-to-medial but with variation 

among samples. 

 

Data from the current study can be compared to those from the two other studies 

that performed planar mechanical tests on cadaveric lumbar FCL samples. Biaxial 

testing of a cadaveric lumbar FCL by Nagel et al. (Nagel et al., 2014b), yielded 

peak bone-axis normal forces (~ 20N) within range of the current study. Little et 

al. (Little and Khalsa, 2005) reported elastic moduli at 10% and 20% strain for 

orthogonal uniaxial data sets. We simulated Little’s experiment for each of our 

material fits (n = 6) by applying two uniaxial deformations along the X and Y axis 

of a 1x1x1mm cube to 10% and 20% strain. The simulated elastic moduli along 

the fiber direction at 10% and 20% strain, calculated based on the results obtained 

in the current study, were greater (4.34 ± 1.25MPa and 7.82 ± 3.13MPa, 

respectively) than those computed by Little (0.10 ± 0.09MPa and 0.18 ± 

0.13MPa). However, the simulated elastic moduli perpendicular to the fiber 

direction at 10% (0.52 ± 0.34MPa) and 20% (1.17 ± 0.79MPa) strain were similar 

to Little’s values (0.23 ± 0.20MPa and 1.04 ± 0.86MPa). The discrepancy 

between the data sets may arise from the inherent differences between uniaxial 

and biaxial tests. In uniaxial stretch, fibers can undergo large rotations, allowing 

the tissue to reach much larger strains before collagen fibers become engaged 

(Chandran and Barocas, 2006). However, the cross coupling of fibers during 

biaxial extension strongly limits fiber rotation and results in more fiber stress at 

lower strain.  
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The current study is not without limitations. Placing load cells measuring both 

normal and shear forces on all four actuators, instead of two, would provide a 

more detailed analysis of shear reaction forces. The additional shear 

measurements would also increase the specificity of the finite element model. The 

FCLs were prepared in a planar orientation for biaxial testing, however, a slight 

curvature, although greatly reduced from the in situ curvature, still existed, and 

the experiment was replicated with a finite element model that assumed a planar 

surface. Therefore, in-plane surface strains output by the model would 

underestimate the experimental strains, which may account for some of the error 

between the experimental and model strains (3D motion of the lumbar FCL is 

discussed further in Claeson et al. (Claeson et al., 2015a) 

 

The current approach could be expanded to account for surface displacements and 

viscoelastic properties. Parameters could be tuned to the experimental surface 

strains, in addition to the grip forces, although the surface strains would likely not 

be indicative of the through-thickness deformation because of the transition from 

anisotropic collagen fiber matrix to an isotropic elastin-rich matrix. Additionally, 

the model assumed a homogenous material type and did not account for the 

through-thickness material transformation or for any in-plane variation in 

structure or properties. The importance of viscoelasticity in various spinal 

ligaments has been reported by others (Bonifasi-Lista et al., 2005; Little and 

Khalsa, 2005; Mattucci et al., 2013; Troyer and Puttlitz, 2011; Troyer and Puttlitz, 
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2012), and the viscoelastic behavior of the lumbar FCL would be an excellent 

subject for further study. The quantities reported here should be treated as 

instantaneous parameters because we performed relatively rapid experiments and 

did not account for relaxation. Finally, it is also emphasized that we focused on 

healthy tissue in the current study, but low back pain can occur with lumbar FCL 

degradation (Cohen, 2007; Lewinnek and Warfield, 1986), therefore, a 

comparison between healthy and degenerated samples would be in order.  All of 

these possible extensions are worthy of consideration, whereas the current study 

focused on establishing a baseline (healthy samples, minimal viscoelastic effect, 

assumed homogeneity of the tissue) upon which subsequent work could build. 

 

3.5 Conclusion  

In conclusion, this study highlights the importance of shear forces in lumbar FCL 

deformation. Shear forces were measured on the same order of magnitude as the 

normal reaction forces on the ligament-axis, and model parameters showed more 

consistency when the shear forces were used in the fitting process.  
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Figure 3.1. Lumbar facet capsular ligament (FCL) preparation for planar biaxial 

mechanical testing. (a) Posterior musculature from cadaveric L4-L5 motion 

segments was removed to expose the bilaterial facet joints. (b) The capsule was 

resected from the motion segment, and the thin surface membrane was removed. 

(c) Trabecular bone was removed to create a planer orientation. The collagen fiber 

bundles were preferentially oriented between the remaining rigid articular facets, 

and free ligament ends were along the perpendicular axis. (d) The sample was 

loaded into grips connected to load cells in the planar biaxial setup.  The fibers 

were aligned on the horizontal axis (Axis 1) and the ligament tabs on the vertical 

axis (Axis 2). Normal forces were measured from all four load cells, and shear 

forces were measured through load cells attached to the grips labeled INFERIOR 

and IAF (L4). IAF: inferior articular facet; SAF: superior articular facet  
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Figure 3.2. Planar biaxial mechanical tests give (a) normal force- and (b) shear 

force-stretch curves for n=6 samples. (a) Along the fiber axis (N1, dashed), forces 

reached a larger peak magnitude than did those along the ligament axis (N2, 

solid). (b) Peak shear forces (pooled S1 and S2) were lower than both peak N1 

forces and N2 forces. Peak shear forces of S2 (solid) were of lower magnitude 

than those of S1 (dashed).  
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Figure 3.3. Model fit (lines) to a representative experimental (a) normal force- 

and (b) shear force-displacement data. The model accurately captures the sign of 

the normal and shear forces, but cannot capture the full non-linearity of S2. (c) 

Optimal parameter values for the model fits for all simulations (n=6) with 

standard deviations. The parameters α and β had the smallest distribution of 

values. The primary fiber angle (θ1) was distinctly negative in value and was 

highly aligned (b1), whereas the secondary fiber angle (θ2) had a larger 

distribution and less strength of alignment (b2).   
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Figure 3.4. Goodness of fit for each parameter obtained by dividing parameter 

values by their respective 95% confidence region width is shown for the (a) 

parameters fit with shear and normal force data and (b) parameters fit with only 

normal force data. Good parameter estimates have a value greater than one. (a) 

The shear-and-normal-force model fit gave the fiber angles (θ1, θ2) with high 

confidence. The fiber distribution parameter (b1) falls below zero because the 

upper 95% confidence bound was calculated as infinite for half of the samples, 

generating a large confidence region width. The low confidence for b1 suggests 

that once the fibers are strongly aligned, there is little effect if they become even 

more strongly aligned. (b) The normal-force-only model fit the fiber angles (θ1, 

θ2) with a low-level of confidence and instead, specified the matrix parameter (C1) 

with a high confidence.  
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Figure 3.5. Surface displacement maps showing displacement vectors and shear 

(EXY) strains from a representative experiment along with the predictions from the 

model fit to the force data. Experiment and model fit are both at 12% equibiaxial 

extension. The RMS error for this representative sample is 5.29% shear strain. 
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Figure 3.6. Comparison of the shear force model fit (Row 1) and normal force 

model fit (Row 2) for a representative sample. (Col a) The primary fiber angles 

(bold) from the optimizations fit to the opposite sign, and both secondary fiber 

angle fits are relatively horizontally aligned. (Col b) Despite the opposite primary 

fiber angle sign, both models capture the normal force fits as expected, but (Col c) 

the normal force model does not match the sign of the shear forces.  

  



	 66	

4. Computer Simulation of Lumbar Flexion Shows In-Plane and Through-

Plane Shear of the Facet Capsular Ligament 

 

The content of this chapter is in submission as a research article to the Journal of 

Orthopaedic Research by Claeson and Barocas.  

(Claeson et al., 2015c, in submission) 

 

4.1 Introduction 

The facet joints comprise the posterior aspect of the three-joint complex that is the 

spinal motion segment (Figure 4.1a). The facet joint consists of two rigid articular 

facets, one from each adjacent vertebra, and is encased by the fibrous facet 

capsular ligament (FCL) on the posterior aspect (Figure 4.1b) and the ligamentum 

flavum on the anterior aspect. The articular facets and the FCL function both to 

guide and to restrict spinal motion. Additionally, the FCL retains the lubricating 

synovial fluid within the articular cartilage-lined joint space.  

 

Structurally and kinematically, the FCL is a complex tissue whose structure and 

functional responsibilities change with location along the spinal column (Van 

Schaik et al., 1985; Yoganandan et al., 2003). All FCLs contain two distinct 

materials that transition through the ligament thickness (Yamashita et al., 1996). 

Specifically to lumbar region FCLs, the posterior surface (also known as the 

dorsal surface, that is the surface facing out from the joint) consists of highly 
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aligned collagen fiber bundles that preferentially align between the rigid articular 

facets (Figure 4.1c), and the anterior aspect (i.e., the ventral surface, facing into 

the joint space) which interacts with the synovial fluid within the joint space, is 

rich with unorganized elastin fibers (Yamashita et al., 1996). The FCL has a 

convex curvature because it follows the geometry of the articular facets, and 

because it is a capsule, it has multiple insertion sites across the facet joint. 

Articular facet kinematics drive FCL deformations that occur during all spinal 

motions (flexion/extension, lateral bending, and axial rotation), and which may be 

quite complex (Yamashita et al., 1996). Additionally, the contained synovial 

fluid, typically 1 to 1.5mL in volume(Glover, 1977), constantly pressurizes the 

FCL. Therefore, the elaborate structure compounded with the kinematic response 

gives rise to complicated 3D deformations in vivo. 

 

Three-dimensional deformations of the lumbar spine during flexion have been 

studied by applying rigid body kinematics to 3D models. Cheng et al. (Cheng et 

al., 2013) developed a registration process to morph 3D vertebral bodies to image 

frames of 2D fluoroscopic data of human lumbar flexion and extension. With 

these subject specific models, they compared in-plane and out-of-plane vertebral 

rotations of healthy individuals to those with either low back pain or 

degeneration, but they did not evaluate facet joint rotations. With regards to the 

facet joint, Kozanek et al. (Kozanek et al., 2009a) created subject specific 3D 

models using MR and dual fluoroscopic imaging to measure the range of facet 

joint displacement and rotation at the end points of lumbar spine motion. 
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However, they did not attempt to describe the soft tissue deformations of the 

lumbar FCL.  

 

Other studies have aimed to extract the 3D soft tissue deformations of the lumbar 

FCL. Ianuzzi et al. (Ianuzzi et al., 2004) applied horizontal displacements to the 

T12 vertebra of fresh cadaveric lumbar spines (T12-L1, L1 potted) to simulate 

flexion, extension, and lateral bending (left/right). A grid of infrared markers 

placed on the surface of each FCL was optically tracked during the applied 

deformations. One principal strain was calculated to represent the entire FCL 

surface at four displacements within a series, but the regional variations in strain 

across the FCL were not reported. A previous study from our group (Claeson et 

al., 2015a) aimed to quantify lumbar FCL deformations by optically tracking 

structural characteristics inherent to the FCL over the course of static bending. 

While this work extracted 3D FCL deformations, we were only able to 

characterize the deformation of a portion of the capsule. Additionally, the 

deformations across the FCL emulated flexion, but were not inductive of true 

flexion because the rotation was not applied over the intervertebral discs. Thus, 

there exists a gap in the literature which quantifies the full 3D deformations of the 

lumbar FCL during physiologic spine motions.  

 

Realistic finite-element models of the joint can provide complementary analysis 

when properly informed by experimental data (Bloemker et al., 2012; Ellis et al., 

2007; Gardiner and Weiss, 2003; Guess and Stylianou, 2012; Kia et al., 2014; 
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Moore et al., 2004; Moore et al., 2010; Song et al., 2004). To construct a finite 

element model of the lumbar FCL, three pieces of information are necessary: 

geometry, boundary conditions, and material properties. Figure 4.2 shows 

schematically how these inputs were obtained. Previously, our group published 

continuous in vivo vertebral kinematics during flexion/extension to quantify 

intervertebral margin strains (Nagel et al., 2014b), similar to data obtained by 

others (Pearcy and Tibrewal, 1984; Takayanagi et al., 2001). From this data set, 

the facet joint motion was extrapolated from vertebral kinematics in the sagittal 

plane. Furthermore, we previously characterized the instantaneous material 

properties of healthy cadaveric L4-L5 FCLs using a hyperelastic model with two 

fiber distributions (Claeson et al., 2015b, in review). To our knowledge, accurate 

tissue geometry for the lumbar FCL has not been published previously, but it can 

be obtained via micro-CT (cf. (Claeson et al., 2015a)). Thus, the necessary 

information is now available to undertake a computational analysis of lumbar 

FCL motion. 

 

The goal of the current study was to identify the continuous deformation of the 

lumbar FCL during flexion and extension by means of a realistic finite element 

model. 
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4.2 Methods 

4.2.1 Geometry Acquisition through micro-CT 

4.2.1.1 Specimen Preparation 

A healthy cadaveric spine was obtained through the University of Minnesota’s 

Anatomy Bequest Program. One right L3-L4 cadaveric facet joint capsule was 

resected from the motion segment (Figure 4.3a) for imaging via micro-CT (µ-

CT). All four structures of the joint capsule were present: FCL, ligamentum 

flavum, superior articular facet (SAF), and inferior articular facet (IAF). Posterior 

musculature, loose connective tissues, and the thin membrane were removed from 

the capsule. The capsule exterior was visually free of signs of degeneration (e.g., 

enthesophytes). Two coats of radiopaque paint (MICROFIL® Silicone Rubber 

Injection Compound, Flow Tech Inc., Carver, MA) were applied to the capsule to 

form a thick layer over the posterior FCL (Figure 4.3b). The radiopaque paint 

served to define the exterior boundaries of the radiolucent ligament. 

 

4.2.1.2 Image Acquisition 

The painted FCL was placed on a custom stage, which fit securely into the 

housing area of the µ-CT scanner (XT H 225 Industrial CT Scanning, Nikon 

Metrology Inc., Brighton, MI). The specimen rotated through 360° while the µ-

CT scanner sampled at 46.5 frames/mm giving a voxel resolution of 21.5µm. 

Figure 4.3c details the orientation of the facet joint, where the top of the image is 



	 71	

posterior (P), the bottom is anterior (A), the left is medial (M) and the right is 

lateral (L).  

 

4.2.1.3 Model Geometry 

Image stacks were saved as DICOM files and imported into ITK Snap 

(Yushkevich et al., 2006) for manual segmentation of the FCL from the rest of the 

capsule structures (Figure 4.3d).  The surface reconstruction was exported as an 

STL file and imported into Mimics (Materialise NV, Leuven, Belgium) for editing 

(Figure 4.3e). In Mimics, the FCL was refined with the wrap tool; gap spacing 

and smallest detail were both set to 2% of the capsule length in order to smooth 

the small irregularities in the tissue surface. After conversion to a parasolid in 

Solidworks, the refined FCL geometry was meshed in Abaqus CAE with 24,236 

tetrahedral elements (Figure 4.3f). The solid mesh was exported as an INP file 

and imported into Preview, the preprocessing module of FEBio (Maas et al., 

2012). The surface elements of the mesh were partitioned into three regions 

(Figure 4.4a): (1) those connected to the superior vertebra (L3), (2) those 

connected the inferior vertebra (L4), and (3) those free from either bone. 

 

4.2.2 Material Model Specification 

4.2.2.1 Material Model and Model Parameters 

Three material definitions were used in the model. The attachment sites to the 

articular facets were specified to be rigid bodies. The FCL itself was defined with 
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an eight-parameter hyperelastic strain energy density function. The model 

included, a neo-Hookean ground matrix (Equation 4-2.1) with two embedded 

fiber families described by an exponential strain energy density function 

(Equation 4-2.2) and a 2D von Mises distribution of fiber orientation (Equation 4-

2.3).  

! = !! !! − 3 + !
!! (ln !)!       (4-2.1) 

!! !! = !
!"  (!"# ! !! − 1 ! − 1)       (4-2.2) 

! ! = !"# ! !!!!!!
!!!! (!)          (4-2.3) 

In Equation 4-2.1, !! is the neo-Hookean material coefficient, !! is the first 

invariant of the deviatoric right Cauchy-Green deformation tensor, ! is the 

determinant of the deformation gradient tensor, and ! is the bulk modulus. In 

Equation 4-2.2, ! is a measure of fiber modulus at small strain, ! is the coefficient 

of the exponential argument, and ! is the power of the exponential argument 

(! > 0, ! ≥ 0, ! ≥ 2). 

Finally, Equation 4-2.3 gives an orthotropic 2D distribution, in which !!,!!,!!  

are the components of the fiber direction vector !, ! is a concentration parameter 

! > 0 , and !! is the modified Bessel function of the first kind and order 0. The 

material parameters were specified by optimizing the parameters !!,!,!, !,!!,

!!, !!, and !! to fit experimentally obtained normal and shear reaction forces from 

displacement controlled planar equibiaxial extension tests of healthy, cadaveric 

L4-L5 FCLs (n=6; Claeson et al., 2015b, in review). Optimized parameters for the 

six samples were averaged to produce a single representative parameter set. 
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Averaged parameter values were as follows: !! = 0.0177 !"#,! = 0.729,! =

2.5743, ! = 3.642 !"#,!! = −22.398°,!! =  2.506°, !! =  16.512, and 

!! =  2.113. 

 

4.2.2.2 Converting Planar Sample Parameters to a Three Dimensional Tissue 

The material model above was fitted to a planar model and needed to be adapted 

to fit the curvature of the in situ FCL geometry. Fibers in the model were mapped 

to the 3D shape in elements with a face on the tissue surface by first computing 

the surface normal to the element and then rotating the model fiber vectors so that 

they lay in a plane parallel to the surface.  The X direction was defined as the 

medial-lateral direction. Fibers in non-surface elements were aligned parallel to 

those in the nearest surface element, which we considered an acceptable 

approximation because of the relative thinness of the tissue. Surface normal 

vectors were calculated for every external element face of the FCL model, and 

three partitions were created based on the component value: flat ( !! > 0.85), 

increasing curvature ( !! < 0.85) and !! > 0), and decreasing curvature 

( !! < 0.85) and !! < 0). Average curvature within each group was applied to 

the fiber direction definition (Figure 4.4b). Elements that were initially partitioned 

as rigid attachments resumed their original definitions as rigid bodies. All 

elements were assumed to have the same material properties except for the 

rotation of the fibers. 
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4.2.3 Joint Kinematics in Spinal Flexion 

4.2.3.1 Sagittal Plane Motion During Flexion 

Kinematics of L3-L4 motion segments were extracted from left sagittal 

fluoroscopic data of ten healthy individuals during voluntary flexion. Further 

information regarding the fluoroscopic data sets and extraction of vertebral 

motions is given in Nagel et al. (Nagel et al., 2014b). The left lateral kinematics 

obtained were mirrored to mimic the kinematics of a right facet joint. The analysis 

of the sagittal plane fluoroscopy data yielded subject-specific kinematics (n=10) 

to be used as inputs to the in situ model of a right FCL. Each of the ten sets of 

kinematics was used to simulate vertebral motion. 

 

4.2.3.2 Application of Boundary Conditions and Prescribed Motion 

Global coordinates are defined in Figure 4.4a with right lateral as +X, inferior as 

+Y and anterior as +Z. A negative rotation about the +X axis (-RX) simulated the 

direction of flexion. In general, flexion induced anterior displacement (+uZ), 

superior displacement (-uY), and sagittal plane rotation (-RX) for both vertebra, 

which L3 rotating and displacing farther than L4 as the joint flexed. All 

displacements and rotations were prescribed to the respective rigid articular facets 

to simulate relative rotation of the vertebral bodies. Anterior and superior 

displacements were prescribed for the inferior articular facet (IAF) of L3, and all 

displacements were held fixed on the superior articular facet (SAF) of L4. Only 

sagittal plane rotation was permitted for both articular facets. The ligament 
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material remained unbounded, and during the simulation it deformed in response 

to displacements applied to the rigid articular facets.  

 

4.2.4 Data Analysis 

4.2.4.1 Post-Processing of the Finite Element Data 

An equally spaced 3x3 grid of posterior surface nodes (shown on Figure 4.4b) 

was used to identify regional differences within the strain field and to identify 

points for further analysis. The IAF, joint space and SAF were traversed by three 

vertical nodes each, and the three nodes spanned from superior to inferior. This 

grid of points thus represented all of the major regions within the FCL. The values 

of the strain components at these points were tabulated and examined for 

characteristics of the different regions. 

 

In addition, the invariants !! and !! of the right Cauchy-Green tensor C were 

calculated for the two fiber families, where !! represnted the stretch in the primary 

fiber family and !! represented the stretch through the secondary fiber family. !! 

and !! were calculated by Equations 4-2.4 and 4-2.5.  

 

!! =  !!"!! (!)!! (!)         (4-2.4) 

!! =  !!"!! (!)!! (!)         (4-2.5) 

 

where ! (!) is the dominant fiber family and ! (!) is the secondary fiber family.  
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4.2.4.2 Comparison to Ianuzzi et al. (Ianuzzi et al., 2004) 

Ianuzzi et al. calculated the first and second principal strains for vertebral motion 

in cadaveric lumbar spine subjected to an imposed displacement at T12 by 

tracking the motion of a 3x3 grid of markers on the FCL surface. To compare our 

results to Ianuzzi’s, the equally spaced 3x3 grid of nodes described above was 

analyzed to calculate tissue strains following their method. Nodal positions in 3D 

were extracted from the initial state and then at sequential states corresponding to 

-0.43°, -1.12°, -1.90° and -2.54° of relative IVD rotation during flexion, matching 

the average relative L3-L4 rotation observed by Ianuzzi. The deformation 

gradient tensor was calculated as a best fit of the deformation of the nine-node 

grid. As defined by Ianuzzi, the first principal strain was defined as the largest 

positive principal strain value, and the second principal strain was defined as the 

largest negative principal strain value. 

 

4.3 Results 

4.3.1 Anterior Surface Motion during Simulated Flexion 

Anterior surface strain patterns at maximum flexion vary across the ligamentous 

surface and are generated directly from the displacement of the articular facets. 

Figure 4.5 depicts the anterior surface strains for a representative simulation. 

Large strain values only accumulate in the ligamentous region that spans the joint 

space; the lateral rigid bodies (L3 and L4) do not carry strain. Ezz and EYY are the 
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largest tensile and compressive strains, respectively, and occur out of necessity to 

conserve mass. The net effect of prescribed motion creates compression in the YY 

direction, and the ZZ direction thickens because motion in this direction is not 

constrained. Of note, these strain fields are oriented at an oblique angle, indicating 

the presence of shear. Furthermore, in-plane shear (XY) strains are pronounced, 

and result from the inferior displacement of the L3 articular facet (black arrow) 

and fixed motion in the XX direction.  

 

Stresses on the anterior FCL surface occur largely as a result of the FCL’s 

structure and material definitions. Figure 4.6 shows the Cauchy stresses for the 

same representative sample at maximum flexion. Again, only the ligament over 

the joint space exhibits a stress contour. The two fiber families of the model were 

prescribed in the XY plane, and accordingly, σXX, σYY, and σXY exhibited the 

largest tensile stresses. As with the anterior strains, the stress field is oblique 

indicating the presence of strain. Furthermore, through thickness stresses, which 

are perpendicular to the fiber alignment, ware smaller in value.  

 

4.3.2 Posterior Surface Motion during Simulated Flexion 

Posterior surface strains at maximum flexion varied greatly across the surface of 

the lumbar FCL. Strain values averaged across all simulations for the grid of nine 

surface nodes (Figure 4.4b) are displayed in Table 1, along with the primary (I4) 

and secondary fiber stretch (I6). Nodes 2, 5, and 8 align vertically through the 

middle-body of the capsule (over the joint space) and exhibit the highest strain 
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values. The remaining nodes lie on the ligamentous surface that attaches 

anteriorly to the rigid articular faces. While these nodes do carry some strain, it is 

small in comparison to those over the joint space. The center node (node 5) 

exhibits the largest stretches in both the primary (16%) and secondary (12%) fiber 

directions. Figure 4.7 shows the posterior surface strains for the representative 

simulation and evidences the findings above. Following with the anterior surface, 

strains occur largely in the plane and in the area over the joint space. The strains, 

however, are more diffuse because the increased ligamentous area is more 

deformable. Ezz is the largest middle-body tensile strain with values ranging from 

15%-35% strain, leaving EYY as the largest compressive middle-body strain to 

conserve volume. Through-thickness (YZ) shear arises because motion is imposed 

only on the anterior surface. 

 

Posterior surface stresses are inhomogeneous, as witnessed with posterior surface 

strain, across the surface of the capsule at maximum flexion. Table 2 presents the 

mean Cauchy stresses across all simulations at maximum flexion at each of the 9 

nodes within the specified grid (Figure 4.4b). The largest stresses are found at 

nodes 2, 5, and 8, which align vertically spanning the middle-body (joint space). 

The Cauchy stress inhomogeneity at the posterior surface can be viewed in Figure 

4.8 for the representative sample. The lateral portions of the mesh, in general, do 

not carry much stress because they lie posterior to the rigid bodies. Posterior 

surface stresses are less pronounced than anterior surface stresses and are found 

primarily in the XX and XY planes. The decreased stress values likely occurred 
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because of the larger ligamentous area over which the fiber families could 

reorganize before acquiring tension.  

 

4.3.3 Presence of Shear during Simulated Flexion 

In-plane and through-plane shear deformations are present on both the anterior 

and posterior surfaces of the FCL at maximum simulated flexion. Shear strains 

(EXY, EYZ, and EXZ), generated by the relative rotation and displacement of the 

rigid articular facets, are of greater magnitude on the anterior surface than the 

posterior surface. Through thickness XZ shear strains are unique in that two 

isolated areas of high magnitude strain exist with opposite rotation directions. 

Large XY and YZ shear strains are found at the same area, but shear in opposite 

directions. In-plane (XY) stresses are tensile, whereas through-plane (YZ, XZ) 

stresses are compressive, because tensile stresses are supported by the two fiber 

families oriented in the XY plane. Compressive stresses through the thickness, 

following with the strains, both shear in the opposite direction of the in-plane 

stresses.  

4.3.4 Comparison to Ianuzzi et al. (Ianuzzi et al., 2004) 

First (E1) and second (E2) principal strains averaged over the posterior capsule 

surface were comparable to those reported by Ianuzzi et al. Both data sets 

(bounded by 95% confidence intervals) are plotted for four instances of relative 

L3-L4 vertebral rotation in Figure 4.9. The value of E1 in the simulations fell 

within the lower confidence bounds of the Ianuzzi data for all relative rotation 
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instances except for the maximum relative rotation. The values of E2 within the 

simulations nearly overlapped the E2 values given by Ianuzzi. The simulations 

gave a magnitude of E1 that was slightly smaller than that of E2 at each point, but 

the difference was not significant (p=0.76). 

4.4 Discussion 

A realistic finite element model of the lumbar facet joint during flexion elucidated 

the importance-of in-plane (XY) and through-plane (YZ, XZ) shear deformations 

on the anterior and posterior surfaces of the FCL. The magnitudes of stress and 

strain were largest across the ligamentous surface between the attachments to the 

articular facets (i.e. over the joint space). The largest tensile strains were found in 

the ZZ direction, resulting from ligament thickening in order to maintain constant 

mass. Conversely, the largest tensile Cauchy stresses appeared as in-plane shear 

(XY) stresses because of the prescribed fiber distributions aligned in the XY 

plane. Thus, the largest tensile strains were a function of unconstrained motion 

and the largest tensile stresses were a function of fiber direction.  

 

The geometry of the FCL creates inhomogeneity in the stress and strain fields. 

The highest density of elements at maximum stress and strain values occurred at 

the anterior ligament surface that spanned the joint space. The deformation in this 

region is strongly dependent on the width of the joint space; a larger space 

between the rotating and displacing articular facets would reduce magnitude of 

stress and strain. Thus, since the size of the facet joint (and its joint space) varies 
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widely between individuals(Simon et al., 2012), the deformations calculated here 

in could change if the current subject-specific kinematics were input into subject-

specific models.  Additionally, the anterior region of a human lumbar FCL is 

elastin-rich(Yamashita et al., 1996). The inherent extensibility of elastin would 

aid to mitigate stresses in this area, and a neo-Hookean material, instead of a 

distribution of stiff fiber families, may better represent this region. Since our 

constitutive data came from planar tests (Claeson et al., submitted), it was 

impossible to identify any through-thickness variation in material properties. The 

two-layer structure of the FCL could be of particular significance in relation to the 

through-thickness (YZ) shear strain and stress because of the proximity of the 

elastin-rich anterior layer to the bone surface. 

 

Human cervical, thoracic, and lumbar FCLs are densely innervated with 

proprioceptive, nociceptive, and mechanoreceptive nerve endings(Johnson, 2004; 

Kallakuri, 2012; McLain and Pickar, 1998; Suseki et al., 1997; Vandenabeele et 

al., 1997). Vandenabeele et al.(Vandenabeele et al., 1997) and McLain and 

Pickar(McLain and Pickar, 1998) published images of the nerve fibers and 

endings within the lumbar FCL, but to our knowledge, a schematic of innervation 

location has not been reported. Based on our findings, the middle-body of the 

FCL would be a logical location for position- and pain-sensing nerve endings 

because of the large and readily occurring stress and strain values, at least in the 

case of lumbar flexion.  
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Additionally, based on the presence of innervation and large deformations 

involved, the FCL may be sensitive to degenerative changes and may play a role 

in low back pain. Osteophytes commonly form(Boszczyk et al., 2003) within the 

joint space of degenerated FCLs, leading to reduced relative motion of the facet 

joints(Fujiwara et al., 2000; Tischer et al., 2006). Large stresses in this joint space 

area, as predicted by our simulations, could trigger the onset of osteophyte 

formation. Enthesophytes, bony protrusions occurring on the surface at the 

insertion points of ligament, are also present in degenerated FCLs(Boszczyk et al., 

2003; de Vlam et al., 2000).  

 

While the mean surface principal strains in our simulations are comparable to 

those of Ianuzzi et al.(Ianuzzi et al., 2004), the mean surface strains do not capture 

the inhomogeneity amongst regions. From Figure 5, we see a wide distribution of 

E1, ranging roughly from 0 to 35%, whereas the average surface E1 was calculated 

at 6.40%. Calculating average surface principal strains understates the complexity 

of the resulting deformation field (including the presence of shear) in a tissue that 

has a distinct fiber alignment, complicated geometry and complex kinematics.  

 

It must be recognized before concluding that this study considered only flexural 

motion, only one FCL of one (L3-L4) motion segment, and there was no 

accounting for individual variations in vertebral anatomy or ligament properties, 

except for our use of spine kinematic data from 10 different subjects. Twisting 

and lateral bending, as well as combined motions, would impose quite different 
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motions on the vertebrae and, consequently, on the FCL.  Nevertheless, it is 

expected that the broad effects seen here, including in-plane and especially 

through-plane shear of the ligament, would arise during most spinal motion 

because of the geometry of the facet joint. 

 

4.5 Conclusion 

In summary, we found that in-plane and through-plane shear deformations are 

widely present in finite element simulations of a lumbar facet capsular ligament 

during flexion. We speculate that the large strains, particularly in the region of the 

FCL above or near the joint space, could provide the proprioceptive system an 

excellent measure of spinal motion, and that the resulting stresses could play a 

role in osteophyte and/or enthesophyte formation. Those ideas must be 

investigated further, both experimentally and theoretically, before any strong 

conclusions will be able to be drawn, but our results suggest possible avenues for 

further exploration of lumbar FCL mechanobiology. Clearly, any such study 

should consider shear as well as tensile deformation.  
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Figure 4.1. Lumbar facet joint location and morphology. (a) On the lumbar 

motion segment, two facet joints flank the spinous processes on the posterior 

aspect of the spine. (b) The facet capsular ligament (FCL) spans between two 

rigid articular facets from adjacent vertebrae creating the joint. (c) The posterior 

aspect of the FCL consists of highly aligned collagen fibers bundles that 

preferentially align between the articular facets, whereas the anterior aspect (not 

pictured) is rich with elastin-like fibers. 
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Figure 4.2. Schematic showing the method by which the three inputs to the finite 

element (FE) FCL model were obtained. 
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Figure 4.3. Constructing a finite element mesh of the lumbar FCL. (a) A visually 

healthy, right facet joint capsule was resected from an L3-L4 motion segment. (b) 

The capsule was coated in radiopaque paint to aid in defining the exterior 

ligamentous boundary. (c) The capsule was imaged via µ-CT and was oriented as 

pictured. A: Anterior; P: Posterior; M: Medial; L: Lateral (d) The resulting 

DICOM stack was imported into ITK SNAP, and the ligament was segmented 

from the rest of the capsular structures. Note the white posterior boundary was 

created by the radiopaque paint, and the locations of the articular facets of the L3 

and L4 vertebrae. (e) The 3D segmentation was imported into Mimics to refine the 

surface and (f) the refined geometry was meshed with Abaqus CAE.  
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Figure 4.4. Partitioning the finite element mesh. (Row a) The mesh was 

partitioned to reflect the attachments of the superior (L3) and inferior (L4) 

articular facets. The ligament was defined by an eight-parameter hyperelastic 

strain energy density function and the articular facets were defined by rigid 

bodies. Boundary conditions obtained from the subject-specific fluoroscopic data 



	 88	

were applied to the model based on the global coordinate axes. (Row b) The 

strain energy density function that defined the ligament region was warped to the 

curvature of the FE model based on the z-component (nz) of the normal vectors of 

each surface element. The ligament partition was further divided into three 

regions flat (nz = 0.079), increasing (nz = 0.57) and decreasing (nz = -0.61) 

curvature, where nz = 0 would describe a planar surface.  A 3x3 grid of nodes was 

selected on the posterior surface of the FE model to quantify regional ligament 

deformations.  
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Figure 4.5. Anterior surface strains of a representative simulation at maximum 

flexion. Areas of zero strain with the indistinct mesh were partitioned as the rigid 

bodies of L3 and L4, and thus, should not accrue strain. The largest tensile and 

compressive strains were ZZ and YY, respectively, and occurred because of 

articular facet motion, and the need to conserve volume. Tensile in-plane shear 

(XY) strains are pronounced, and also occur from the prescribed deformation. For 

reference, the deformation applied to L3 is upwards displacement, displacement 

towards the reader, and rotation towards the reader.    
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Figure 4.6. Anterior surface Cauchy stresses of the representative simulation at 

maximum flexion. Areas with the indistinct mesh were partitioned as the rigid 

bodies of L3 and L4, and thus, should not accrue stress. Anterior surface tensile 

stresses occur in the direction of fiber family orientation, primarily in the XX, 

YY, and XY directions. Stresses are high because of the small joint space width. 

The through-plane shear stresses were also prominent with rotations in the 

opposite direction. For reference, the deformation applied to L3 is upwards 

displacement, displacement towards the reader, and rotation towards the reader.  
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Table 4.1. Mean strain (percent) at nine nodes spanning the posterior FCL surface 

at maximum flexion. The central column of nodes (2, 5, 8) exhibited by far the 

largest strains. 
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Figure 4.7. Posterior surface strains of the representative simulation at maximum 

flexion. The lateral edges of the mesh did not accumulate much strain, likely 

because of their anterior attachment to the rigid articular facets. The largest 

compressive (EYY) and tensile (EZZ) strains followed with the anterior surface 

strains, though these strains are more diffuse because the posterior surface 

ligament is more deformable. In-plane (XY) and through-plane (YZ, XZ) shear 

strains are also present but again, more diffuse.   
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Table 4.2. Mean calculated Cauchy stress (kPa) at each nine nodes spanning the 

posterior FCL surface at maximum flexion.  
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Figure 4.8. Posterior surface Cauchy stresses of the representative simulation at 

maximum flexion. The lateral edges of the mesh across all directions did not 

register much stress, likely due to their anterior attachment to the rigid articular 

facets. Posterior surface stresses are reduced from the anterior stresses because 

fibers are free to deform and rotate before acquiring stress. The largest stresses 

(σXX, and σXY) occurred in the primary direction of the two defined fiber families. 
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Figure 4.9. Mean first (E1) and second (E2) principal strains in finite element 

simulations (n = 10) of FJ flexion in healthy subjects were comparable to the 

principal strains recorded in a cadaver flexion study (n = 7) by Ianuzzi et al. 

(Ianuzzi et al., 2004). Mean values are bounded by 95% confidence intervals for 

all data sets. The relative rotation of adjacent vertebrae according to the defined 

coordinate system is negative, but the absolute value is displayed. The definitions 

of E1 and E2 followed the definition of Ianuzzi where E1 was the largest positive 

value and E2 was the negative value of the largest magnitude of the eigenvalues in 

3D. In the simulations, the magnitude of E2 was slightly larger than E1 at each 

point, but not significantly different.  
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5. Conclusions and Future Work 

 

The current dissertation uses imaging techniques, mechanical testing, and finite 

element modeling to inform the effects of shear deformations (specifically during 

spinal flexion) on the kinematics and mechanical properties of the lumbar FCL. 

The inherent surface features of the lumbar FCL, tracked over instances of static 

bending, can be tracked using PS OCT, and show 3D surface shear deformations 

with micrometer scale resolution (Claeson et al., 2015a). Material properties, 

obtained through equibiaxial extensions tests and finite element modeling, are 

more specific and consistent when shear reaction forces are included in the 

optimization (Claeson et. al, 2015b, in review). In-plane and through-plane shear 

deformations are found in finite element simulations of a lumbar FCL during 

flexion (Claeson et al., 2015c, in submission).  

 

While this thesis focuses on the shear deformations of the lumbar FCL during 

flexion, the FCL is deformed during all spinal motions. Future work could 

determine the lumbar FCL material properties from mechanical tests that simulate 

FCL deformations imposed by other spinal motions (extension, lateral bending, 

and axial rotation). Strip biaxial tests along the dominant fiber axis, for example, 

would be a fairly accurate representation of the deformation imposed by axial 

rotation. Data for this specific test and other combinations of 1-, 2-, and 3-arm 

extensions were collected as part of the study in Chapter 4; only the 4-arm 

extension was analyzed within the study. Analyses of these additional mechanical 
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tests could be reported independently or combined to achieve material parameters 

that describe all possible planar deformations. Additionally, one could investigate 

whether shear deformations are prominent in other gross deformations, as was 

found during equibiaxial extension.  

 

Lumbar FCL degeneration is marked by loss of articular cartilage (Grogan, 1997), 

cortical bone thickening (Grogan, 1997), osteophyte formation (Fujiwara, 1999) 

(within the joint space) and enthesophyte formation (de Vlam et al., 2000) (at 

insertion points on the surface), though degeneration does not progress 

necessarily in this order or through all of these changes(Cohen, 2007). With 

enthesophyte formation, collagen fiber bundle alignment is distorted by the onset 

of boney overgrowth. A study comparing healthy and degenerated cadaveric 

specimens would elucidate how these disruptions in surface composition affect 

the mechanical and material properties. Lumbar facet joints with mild to moderate 

degeneration are much more abundant in the cadaveric specimens obtained by the 

University of Minnesota’s Anatomy Bequest Program because of the older age of 

the average donor. Though the number of available samples would increase, 

difficulty would arise in property classifying the degenerated samples, based on 

degree of degeneration and donor history (gender, history of low back pain, 

history of smoking, etc.). A detailed system would need to be developed, likely 

with the assistance from surgeons. In preparation for a study of this nature, 

healthy lumbar FCLs were tested by shearing the tissue perpendicular to the 
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dominant fiber axis. Preliminary methods and data detailing these experiments are 

presented in Appendix 1.  
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Appendix 1. Healthy, Cadaveric FCLs under Uniaxial Shear Deformation 

 

The content of this appendix is preliminary data acquired in December 2015. We 

intend to publish these data as a research article in a peer reviewed journal. I 

obtained and will fully analyze the healthy data as my contribution to this 

publication, while remaining data will be collected and analyzed by another 

graduate student.  

 

Brief Introduction 

With degeneration, the surface structure of the lumbar FCL changes from the 

ingrowth of boney protrusions, or enthesophytes. The entoesophytes vary in size 

and location on the capsule surface, and their presence alters the orientation of the 

posterior collagen fiber bundles. We hypothesize that the mechanical and material 

properties of degenerated lumbar FCL are affected by enthesophyte growth. We 

aim to investigate how shear deformations are affected by enthesophyte growth in 

the lumbar FCL by fitting mechanical data obtained from uniaxial shear 

deformation experiments of healthy and degenerated samples to finite element 

models.  

 

Preliminary Methods 

Human cadaveric L4-L5 FCLs (n=5) were resected from motion segments by the 

same method described in Section 3.2.1. The FCLs were loaded into the planar 

mechanical tester (Figure A1.1) fitted with custom shear grips. The shear grips 
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were designed and 3D printed by an undergraduate student, Alexander Safanov. 

The grips are loaded on one axis of the mechanical test and where one grip 

applied the shear deformation while the other grip remained stationary. The 

samples were mounted in the grips such that on-axis displacement applied by the 

actuator sheared the tissue. A 16% grip displacement at a rate of 3.33%/second 

created the shear deformation. Normal (along fiber axis) and shear (perpendicular 

to fiber axis) reaction forces were recorded with load cells that measure loads 

with six degrees of freedom. A preload of approximately 1-2N was applied along 

the fiber direction.  

 

Preliminary Results 

Force-displacement data for a uniaxial shear deformation for one sample is 

presented in Figure A1.2. Though the sample is being sheared, normal forces 

(along the fibers) are approximately twice as large as the shear forces at the 

maximum displacement. The shear response is more nonlinear than the normal 

response.  
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Figure A1.1. Mechanical test setup for uniaxial shear deformation of cadaveric 

FCL specimens. The collagen fiber bundles are aligned with the NORMAL axis. 

The bottom grip displaces laterally to shear the sample, while the top grip remains 

fixed. The coordinate axis denotes the positive direction of the reaction forces. 

The sample is shows speckled with Verhoeff’s stain for surface strain tracking 

(data not shown).   



	 112	

 

 

 

 

Figure A1.2 Force-displacement curves for one FCL under the applied uniaxial 

shear deformation. NORMAL forces are approximately twice as large as the 

recorded SHEAR forces (at maximum displacement), and the SHEAR curve is 

more nonlinear in shape.  
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Appendix 2. Additional Contributions 

 

The content of this chapter details the various works to which I have contributed 

my efforts but do not directly relate to the goal of my dissertation. The following 

sections contain projects, which I have been (Section A2.1) or will be (Section 

A2.2) named a contributing author, and projects that I have helped to advise  

 (Section A2.3).  

 

A2.1 Determining Mechanical Properties of Planar Tissues with Complicated 

         Geometry 

 

The content of this section was published as a research article in the Journal of 

Biomechanical Engineering by Nagel, Hadi, Claeson, Nuckley and Barocas 

(Nagel et. al, 2014) 

 

The goal of this work was to provide a protocol for the extraction of mechanical 

properties from tissues with complicated geometries during planar extension tests. 

We found that the mechanical properties of these tissues were best described by 

fitting a model to both the displacement field and grip force information obtained 

during the mechanical tests. Using one input or the other alone gave insufficient 

material fits.  
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The publication aimed to apply our method to determine the material properties to 

three types of complication tissue geometries: (1) A large sample with highly 

aligned fibers oriented with the test axis, (2) A small sample with rigid boundaries 

with highly aligned fiber oriented with the test axis, and (3) A small sample with 

rigid boundaries with fibers oriented off-axis from the test axis.  I contributed to 

this work by providing experimental data from a planar equibiaxial extension test 

on a healthy L3-L4 lumbar FCL, which fulfilled the requirements for criteria (2).  

 

A2.2 Elucidation of the Pacinian Corpusle Elastic Modulus via Uniaxial 

         Extension and Finite Element Approximation  

 

The contents of this section are a continuing work by Julia Quindlen, Ellen Bloom 

(undergraduate) and Victor Barocas that aims to be published in a peer-reviewed 

journal at a later time. I will be listed as a co-author for on the publication for my 

contributions. 

 

The Pacinian corpuscle (PC) is a mechanoreceptor that high-frequency vibration 

stimuli. While widely found in the hand and fingertips (Stark et al., 1998), PCs 

are also present in the lumbar FCL (McLain and Pickar, 1998) Previous studies 

have reported the modulus of the PC using micro-pipette aspiration (Quindlen, 

Bloom and Barocas) and indentation testing (Guclu et al., 2006). Due to the small 

size (diameter on the order of 1mm) (PEASE and QUILLIAM, 1957), we aim to 

perform a third type of test elucidate the PC modulus and then compare this value 
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to that found by micro-pipette aspiration. A PC was embedded near the center of a 

polyachrylamide gel (with known properties) cut to a dog bone geometry and 

stretched uniaxially. The surface of the gel was speckled with Verhoeff’s stain 

and video was recorded during the uniaxial test while load cells recorded the 

reaction forces at the boundaries. We aim to extract the modulus of the PC by 

creating a finite element model of the uniaxial experiment (rod with embedded 

sphere). The model will be optimized to match the reaction forces at the grips and 

the surface displacements by tuning the only unknown in the model, the modulus 

of the sphere. Both empty polyachrylamide gels and gels containing a solid bead 

roughly the same size as the PC were also tested and simulated. 

  

I have contributed to this work by helping Quindlen and Bloom with the analysis 

of these uniaxial tests. I taught Bloom to use our group's image tracking code to 

calculate the surface strains during the test. This also involved teaching her how 

to create a custom meshes in Abaqus CAE to match the experimental geometries. 

For the finite element analysis and optimization, we are using FEBio, in which I 

have become an expert. My work in Chapter 4 led to the development of an 

automated optimization routine, which uses Matlab for the optimization and 

FEBio to solve the finite element problem. I am working with Quindlen and 

Bloom to adapt my established optimization routine to fit the specific needs of 

this study. 
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A2.3 Development of Displacement Controlled Spinal Motion Segment 

         Manipulator 

 

The contents of this section are published in the Master’s Dissertation by Amanda 

Innis “A robotic Arm to Move an Object along a Specified Path in Two 

Dimensions, with Application to Lumbar Vertebral Motion” (BME Department, 

November 2015). I helped to advise some aspects of her project. 

 

Flexion of a motion segment in the spine is a complicated motion because it 

requires the combined efforts of rigid bodies (adjacent vertebral bodies), passive 

soft tissues (intervertebral disc, ligaments) and active soft tissues (muscles). When 

working with cadaveric specimens, it is difficult to recreate physiologic motion 

segment flexion (as mentioned in Section 2.2.1) for many reasons, one of which 

being the loss of actively contracting musculature. Additionally, to expose the 

lumbar FCL, one must remove all posterior soft tissues, which further alters the 

state of the motion segment.  

 

The goal of Innis’ Master’s dissertation was to develop a programmable robot to 

induce flexion of a motion segment. The robot arm rigidly attaches to the superior 

vertebra of the motion segment to move it with respect to the (potted and rigidly 

fixed) inferior vertebra. The user inputs anterior-posterior displacement, axial 

displacement and sagittal plane rotation extracted from the literature or from 

acquired data to simulate flexion.  
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I contributed to this work by meeting with Innis periodically to discuss lumbar 

spine anatomy, robot features, and user friendliness.  

 


