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Abstract (418 words, 400 max) 1 

The tolerance of the spine to bending moments, used for evaluation of injury prevention devices, 2 

is often determined through eccentric axial compression experiments using segments of the 3 

cadaver spine. Preliminary experiments in our laboratory demonstrated that eccentric axial 4 

compression resulted in ‘unexpected’ (artifact) moments. The aim of this study was to evaluate 5 

the static and dynamic effects of test configuration on bending moments during eccentric axial 6 

compression typical in injurious cadaver spine segment testing. Specific objectives were to 7 

create dynamic equilibrium equations for the loads measured inferior to the specimen, 8 

experimentally verify these equations, and compare moments from various test configurations 9 

using synthetic (rubber) and human cadaver specimens. Dynamic equilibrium equations were 10 

developed based on a generic spine testing apparatus. The equations were verified by performing 11 

quasistatic and dynamic experiments on a rubber specimen and comparing calculated shear 12 

forces and bending moments to those measured using a six-axis load cell. Additional quasistatic 13 

and dynamic experiments with various test configurations were performed on rubber and human 14 

cadaver cervical spine specimens (consisting of three vertebrae and the interconnecting 15 

ligaments and intervertebral discs). Calculated shear force and bending moment curves had 16 

similar shapes to those measured and the values in the first local minima differed from those 17 

measured by 3% and 15%, respectively, in the dynamic test, and these occurred within 1.5 ms of 18 

those measured. In the rubber specimen experiments, for the hinge joint (translation constrained), 19 

quasistatic and dynamic posterior eccentric compression resulted in flexion (‘unexpected’) 20 

moments. For the slider and hinge joints and the roller joints (translation unconstrained), 21 

extension (‘expected’) moments were measured quasistatically and initial flexion (‘unexpected’) 22 

moments were measured dynamically. In the human cadaver experiments with roller joints, 23 
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anterior and posterior eccentric compression resulted in extension moments, which were 24 

‘unexpected’ and ‘expected’, for those configurations respectively. The ‘unexpected’ moments 25 

were due to the inertia of the superior mounting structures. This study has shown that eccentric 26 

axial compression produces ‘unexpected’ moments due to translation constraints at all loading 27 

rates and due to the inertia of the superior mounting structures in dynamic experiments. It may 28 

be incorrect to assume that bending moments are equal to the product of compression force and 29 

eccentricity, particularly where the test configuration involves translational constraints and 30 

where the experiments are dynamic. In order to reduce inertial moment artifacts, the mass, and 31 

moment of inertia, of any loading jig structures that rotate with the specimen should be 32 

minimized to the extent possible. Also, the distance between these structures and the load cell 33 

should be reduced. 34 

Keywords: spine, bending moment, test apparatus, artifact, dynamic, cadaver  35 
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Introduction (378 words) 36 

The tolerance of the spine to injurious bending moments is used for the evaluation of injury 37 

prevention devices, such as airbags, roofs, and seatbelts [1-3]. These tolerance values may be 38 

determined through dynamic experiments using segments of the cadaver spine [4-9]. Bending 39 

moments are also applied quasistatically in ex vivo models to evaluate spine mechanics [10] and 40 

to assess surgical implants [11, 12]. Accurate measurement of the applied bending moments in 41 

these experiments is essential for the development of optimal injury prevention and treatment 42 

strategies for the spine. 43 

In ex vivo spine testing, moments are applied using various means. Opposing cables are used to 44 

produce force couples  [5, 6, 13, 14] or driven shafts with  universal joints may be used to apply 45 

pure moments [15]. Moments may also be applied dynamically [4] or quasistatically [10-12] 46 

using an axial force at an eccentricity to the center of the spine, where the ‘expected’ moment is 47 

the product of force and eccentricity. Loads may be applied with so-called fixed-fixed [7, 9, 16] 48 

or fixed-free [4-6] boundary conditions, which refer to the ability of each side of the specimen to 49 

translate and/or rotate. Although pure moment test protocols are widely used for quasistatic 50 

evaluations of spine mechanics and spine fixation devices [13, 14, 17, 18], eccentric axial 51 

compression loads are more relevant to the study of axial injury of the cervical spine where large 52 

compressive impacts occur to the head at a location eccentric from the cervical column resulting 53 

in spine bending moments superimposed with the axial compression. 54 

Preliminary experiments in our lab demonstrated that quasistatic and dynamic moment 55 

application, through eccentric axial compression forces, resulted in ‘unexpected’ (artifact) 56 

moments. Apparatus-induced moment artifacts have previously been reported for pure moment 57 
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spine testing [19-21]. In addition, in low rate axial loading of the full cervical spine, translational 58 

constraint was shown to reduce bending moments [22]. To our knowledge, the static and 59 

dynamic influences of apparatus configurations on bending moments of spine segments in 60 

eccentric axial compression have not previously been reported. It was thus our overall objective 61 

here to evaluate these influences. Specific objectives were to create dynamic equilibrium 62 

equations for a generic spine testing apparatus, experimentally verify the equations, and compare 63 

moments from various test configurations using synthetic and human cadaver specimens. 64 

Methods (1000 words) 65 

Equation Development 66 

We developed dynamic equilibrium equations for loads measured inferior to a spine specimen 67 

that is connected to and being loaded by a generic spine testing apparatus (Fig. 1). The apparatus 68 

consisted of a source of compression loading at a horizontal offset to the center of the specimen 69 

(defined as the eccentricity, e), two joints, and an additional mass (representing joints, bearings 70 

or other connecting elements) connecting the superior casting cup to the source of compression 71 

loading. ‘Expected’ moments for anterior and posterior eccentricities are flexion and extension, 72 

respectively.  73 

In this model, three structures were considered to be separate rigid bodies: the superior block 74 

(which could be a slide rail) (m1, Fig. 1B), the connecting plates and casting cup (m2, Fig. 1C), 75 

and the specimen, lower casting cup, and half of the load cell (m3, Fig. 1D). The following 76 

assumptions were made: motion was in the sagittal plane, m1 translated, m3 was stationary, the 77 

interface between the m2 and m3 was a beam-column joint that transmitted loads, while allowing 78 

motion at this interface, and eccentricity was constant. 79 
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Using planar kinetic equations of motion, the following equations were determined for the 80 

compression (C4) and shear (F4) forces and the sagittal plane moments (M4) measured at the 81 

centroid of the load cell (Fig. 1E): 82 

!! =	!" −%"&#" −%$&#$         (1)  83 

'! =	'" +%"&%" +%$&%$         (2) 84 

)! =	−!"* + '"(ℎ" + ℎ$ + ℎ&) + )" + .$/$ +%"[1&#"* + &%"(ℎ" + ℎ$ + ℎ&2] + %$ℎ&&%$  85 

            (3) 86 

where hn, mn and In are the height, mass, and moment of inertia of body n and axn, ayn, and αn are 87 

the horizontal, vertical, and rotational acceleration of body n. C1, F1, and M1 are the 88 

compression, shear, and bending moment imparted at the superior edge of the structure. The 89 

directionality of these forces and moments is such that, for a posterior eccentricity, the first term 90 

in Eq. (3) acts in extension (i.e. the ‘expected’ direction) and the five remaining terms act in 91 

flexion (i.e. the ‘unexpected’ direction). The first flexion term is the shear force, which would 92 

result from a translational constraint. The second flexion term is the bending moment, which 93 

would result from a rotational constraint. The third through fifth flexion terms are dynamic; 94 

therefore they would result in appreciable flexion moments, depending on the kinematics of the 95 

system, only for dynamic loading rates. 96 

By adjusting parameters in these equations, they may be modified to represent various interfaces 97 

between the superior casting cup and the actuator. For a roller joint, m1 = h1 = F1 = M1 = 0, 98 

resulting in the following equation: 99 

)! =	−!"* + .$/$ +%$ℎ&&%$          (4) 100 
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where the first, second, and third terms are the ‘compression’, ‘rotational acceleration’, and 101 

‘linear acceleration’ terms, respectively. For the configuration of slider and hinge joints, where 102 

m1 represents the slide rail (as the slide block is fixed to the actuator), and m2 represents the 103 

hinge joint and superior potting, F1 = M1 = 0, resulting in the following equation: 104 

)! =	−!"* + .$/$ +%"[1&#"* + &%"(ℎ" + ℎ$ + ℎ&2] + %$ℎ&&%$     (5) 105 

For the configuration of a hinge joint, m1 = h1 = M1 = 0, resulting in the following equation: 106 

)! =	−!"* + '"(ℎ$ + ℎ&) + .$/$ +%$ℎ&&%$      (6) 107 

Equation Verification 108 

In order to verify these equations, tests with a roller joint were performed on a cylindrical 109 

specimen of rubber (Fig. 2), which was potted in polymethylmethacrylate (PMMA) inferiorly 110 

and superiorly. The roller (Fig. 4C) was attached to the upper specimen mount. The rubber 111 

specimen was loaded in eccentric compression (posterior eccentricity of 2.2 cm), under 112 

displacement control (8 cm displacement) using a servohydraulic materials test system (model 113 

8874, Instron Corporation, Canton MA) at quasistatic (5 mm/s) and dynamic (0.4 m/s) rates. Six-114 

axis loads inferior to the specimen and horizontal accelerations of the superior mounting 115 

structures were recorded at 50 kHz (Fig. 2). The mass of superior mounting structures was 1.44 116 

kg, the vertical distance from the centroid of the load cell to point A was 12.58 cm, and the 117 

moment of inertia of m2 about point A was estimated as 0.00387 kg m2 (Fig. 1C). The rotational 118 

acceleration was approximated as the linear acceleration multiplied by the distance from the 119 

point of acceleration measurement to the point where the actuator contacted the roller. As 120 

verifications of Eq. 2 and 3, the measured and calculated shear forces and bending moments 121 
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were compared. For this configuration, Eq. 3 is reduced to Eq. 4 and Eq. 2 is reduced to the 122 

following: 123 

'! =	%$&%$           (7) 124 

Test Configuration Comparisons 125 

Synthetic Specimens 126 

The apparatus configurations that were tested were those of a hinge joint (Fig. 4A), a linear slider 127 

and a hinge joint (Fig. 4B), and a urethane roller (Fig. 4C) (Table 1). The same rubber specimen 128 

was loaded in eccentric axial compression, with a posterior eccentricity of 2.2 cm at quasistatic 129 

(5 mm/s) and dynamic (0.4 m/s) rates while loads were measured inferior to the specimen with 130 

the six axis load cell. 131 

Human Cadaver Specimens 132 

Sixteen specimens were impact tested using a roller configuration, which have previously been 133 

described (Table 1) [4]. Specimens consisted of three cervical vertebrae with the interconnecting 134 

spinal ligaments and intervertebral discs. Roller joints (model CCF-1-S, McGill Manufacturing, 135 

Valparaiso IN) were fixed at an initial anterior or posterior eccentricity equivalent to the 136 

anterior/posterior depth of the middle vertebral body (average 2.8 cm), measured from the 137 

centroid of the inferior intervertebral disc. Specimens were tested dynamically using a custom-138 

manufactured high rate materials test system (MTS Systems Corporation, Eden Prairie MN) with 139 

a Haversine velocity profile and an ideal pulse width of 16 ms. Six-axis loads inferior to the 140 

specimen were recorded (Model 4526, Denton ATD, Rochester Hills, MI).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 141 

Data Analysis 142 
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Loads and accelerations were low-pass filtered (fourth order, zero phase, cutoff 1 kHz). Loads 143 

were transformed from the centroid of the load cell to those at Point C using static equilibrium 144 

equations, as previously described [4, 22]. For synthetic samples, this point is where the rubber 145 

sample meets the superior edge of the inferior potting material and for cadaver specimens, it is at 146 

the centroid of the inferior intervertebral disc (CC, FC, MC in Fig. 1F). It was appropriate to use 147 

static equations for this transformation because the specimen or rubber was assumed to be a rigid 148 

body attached to the load cell.  149 

Results (435 words) 150 

Equation Verification 151 

Calculated shear force curves were similar in magnitude and shape to those measured (Fig. 3A, 152 

C). Measured and calculated shear forces for the quasistatic test were less than 10 N (Fig 3A). 153 

For the dynamic test, although the first peak in calculated shear force was 28% less than that in 154 

measured shear force (121 N vs. 168 N), the first local minima was only 3% greater than that in 155 

measured shear force (-256 N vs. -264 N). Both of these calculated points occurred within 1.5 ms 156 

of the corresponding measured points (Fig. 3C).  157 

Calculated bending moment curves were similar in magnitude and shape to those measured (Fig. 158 

3B, D). For the quasistatic test, the peak measured and calculated moments were -7 and -4 Nm, 159 

respectively; calculated moments were underestimated due to the assumption of constant 160 

eccentricity, as the roller joint allowed eccentricity to increase over time. For the dynamic test, 161 

although the first peak in calculated moment was underestimated by 79% (3 Nm vs. 14 Nm), the 162 

first local minima was only 15% greater than that in measured moment (-34 Nm vs. -36 Nm). 163 

Both of these points occurred within 0.1 ms of the corresponding measured points (Fig. 3D). For 164 
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the quasistatic and dynamic tests, the compression and linear acceleration terms (Eq. 4) 165 

dominated the moment responses, respectively (Fig. 3B, D).  166 

Test Configuration Comparisons 167 

Synthetic Specimens 168 

Posterior eccentric compression resulted in flexion (‘unexpected’) moments for the hinge joint 169 

configuration for both quasistatic and dynamic tests (Fig. 4D, G). For these conditions, 170 

substantial shear forces were measured (peak 410 N and 693 N for quasistatic and dynamic tests, 171 

respectively). For the configuration with slider and hinge joints, extension moments were 172 

measured in the quasistatic test (Fig. 4E) with low shear forces (peak 30 N). In the dynamic test, 173 

‘unexpected’ flexion moments were measured during the initial compression, followed by 174 

extension moments (Fig. 4H). The peak shear force was 541 N. For the roller configuration, 175 

extension moments were measured for the quasistatic test (Fig. 4F) with low shear forces (peak 6 176 

N). For the dynamic test, ‘unexpected’ flexion moments were measured during the initial 177 

compression, followed by extension moments (Fig. 4I). The peak shear force was 264 N. 178 

Human Cadaver Specimens 179 

Posterior eccentric compression applied to cadaver specimens resulted in extension (‘expected’) 180 

moments (Fig. 5A, C, E). Anterior eccentric compression resulted in extension (‘unexpected’) 181 

moments during the initial compression, followed by flexion moments (Fig. 5B, D, F). These 182 

trends were observed for all specimens. Average peak axial compression forces were 3472 (SD 183 

987) N and 766 (SD 346) N for the posterior and anterior eccentric tests, respectively. 184 

Discussion (704 words) 185 
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This study evaluated the static and dynamic effects of various test configurations on bending 186 

moments in eccentric axial compression of synthetic and cadaveric spine specimens. Dynamic 187 

equilibrium equations were created and verified using synthetic specimens. Measured bending 188 

moments were compared between various test configurations with translation constrained and 189 

unconstrained using synthetic and cadaveric spine specimens. Eccentric axial compression was 190 

shown to produce ‘unexpected’ moments due to translation constraints, quasistatically and 191 

dynamically, and, additionally, due to the inertia of the superior mounting structures, 192 

dynamically. 193 

Translational constraint in the test apparatus (i.e. hinge joint) led to quasistatic and dynamic 194 

shear forces, which acted to produce a moment that opposed the ‘expected’ moment. Moments 195 

measured in spine segment testing can be significantly altered due to translational constraints and 196 

these differences may be of clinical interest, due to the association between constraint and the 197 

risk of injury to the spine [22, 23]  and spinal cord [23]. 198 

Linear and rotational inertia of the superior mounting structures led to dynamic shear forces 199 

(observed with the hinge and slider joints and with the roller joint), which were not seen in 200 

quasistatic tests, that acted to produce a moment that opposed the ‘expected’ moment. For the 201 

synthetic specimen, the linear acceleration term (third term in Eq. 4) dominated the measured 202 

moment and this term contains variables for the mass of the superior mounting structures and the 203 

height of these structures above the point of load measurement. Inertial artifacts were greater for 204 

the hinge and slider configuration than for the roller configuration and this may be due to the 205 

extra mass of the slider accelerating separately from the superior mounting structures. 206 

‘Unexpected’ moments were produced for the anterior eccentric configuration in the human 207 

cadaver experiments but not for the posterior eccentric configuration. For both configurations, 208 
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the inertia of the superior mounting structures produced shear forces [4] and ‘unexpected’ 209 

moments (second and third terms in Eq. 4). However, in the Carter et al. study, anterior loading 210 

configuration was associated with much lower axial forces than the posterior loading 211 

configuration. Therefore, for anterior loading, the inertial terms contributed a larger proportion 212 

of the total moment and ‘unexpected’ moments resulted. For posterior loading, the inertial terms 213 

had lower relative contributions to the total moment and ‘expected’ moments were produced. In 214 

order to reduce inertial moment artifacts in dynamic studies, efforts should be focused on 215 

reducing the mass and moment of inertia of the superior mounting structures and on reducing the 216 

vertical distance between the center of mass of these structures and the point of load 217 

measurement. 218 

The limitations of this study include simplifying assumptions that were made in the development 219 

of the dynamic equilibrium equations. These include that motion occurred only in the sagittal 220 

plane, eccentricity was constant, the specimen was considered to be a stationary rigid body, and 221 

that the accelerations measured at the edge of the superior mounting structures reflected 222 

horizontal acceleration at the center of mass and that rotational acceleration could be 223 

approximated based on this linear acceleration. Despite these simplifying assumptions, 224 

calculated shear forces and bending moments compared well to those measured for the synthetic 225 

specimen tested in quasistatic and dynamic test conditions. In addition, a rubber specimen was 226 

used, which differs from the cadaveric cervical spine in terms of its energy absorption 227 

characteristics, shape, and material properties. The height and diameter of the rubber specimen 228 

(55 mm and 45 mm, respectively) were similar to those of a three-vertebra osteoligamentous 229 

segment of the cervical spine [24] and the dynamic axial stiffness of the rubber specimen in the 230 

roller configuration (100 kN/m) was similar to that of the cadaver spine (113 ± 69 kN/m) [4].  231 
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This study has shown that quasistatic and dynamic testing of spine segments are susceptible to 232 

moment artifacts. This study highlights that it may be inaccurate to assume that bending 233 

moments are equal to the product of compression force and eccentricity, particularly where the 234 

test configuration involves translational constraints and where the experiments are dynamic. 235 

Caution should be used in interpreting the magnitudes and directions of moments in these cases. 236 

In order to reduce inertial moment artifacts, the mass, moment of inertia, and distance from any 237 

structures that rotate with the specimen to the load cell should be reduced. 238 

  239 
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Table 1: Summary of experiments performed. The test configuration that was used to verify the 240 

dynamic equilibrium equations is indicated with an *. 241 

Test Configurations 

Specimen Type 

Translation Synthetic (quasistatic & 

dynamic) 

Human Cadaver 

(dynamic) 

Hinge joint X  Constrained 

Hinge & slider joints X  Unconstrained 

Roller joint X* X Unconstrained 

 242 

  243 
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Figure Captions 244 

Figure 1: A) Overall free-body diagram. B-D) Free body diagrams for m1, m2, and m3, 245 

respectively. E) Orientation of the load cell outputs indicating the positive force and moment 246 

directions for those presented in Figure 3 (F4 shear force, anterior positive; M4 bending moment, 247 

flexion positive). F) Free-body diagram for calculating the loading environment at point C 248 

(synthetic specimens: where the specimen meets the top of the inferior potting material; cadaver 249 

specimens: the centroid of the inferior intervertebral disc). Positive force and moment directions 250 

for those presented in Figures 4-5 are indicated by CC (axial force, compression positive), FC 251 

(shear force, anterior positive), and MC (bending moment, flexion positive). 252 

Figure 2: Photograph of the roller test configuration with the neoprene spring rubber specimen 253 

(durometer rating 75A, diameter 4.45 cm, height 5.5 cm, McMaster Carr) potted in PMMA and 254 

the accelerometer (model 355B02, PCB Piezotronics, Depew NY) used to measure horizontal 255 

accelerations of the superior mounting structures. Six-axis loads were recorded inferior to the 256 

specimen (model 4366, Denton ATD, Rochester Hills MI).  257 

Figure 3: Calculated and measured anteroposterior shear force at the load cell (F4: anterior 258 

positive) for the quasistatic (A) and dynamic (C) test with the roller configuration. Shear forces 259 

for the dynamic test with the roller configuration are the result of dynamic terms: mass and 260 

horizontal acceleration of the structures moving with the specimen (Eq. 7). Calculated and 261 

measured sagittal moment at the load cell (M4: flexion positive) for the quasistatic (B) and 262 

dynamic (D) test with the roller configuration. The three terms of the calculated moment are also 263 

shown: compression term, linear acceleration term, and rotational acceleration term (Eq. 4). 264 
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Figure 4: Photographs of the hinge (part number 4388 80/20 Inc., Columbia City IN) (A), linear 265 

slider (model HRW 35CA, THK, Schaumburg IL) and hinge (B), and urethane roller (durometer 266 

rating 80A, diameter 1.5”, McMaster Carr, Elmhurst IL) (C) joints. For posterior eccentric 267 

compression loading, extension moments are ‘expected.’ Axial force (CC: compression positive) 268 

and sagittal bending moment (MC: flexion positive) at the inferior edge of the synthetic specimen 269 

for the hinge joint (D, G), hinge and slider joints (E, H), and roller joints (F, I). Plots for the 270 

quasistatic tests (5 mm/s: D, E, F) and dynamic tests (0.4 m/s: G, H, I) are shown. 271 

Figure 5: Axial force (CC: compression positive) and sagittal moment (MC: flexion positive) at 272 

the centroid of the inferior intervertebral disc of the human cadaver specimen for the dynamic 273 

compression tests with a roller configuration with posterior eccentricity (A-specimen 14, C-274 

specimen 29, E-specimen 39) and with anterior eccentricity (B-specimen 3, D-specimen 5, F-275 

specimen 7) [4]. The average donor age was 73 yrs (standard deviation 18 yrs), 11 specimens 276 

were from female donors and five were from male donors. For posterior eccentric loading, 277 

extension moments are ‘expected’ and for anterior eccentric compression loading, flexion 278 

moments are ‘expected.’ Note that A, C, E and B, D, F have different vertical scales. 279 
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