
 

  

 
Abstract The aim of this study was to evaluate the biofidelity of the CAVEMAN human body model lumbar 

spine and to evaluate the effects of variation in lumbar spine posture on load transmission and injury location. 
The CAVEMAN model was validated against vertical impact experiments at sub-injurious loading rates using data 
sets derived from post-mortem human subject testing. The spine model was positioned to represent the 
curvature of six post-mortem human subject spines, and each posture model was then loaded vertically with 
identical input conditions. These simulations were then repeated at an injurious loading rate, and the predicted 
fracture locations and severity were compared. The load response of the CAVEMAN spine models were found to 
be within the measured range of the post-mortem human subject response and within ±1 standard deviation of 
the mean response through the time of peak impact. The magnitude of peak load measured in the models, as 
well as predicted fracture locations and severities, were dependent on spine posture, with sacrum angle the 
predominant factor. 
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I. INTRODUCTION 

The ability to accurately predict spinal injury resulting from high acceleration loading has become an area of 
focus in recent years for the U.S. military when confronting the use of improvised explosive devices (IEDs) abroad. 
In the past two decades, the use of IEDs in the conflicts in Iraq and Afghanistan has led to numerous injuries and 
deaths caused by underbody blast (UBB) events. Such UBB events can lead to high acceleration impacts to the 
lumbar spine, raising an increased need to understand the biomechanical response of the spine to such loads in 
the effort to produce better protective equipment and safer vehicular design.  

In order to address these objectives, the U.S. military has been using the Hybrid III 50th percentile male 
anthropomorphic test device (ATD) to gauge injury risk in vehicular UBB testing. However, these devices are 
limited to the evaluation of a subset of skeletal injuries and cannot provide insight into the potential for damage 
incurred in the surrounding soft tissue. Further, because the Hybrid III was designed for application in automotive 
crash analysis rather than military applications, the ATD does not correlate well to human injury responses in 
alternative loading situations, such as vertical underbody loading, as has been demonstrated in analyses of lower 
limb injury surrogates [1].  

Human finite element models can address these issues through full representation of the human anatomy, 
including the soft tissue, and several computational models have been developed over the last several years in 
an effort to improve biomechanical analysis and injury prediction. One such model includes the Total Human 
Model for Safety (THUMS), developed by Toyota Motor Corporation for application in the automotive industry 
but has also been applied to a variety of impact and injury models [2–5]. Similarly, the whole body model of the 
Global Human Body Models Consortium (GHBMC) is another example of a full body computational model used 
in the analysis of civilian automotive events and numerous other research applications [6-7]. In addition to these 
full body models, computational models of the isolated lumbar spine have been generated by numerous research 
groups to study a range of issues related to spine biomechanics including disc mechanics and degeneration [8–
10], soft tissue response [11], the biomechanical response to compression and bending of the lumbar spine [12–
15], and the influence of spine curvature on load distribution [16]. 
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The Computational Anthropomorphic Virtual Experiment Man (CAVEMAN) finite element human body model 
is being developed by Corvid Technologies as an analysis tool to improve injury analysis capabilities for both 
skeletal and soft tissues across a broad range of applications and loading rates. The CAVEMAN human body model 
is a highly detailed finite element model based upon the geometry of the Zygote 50th percentile male human 
body. The anatomy for the human body model was developed by Zygote Media Group using computed 
tomography (CT) and magnetic resonance imaging (MRI) scans, and the musculoskeletal anatomy used in the full 
CAVEMAN model consists of the full skeleton, 397 muscles, 342 ligaments, 16 organs, and skin. This model is 
being developed for biomechanics analysis and injury prediction and to date has been validated in the analysis of 
lower leg injury caused by high acceleration loading [17]. 

However, whether performed physically through the use of ATDs or computationally through the use of finite 
element models, accurate prediction of injury modalities and severity in a design environment rely upon the 
experimental data obtained from Post-Mortem Human Subject (PMHS) testing for model validation. These 
experiments are frequently performed on individual regions of the body, such as the lumbar spine, to isolate the 
component response. Though PMHS testing is an essential component in developing accurate computational 
models of the spine, differences across subjects can result in variations within an experimental data set even 
when parameters such as age and condition are met in PMHS. These variations may in turn affect model validation 
efforts. One such parameter is curvature within the spine, which may differ between subjects even when the 
overall angle of the spinal column is consistent. This variation may be due to several factors, for example a PMHS 
spine may have limitations in the extent to which it can be physically positioned without damaging the 
surrounding tissue. 

The objectives of this study were to validate the CAVEMAN finite element model whole lumbar spine response 
and to evaluate the effects of variation in lumbar spine curvature on load transmission and predicted injury 
location. The CAVEMAN lumbar spine was evaluated against PMHS vertical impact experiments at sub-injurious 
and injurious loading rates using data sets derived from PMHS testing that was performed as part of the Warrior 
Injury Assessment Manikin (WIAMan) programme. The spine was positioned to six postures simulating variation 
in lumbar curvature and approximate to the neutral posture definition from the experimental setup [18]. The 
positioned finite element models were then loaded vertically with identical parameters and inputs. Spine loads 
were measured from simulated load cells mounted to the upper and lower potting of the spine, and peak loads, 
as well as the predicted injury characteristics and locations, were then compared across the six postures.  

 

II. METHODS 

As part of the U.S. Army’s effort to develop the next generation ATD for mounted crew injury evaluation, the 
WIAMan programme has conducted numerous tests on PMHSs under vertical acceleration loading. The lumbar 
spine component level test selected for use as a validation data set in the present work was conducted at the 
Medical College of Wisconsin (MCW) [18-19]. The test configuration was replicated using the CAVEMAN model 
to evaluate model biofidelity. 

In these experiments, the lumbar spine was rigidly potted in polymethyl methacrylate (PMMA) at the sacrum 
and T12. The T12 vertebra was mounted at a target angle of +5 degrees from horizontal. The target spinal column 
angle, defined as the angle between the joint centres of T12/L1 and S1/L5 with respect to the vertical axis, was 
12 degrees. The potting on both ends of the spine were mounted to load cells which were in turn connected to 
slides attached to vertical rails [18]. The bottom of the spine was then impacted vertically by an impact plate 
driven by a drop mass. For the experimental case used, the targeted peak velocity was 1.2 m/s [19]. 

The lumbar spine model presented in this study is a subset of the CAVEMAN full body model and includes the 
sacrum, L1-L5, T12, and the associated intervertebral discs spanning each joint segment. The vertebral endplates 
were not included in this model. Each vertebra and the sacrum were segmented from the scan data to include 
representations of both the cortical and cancellous bone regions. The thickness of the cortical layer varied 
throughout the vertebral bodies based upon CT scan data provided by Zygote Media Group. Both cortical and 
cancellous bone were meshed with solid hexahedral elements, with a minimum of two elements through the 
thickness of the cortical bone layer. Both regions of the bone were modelled as isotropic, elastic-plastic materials 
with failure:  
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𝝈𝝈 =  �
𝐸𝐸𝜺𝜺,                     ‖𝝈𝝈‖ ≤ 𝝈𝝈𝟎𝟎

𝝈𝝈0 + 𝐸𝐸𝐸𝐸𝑇𝑇
𝐸𝐸−𝐸𝐸𝑇𝑇

𝜺𝜺�𝑝𝑝,       ‖𝝈𝝈‖ > 𝝈𝝈𝟎𝟎       ,                       (1) 

 
where σ is stress (Pa), E is Young’s modulus (Pa), ε is engineering strain (-), σ0 is yield stress (Pa), ET is the tangent 
modulus, and 𝜺𝜺�𝑝𝑝 is the effective plastic strain at failure. 

The material failure criteria was based on effective plastic strain with the ability to allow element deletion 
should the failure criteria be met. In the cortical bone, element deletion was active in order to represent fracture 
of the bone. However, element deletion was not allowed in the cancellous bone. Instead, upon failure, the 
material model set the element shear stresses to zero and the element became hydrostatic, allowing load 
transmission to continue through the cancellous region. 

The intervertebral discs included separate regions for the nucleus pulposus and annulus fibrosis connected to 
the vertebral bodies with tied node definitions. The nucleus pulposus was modelled as an isotropic Mooney-Rivlin 
solid: 

 
𝑊𝑊 =  𝐶𝐶1(𝐼𝐼1 − 3) + 𝐶𝐶2(𝐼𝐼2 − 3),                  (2) 

 
where 𝑊𝑊 is the strain energy density function, 𝐶𝐶1 is the first invariant coefficient, 𝐶𝐶2 is the second invariant 
coefficient, and 𝐼𝐼1 and 𝐼𝐼2 are the invariants of the right Cauchy-Green tensor. 

The annulus fibrosis was modelled as a fibre-reinforced transversely isotropic solid [20]: 
 

𝑊𝑊 =  𝐶𝐶1(𝐼𝐼1 − 3) + 𝐶𝐶2(𝐼𝐼2 − 3) + 𝐾𝐾
2

(ln 𝐽𝐽)2 + 𝐹𝐹〈𝜆𝜆〉,              (3) 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  �
𝐶𝐶3
𝜕𝜕
�exp�𝐶𝐶4(𝜆𝜆 − 1)� − 1�,       𝜆𝜆 < 𝜆𝜆∗

1
𝜕𝜕

(𝐶𝐶5𝜆𝜆 + 𝐶𝐶6),                             𝜆𝜆 ≥ 𝜆𝜆∗
,                 (4) 

 
where 𝑊𝑊 is the strain energy density function, 𝐶𝐶1 is the first invariant coefficient (Pa), 𝐶𝐶2 is the second invariant 
coefficient (Pa), 𝐼𝐼1 and 𝐼𝐼2 are the invariants of the right Cauchy-Green tensor, 𝐾𝐾 is the bulk modulus (Pa), 𝐽𝐽 is the 
volume ratio, 𝐹𝐹〈𝜆𝜆〉 is the fibre strain term, 𝜆𝜆 represents fibre stretch along the fibre direction, 𝜆𝜆∗ is the stretch 
where the fibres transition from exponential to linear behaviour, 𝐶𝐶3 scales the exponential stress (Pa), 𝐶𝐶4 controls 
the rate of uncramping of the fibres, 𝐶𝐶5 is the linear modulus of the straightened fibres (Pa), and 𝐶𝐶6 ensures 
continuity between exponential and linear regions of the fibre term. 

The fibre component of the annulus fibrosis material model was assumed to be aligned along vectors oriented 
± 30 degrees from the plane of the disc in four alternating layers of elements from the outer surface of the disc 
to the nucleus [21-22]. 
 

TABLE I  
MATERIAL DEFINITIONS USED IN THE LUMBAR SPINE MODEL. 

Material Component Coefficients Ref 

Elastic-Plastic 

Cortical Bone 
𝜌𝜌 = 1.83

𝑔𝑔
𝑐𝑐𝑐𝑐3 

𝐺𝐺 = 5.38 𝐺𝐺𝐺𝐺𝐺𝐺               

𝜎𝜎0 = 110 𝑀𝑀𝐺𝐺𝐺𝐺 

𝐸𝐸𝑇𝑇 = 4.65 𝐺𝐺𝐺𝐺𝐺𝐺 
[14] 

Cancellous 
Bone 

𝜌𝜌 = 0.17
𝑔𝑔
𝑐𝑐𝑐𝑐3 

𝐺𝐺 = 116 𝑀𝑀𝐺𝐺𝐺𝐺              

𝜎𝜎0 = 1.92 𝑀𝑀𝐺𝐺𝐺𝐺 

𝐸𝐸𝑇𝑇 = 21.4 𝑀𝑀𝐺𝐺𝐺𝐺 
[23] 

Mooney-Rivlin Nucleus 
Pulposus 

𝜌𝜌 = 1.0
𝑔𝑔
𝑐𝑐𝑐𝑐3 

𝜈𝜈 = 0.495 

𝐶𝐶1 = 120 𝑘𝑘𝐺𝐺𝐺𝐺 

𝐶𝐶2 = 30 𝑘𝑘𝐺𝐺𝐺𝐺 
[14] 
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Transversely 
Isotropic 

Hyperelastic 

Annulus 
Fibrosus 

𝐶𝐶1 = 0.18 𝑀𝑀𝐺𝐺𝐺𝐺 
𝐶𝐶2 = 450 𝑘𝑘𝐺𝐺𝐺𝐺 
𝐶𝐶3 = 48.1 𝑀𝑀𝐺𝐺𝐺𝐺 
𝐶𝐶4 = 15.13 
𝐶𝐶5 = 250 𝑀𝑀𝐺𝐺𝐺𝐺 

𝜌𝜌 = 1.2
𝑔𝑔
𝑐𝑐𝑐𝑐3 

𝐾𝐾 = 0.735 𝐺𝐺𝐺𝐺𝐺𝐺 

𝜆𝜆∗ = 0.35 

[14][24] 

 
The nominal CAVEMAN lumbar segments were positioned to replicate different postures for the lumbar spine 

(Fig. 1). The parameters used to define the lumbar segment postures were the angle of the individual vertebral 
bodies, the angle between adjacent joint centres, and the overall spinal column angle as measured from the 
centre of L1/T12 to S1/L5 (Table 2). All other features of the geometry and material characteristics were held 
constant, maintaining posture as the parameter driving the variance in model response. The six postures resulted 
in virtual, subject-specific posture variations approximate to the experimentally defined neutral postures of +5 
degree T12 offset and 12 degree column angle. 

 

 
TABLE II 

SUPERIOR ENDPLATE ANGLE FROM S1 TO L1 FOR EACH POSTURE, MEASURED FROM THE HORIZONTAL PLANE. 
COLUMN ANGLE IS MEASURED FROM THE CENTRE OF INTERVERTEBRAL DISCS S1/L5 TO L1/T12, 

MEASURED FROM THE VERTICAL PLANE. ALL ANGLES ARE PRESENTED IN DEGREES. 
 Sacrum L5 L4 L3 L2 L1 Column Angle 

Posture A -4.7 10.5 10.9 7.8 6.5 3.9 9.0 
Posture B -21.8 4.7 3.5 9.0 14.7 11.6 11.3 
Posture C -10.4 5.8 9.3 10.2 11.7 5.6 10.9 
Posture D -20.3 0 6.5 6.5 4.9 1.6 7.4 
Posture E -20.1 7.8 8.4 10.3 11.6 9.1 10.8 
Posture F -26.1 6.2 4.8 9.9 13.6 13.6 9.8 
 
The vertebral bodies were rotated in LS-PrePost about joint centres identified as the centre of the 

intervertebral discs. The intervertebral discs were then positioned using a custom Python script such that the disc 
nodes attached to the vertebrae were rotated to maintain contact with the rotated vertebrae, and the rotation 
of the interior nodes was interpolated such that an equal thickness of the element layers through the height of 
the disc was achieved. As a validation test case, the CAVEMAN model response was compared against the 
experimental Biofidelic Response Corridors (BRC) developed from the PMHS response by the WIAMan 
programme [19]. Across all simulations in this validation test case only the spine posture was modified. The 
CAVEMAN sacrum and T12 vertebra were virtually mounted in the test rig model with PMMA potting blocks (Fig. 
2). The blocks conformed to the bone geometry without interference of the joint space. The sacrum potting was 
remeshed as necessary to accommodate variations in sacrum angle. The angle of T12 and the associated potting 
geometry were maintained constant for each test. 

 
Fig. 1. Side view of the repositioned lumbar spine. Each posture approximates the vertebral and spinal column 
angle of mounted PMHS spines in the experimental data set used in this work as a validation test case. 
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The model was run on 32 processors within Velodyne (Version 3.102.02), a massively parallel, explicit, 
nonlinear finite element solver developed by Corvid Technologies. A typical simulation had a run time of 
approximately 9 hours with a timestep of 6.5E-08. The model was compared to an experimental data set with a 
peak velocity of 1.2 m/s [19]. The velocity was used as the model input and applied to the bottom surface of the 
lower mounting plate. Load cells mounted between the test rig and the upper and lower PMMA potting recorded 
the loads applied to the system. The CAVEMAN model output to this loading condition was then compared to the 
experimental output. Following the validation test, the input was then scaled to a peak velocity of 4.8 m/s to 
induce injury on the six test postures and the location and severity of injury was compared across simulations. 

 

 
Fig. 2. Overview of the lumbar spine test configuration. The lumbar spine was potted in PMMA blocks attached 
to the test rig. Load cells positioned between the PMMA and test rig were used to determine lower and upper 
lumbar force. A velocity input condition was applied to the bottom surface of the rig. Both upper and lower 
sleds of the rig were free to move vertically along the z-axis, with zero displacement boundary conditions 
applied in the x and y direction. 

 

III. RESULTS 

For the validation test case, five of the six postures (B-F) adhered closely to published lumbar force BRCs in 
the axial direction through the first 12 ms of loading (Fig. 3a-b). In the latter half of the loading curve, the same 
five postures maintained a response near the boundary to the ±1 standard deviation corridor of the validation 
data set. Posture A was an outlier with a much stiffer axial response through the first 16 ms. The load cell response 
of Posture A in these simulations remained within the ±1 standard deviation corridor through the initial loading, 
up to 13 ms, before exiting the corridor briefly at peak load. All simulations were observed to exhibit a single-
peak response, in contrast with the double peak response of the PMHS validation data. Additional data traces are 
also presented for all six postures showing the spinal compression as well as lower and upper lumbar forces in 
the anterior-posterior direction in Fig. 3c-e. 

 

x 

z 
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Fig. 3. (a-b) Comparison of the CAVEMAN lumbar spine load cell response in the axial direction for a 1.2 m/s 
impact across six postures to the PMHS ±1 standard deviation response corridor for the validation data set 
(light grey) [19]. (c-e) Comparison of total spine compression and load cell off-axis response for the six 
simulations. In these tests the positive z-axis is oriented downward in the axial direction and the positive x-axis 
is oriented from the posterior of the spine to the anterior. 

 
The 1.2 m/s test condition resulted in variation in load cell response across the six posture simulations. The 

load cell response for each simulation is shown in Fig. 3. Posture A had the largest peak force, with a magnitude 
of 3053 N at the upper load cell and 3344 N at the lower load cell. Across all postures the average peak upper 
load cell force was 2588 N with a standard deviation of 231 N. Average peak load at the lower load cell was 2797 
N with a standard deviation of 270 N. No injuries were predicted for any simulated posture under this test 
condition. 

For the injurious test case (4.8 m/s), the average peak load for the six postures was 5860 N at the upper load 
cell with a standard deviation of 587 N (Fig. 4). At the lower load cell, the average peak load was 7614 N with a 
standard deviation of 636 N. Because the simulations terminated at different time points due to fracture-induced 
failure, predicted injuries were compared at 11 ms which was the termination time of the shortest simulation. 
Vertebral fracture injuries were predicted to occur in all six simulations and varied across the six postures (Fig. 5). 
At 11 ms, postures A, B, C, and D each predicted in fractures in L5, propagating from the lower surface of the 
vertebral body. Posture B resulted in additional fractures to the L3 and L4 spinous processes and a small fracture 
in L1, while Postures C, D, E, and F predicted burst fractures in L1 (Fig. 6).  

 

 
Fig. 4. Comparison of lower load cell forces and moment for an injurious impact condition across the six test 
postures. Peak input velocity was 4.8 m/s. 
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Fig. 5. Comparison of upper and lower load cell response for injurious impact condition across the six test 
postures. Vertical lines represent the predicted time of fracture (circle = L1 fracture, diamond = L5 fracture, 
triangle = spinous process fracture). 

 
 

 
Fig. 5. Comparison of injury location and severity for all six test postures at simulation time 11 ms. Fracture 
locations are highlighted in red, revealing locations of element deletion within the cortical bone layer. The 
loading condition for all six tests was identical with a peak velocity of 4.8 m/s, the only change being the 
posture. 

 

IV. DISCUSSION 

At sub-injurious loading, the CAVEMAN lumbar spine was found to perform within ±1 standard deviation of 
the mean PMHS response through initial peak impact for all postures tested. The six configurations tested with 
the CAVEMAN spine demonstrated a similar degree of spine compression. Loads at T12 of the CAVEMAN spine 
were found to display a single peak in the load curve, as opposed to the double peak behaviour observed in the 
PMHS data. This may be attributed to the material choice in the intervertebral discs lessening the rebound effect 
after the initial impact. The inclusion of rate-dependent properties in the intervertebral discs may further improve 
the initial impact response of the model. 

The load cell output across non-injurious load simulations of the six postures illustrates a link between lumbar 
posture and force transmission during vertical loading of the spine, both in the magnitude of peak force and the 
length of time required to reach peak force. This is in agreement with work in the literature indicating a sensitivity 
of lumbar spine loading to spine lordosis [25]. Sacrum angle was the dominant factor in load response for these 
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cases. Posture A had the smallest superior endplate angle from horizontal at -4.7° and experienced the highest 
magnitude load cell response of the six simulations. The next closest sacrum angle was that of Posture C at -10.4° 
which experienced the second highest load cell response. The remaining four postures, with sacrum endplate 
angles ranging from -20.1° to -26.1°, were close in peak force magnitudes, and variations among the load response 
of this group may be further accounted for in differences between L1-L5 angles across postures. 

At injurious input levels, the location of fracture and the degree of lumbar flexion load were found to vary with 
changes to spine posture and differences in vertebral angles. Fracture of the L1 vertebrae was found to occur as 
a result of positive moments about the y-axis, with fractures occurring for cases where the moment about the 
lower load cell exceeded 50 Nm. However no clear trend was observed linking load cell response and fracture of 
L5 across the six postures. Together, these results illustrate the utility of accounting for variation in spine 
curvature when validating computational spine models against an experimental data set. As changes in lumbar 
posture and extension have been linked not just with position (seated versus standing) [26], but also to reported 
degree of lower back pain in U.S. Marines [27], variation of lumbar angle within a simulation set is more likely to 
better capture the probability of injury risk at different levels of the spine for a given loading scenario, such as an 
IED underbody blast event. 

The CAVEMAN lumbar spine response was evaluated as it relates to the analysis of injury risk resulting from 
vertical loading such as occurs in underbody blast events rather than on a subsystem level. For this reason, the 
model validation sets presented were limited to PMHS whole lumbar experimental data which aimed to replicate 
these loading conditions. Additional validation of the model at the segment and subsystem level will be done in 
future studies. Injury analysis is presented here only as a comparison of the six postures under identical load 
conditions and does not take into account additional factors such as differences in age, bone density, or size of 
PMHS subjects. It should also be noted that the connective ligaments and musculature of the spine were not 
included in this model representation which could influence fracture location and severity during in vivo loading 
events. 

In this study only variation in posture was considered as a variable parameter. In the experimental 
environment, such variation in posture can be the result of physical limitations in the PMHS spine to achieve the 
desired orientation and could potentially lead to a pre-stressed state in the surrounding tissue as the spine is 
repositioned. The effects of such a pre-stressed state were not evaluated in this work, however it is possible that 
the influence of a varied initial stress state in the connective regions of the spine could influence the impact 
response of the spine and, in turn, the type and severity of fractures observed.  

 

V. CONCLUSIONS  

The CAVEMAN lumbar spine model demonstrated a biofidelic response that performed within the range of 
PMHS output across six postures representing variations approximate to the mounted position of the PMHS spine 
alignment used in the validation test set. Sacrum angle was found to be the main parameter contributing to 
variation in measured load cell output across the six postures simulated, with shallow potting angles contributing 
to higher load transmission and earlier occurrence of peak load to the spinal column. When possible, it is 
recommended to take PMHS curvatures within a validation data set into account during model validation as it 
may contribute not only an improved understanding of the range of output in an experimental data set but also 
fewer outliers in the output of the finite element model. Changes in the lumbar posture were also found to 
influence predicted injury location and severity within the CAVEMAN spine. Consideration of statistical variance 
in occupant lumbar posture may be an important parameter in future assessment of injury risk and location 
during vertical loading of the lumbar spine. 
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