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Abstract

Study Design: Biomechanical model study.

Objective: The Barrow Biomimetic Spine (BBS) project is a resident-driven effort to manufacture a synthetic spine model with
high biomechanical fidelity to human tissue. The purpose of this study was to investigate the performance of the current gen-
eration of BBS models on biomechanical testing of range of motion (ROM) and axial compression and to compare the perfor-
mance of these models to historical cadaveric data acquired using the same testing protocol.

Methods: Six synthetic spine models comprising L3-5 segments were manufactured with variable soft-tissue densities and print
orientations. Models underwent torque loading to a maximum of 7.5 N m. Torques were applied to the models in flexion-
extension, lateral bending, axial rotation, and axial compression. Results were compared with historic cadaveric control data.

Results: Each model demonstrated steadily decreasing ROM on flexion-extension testing with increasing density of the inter-
vertebral discs and surrounding ligamentous structures. Vertically printed models demonstrated markedly less ROM than
equivalent models printed horizontally at both L3-4 (5.0� vs 14.0�) and L4-5 (3.9� vs 15.2�). Models D and E demonstrated ROM
values that bracketed the cadaveric controls at equivalent torque loads (7.5 N m).

Conclusions: This study identified relevant variables that affect synthetic spine model ROM and compressibility, confirmed that
the models perform predictably with changes in these print variables, and identified a set of model parameters that result in a
synthetic model with overall ROM that approximates that of a cadaveric model. Future studies can be undertaken to refine model
performance and determine intermodel variability.
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Introduction

The Barrow Biomimetic Spine (BBS) project is an ongoing

resident-driven effort to manufacture a synthetic spine model

with high biomechanical fidelity to human tissue.1-4 Various

3D printing technologies are employed in this effort because

these technologies enable the creation of models that can repli-

cate any variation of normal or pathological anatomy. The

validation of a customizable synthetic spine model as a reliable

substitute for human cadavers could have an enormous effect

on the field of spine surgery, especially with respect to spine

biomechanical research, surgical education, surgical planning,

and medical device development and testing. Previous studies

from this ongoing effort have demonstrated that BBS models

can be reliably produced to mimic, with high fidelity, human

gross anatomy; radiographic anatomy; the corticocancellous

architecture of human bone; the biomechanical performance

of pedicle screws in the synthetic bone; and certain physiolo-

gical functions, such as bleeding, spinal fluid leaking from a
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synthetic thecal sac, and electrical conduction in synthetic

nerve roots.2-4

A critical component of the eventual creation of a compre-

hensively biofidelic model of the human spine is the biome-

chanical performance of the supportive ligamentous structures,

specifically the intervertebral discs, the longitudinal ligaments,

and the posterior column ligaments. Earlier studies that com-

pared the performance of BBS models with that of human

cadavers after undergoing Schwab grade 2 osteotomies demon-

strated the ability to construct a model that closely mimics the

human cadaver in terms of the degrees of lordosis achievable at

a single disc space after removal of the posterior column sup-

portive structures.3 Further investigation was needed, however,

to elucidate this finding and determine the optimal manufac-

turing method for creating a model with ligamentous structures

that provide high biomechanical fidelity on range of motion

(ROM) testing. The purpose of this study was to investigate the

performance of the current generation of BBS models on tra-

ditional biomechanical testing of ROM and axial compression

and to compare the performance of these models with historical

cadaveric data acquired using the same testing protocol.5,6

Methods

Model Production

High-resolution computed tomography of a normal lumbar

spine was imported into the Materialise Mimics software pack-

age (Materialise, Plymouth, MI), which was used to threshold

the L3-5 vertebral levels. These structures were then exported

into the Autodesk Meshmixer software package (Autodesk,

Inc, San Rafael, CA), which was used to reconstruct the L3-5

spinal column with the exported vertebral bodies, intervertebral

discs, anterior and posterior longitudinal ligaments, and facet

capsules. The digitally reconstructed L3-5 spinal column was

then imported into the Simplify3D printing platform (Simpli-

fy3D, LLC, Blue Ash, OH), where it was prepared for 3D

printing.

Select printing variables were modified with the intention of

creating a group of models with a wide range of biomechanical

performance on ROM testing. These variables included shell

thickness, infill percentage, and print orientation. A combina-

tion of these variables was chosen for each model and input

into the Simplify3D printing platform. Each model was then

printed on a FlashForge Creator Pro with dual extruders (Flash-

Forge Corp, Zhejiang, China). Materials used for 3D printing

were held constant across all models; polylactic acid was used

for the vertebral bodies, and Ninja Flex (NinjaTek, Manheim,

PA) was used for the ligamentous structures. These materials

were chosen on the basis of previously published studies eval-

uating the performance of various materials in a synthetic spine

model.3,4 After printing, the models were embedded at the L3

and L5 vertebral levels in a fast-curing resin (Smooth-Cast

300Q; Smooth-On, Macungie, PA) in a cylindrical fixture for

application of loads (Figure 1).

Flexibility and Axial Compression Testing of Models

Models underwent torque loading to a maximum of 7.5 N m

using a servohydraulic test system (MTS, Minneapolis, MN).

Torques were applied to the models to induce flexion-

extension, lateral bending, and axial rotation (Figure 2). Torque

loads were applied in 1.5-N m increments until reaching

7.5 N m. Testing was halted before reaching 7.5 N m if the

model failed (experienced annulus or ligament rupture) or

demonstrated steadily increasing ROM while being held at a

constant load (termed “creep”). A final load of 7.5 N m was

chosen because this was the standard load applied to cadaveric

specimens used in the historical control.5 Axial compressive

stiffness (N/mm) was measured through the application of a

uniaxial load of 300 N. This testing method is the same as that

used to generate the cadaveric data that we used as the histor-

ical control, and the data were collected using the same hard-

ware and software from the same laboratory.6 Furthermore, a

recent review of spine biomechanics literature has demon-

strated that this testing method is the most common testing

protocol used in spine biomechanical research and was origi-

nally chosen because it reliably reproduces changes in the

intact cadaveric spine that closely match in vivo changes seen

in living spines during the same flexibility maneuvers.7

Figure 1. Four different synthetic spine models shown (left to right) in anterior, right lateral, posterior, and left lateral views. Used with
permission from Barrow Neurological Institute, Phoenix, Arizona.
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Study Design

Informed consent for this study was not required and institu-

tional review board approval was not sought due to the retro-

spective nature of the report. The study consisted of 2 phases: the

first phase entailed testing 6 models in total flexion-extension

ROM. See Table 1 for a summary of the print characteristics for

each of the 6 models. The second phase entailed identification of

those models from phase 1 with results closest to the cadaveric

control data and then additional testing of those models in lateral

bending, axial rotation, and axial compression. Results for each

model were calculated and reported in comparison with other

models that underwent the same testing protocol.

Results

Phase 1 Results

Six models were printed and tested according to the protocol

described. Historical cadaveric data for mean (+SD) flexion-

Figure 2. (A) Synthetic spine model undergoing range of motion testing. This model is shown in the resting state. (B) Synthetic spine model
undergoing range of motion testing. This model is shown in the loaded flexion state. Used with permission from Barrow Neurological Institute,
Phoenix, Arizona.

Table 1. Printing Variables for 6 Synthetic Spine Models and Flexion-Extension Range of Motion Test Results Compared With Historical
Cadaver Data.

Model
Relative Density of

Intervertebral Discsa Print Orientation Maximum Moment Achieved (N m)

Flexion-Extension
Range of Motion (�)

L3-4 L4-5

A 1 Horizontal 1.5 22.2 12.6
B 5 Horizontal 6.0 17.3 12.7
C 10 Horizontal 6.0 14.0 15.2
D 17 Horizontal 7.5 14.7 12.9
E 27 Horizontal 7.5 3.7 3.5
F 10 Vertical 6.0 5.0 3.9
Cadaveric control group 1 NA NA 6.0 5.5 + 1.4b 7.6 + 2.9b

Cadaveric control group 2 NA NA 7.5 7.9 + 2.6b 9.7 + 3.5b

Abbreviation: NA, not applicable.
aRelative density is a unitless measure of the material density used to construct the intervertebral discs. The relative density of model A, the least dense model, was
set at 1 to provide a reference for the density of the other models.
bMean + SD. Data adapted from Newcomb et al.5
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extension ROM of L3-4 and L4-5 disc levels was 5.5 + 1.5� and

7.6 + 2.7�, respectively, at 6.0 N m of torque and 7.9 + 2.6� and

9.7 + 3.5�, respectively, at 7.5 N m of torque. Each model

demonstrated steadily decreasing ROM on flexion-extension

testing with increasing density of the intervertebral discs and

surrounding ligamentous structures (Figure 3). Of note, model

A was printed with the least dense disc and ligamentous struc-

tures and demonstrated complete failure, including rupture of the

annulus and the supportive ligaments, at a torque of 1.5 N m.

Total flexion-extension ROM of model A at 1.5 N m was 22.2�

at L3-4 and 12.6� at L4-5. Model B was printed with 5% greater

disc density than model A and demonstrated creep at 6.0 N m of

torque. Flexion-extension ROM prior to onset of creep for model

B was 17.3� at L3-4 and 12.7� at L4-5. Model E was printed with

the densest intervertebral discs and ligamentous structures, and

this model withstood a torque of 7.5 N m without creep (similar

to cadaveric specimens) with a total ROM on flexion-extension

of 3.7� at L3-4 and 3.5� at L4-5. Model F was the only model

printed with a vertical rather than horizontal print orientation and

was equivalent to model C in all other variables. Model F

demonstrated markedly less ROM than model C at the same

torque (6.0 N m) at both L3-4 (5.0� vs 14.0�) and L4-5 (3.9� vs

15.2�) (Figure 4). See Table 1 for a complete report of all phase 1

test results.

Phase 2 Results

Models D and E withstood flexion-extension loads of 7.5 N m

and demonstrated total ROM bracketing the historic cadaveric

values. These models were therefore included in phase 2 test-

ing. Model F demonstrated ROM on flexion-extension that was

very close to that of the cadaveric control at 6.0 N m. Further

testing of model F was not pursued because this model did not

withstand testing at 7.5 N m, and previous studies have demon-

strated a significantly detrimental effect of a vertical print

orientation on pedicle screw performance in the 3D-printed

synthetic bone.3,4

Phase 2 testing for models D and E included additional ROM

testing of lateral bending and axial rotation at a torque load of

7.5 N m as well as axial compressive stiffness testing to a max-

imum load of 300 N m. These test loads were equivalent to the

loads applied to the cadaveric controls. The cadaveric controls

had a mean (+SD) ROM on lateral bending of 5.1 + 1.5� at L3-

4 and 4.9 + 1.7� at L4-5. Axial rotation values for the controls

were a mean (+SD) of 2.2 + 1.2� and 2.5 + 1.4� at L3-4 and

L4-5, respectively. Finally, axial compressive stiffness testing of

the control cadaveric specimens resulted in mean (+SD) values

of 457.1 + 143.7 N/mm at L3-4 and 438.5 + 206.0 N/mm at

L4-5. On flexion-extension, results for model D were approxi-

mately 1 SD greater than results for the cadaveric controls,

whereas results for model E were approximately 2 SD less than

results for the controls (Figures 3 and 5). On lateral bending,

ROM for model D was within 1 SD of ROM for the control,

whereas on axial rotation, ROM for model E was nearly identical

to ROM for the control (Figure 5). On axial compressive stiff-

ness testing, model D was 2 SD less stiff and model E was 2 SD

stiffer than the controls at L3-4. At L4-5, model D was within 1

SD of the cadaveric controls (Figure 5). See Table 2 for com-

plete reporting of phase 2 results.

Discussion

Several important findings are distinguishable in the ROM

testing results. First, the models predictably perform with an

inverse relationship between disc and ligamentous density and

overall ROM at torque loads equivalent to those used for the

historical cadaveric controls. This is an important finding

Figure 3. Flexion-extension range of motion (ROM) of synthetic
spine models A to E relative to mean ROM for the cadaveric controls
for L3-4 (black bars) and L4-5 (white bars). A value of 0 represents no
difference in range of motion between the model and the mean range
of motion for the cadaveric controls. A positive value indicates
increased ROM compared with the mean ROM for the cadaveric
controls, and a negative value indicates decreased ROM compared
with the mean ROM for the cadaveric controls. Dashed line is a linear
trend line demonstrating the inverse relationship between the density
of ligamentous structures and model ROM on flexion-extension.
Cadaveric control data adapted from Newcomb et al.5 Used with
permission from Barrow Neurological Institute, Phoenix, Arizona.

Figure 4. Flexion-extension range of motion (ROM) at 6.0 N m for a
synthetic spine model with horizontal print orientation (model C) and
a synthetic spine model with vertical print orientation (model F),
compared with mean ROM data for cadaveric controls. Model F was
the only model printed with a vertical rather than horizontal print
orientation and was equivalent to model C in all other variables. Error
bars indicate standard deviation. Cadaveric control data adapted from
Newcomb et al.5 Used with permission from Barrow Neurological
Institute, Phoenix, Arizona.
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because it demonstrates that synthetic spine models can be

reliably produced with prespecified ligamentous laxity and

overall ROM values. This is perhaps the most important find-

ing, because it demonstrates how a synthetic spine model com-

posed of multiple motion segments can be created in a manner

that results in overall biomechanical similarity to cadaveric

models in terms of flexibility and compressibility. Further test-

ing will be required to fine-tune the printing parameters and

determine the intermodel variability that can be expected, but

this study provides a clear starting point, because the most

promising models have overall ROM values that bracket those

of the historical cadaveric controls.

It is also important to note that print orientation (vertical vs

horizontal) has a significant effect on model ROM perfor-

mance. This is consistent with previous studies on the biome-

chanical performance of pedicle screws in 3D-printed vertebral

bodies as well as motion segment testing of synthetic spine

models after Schwab grade 2 osteotomies.3,4 Unlike these other

studies, which primarily evaluated the performance of 3D-

printed bone and demonstrated reduced strength with a vertical

print orientation, these results demonstrate increased model

strength with a vertical print orientation (Figure 4). This can

be seen most clearly when directly comparing the flexion-

extension performance of models C and F, which were printed

with settings that were identical except for print orientation.

This difference in the direction of change between these results

and those of previous studies likely has to do with the force

vectors being applied to the model and their relative relation-

ship to the print orientation.3,4 In this case, a vertical print

orientation places the synthetic disc and ligament fibers paral-

lel to compressive and torque forces, whereas in previous stud-

ies a vertical print placed the synthetic bone fibers

perpendicular to the applied forces. This finding also likely

explains the much larger differences in ROM and compressive

Figure 5. Synthetic spine models D and E compared with mean data for cadaveric controls with respect to (A) flexion-extension, (B) lateral
bending, and (C) axial rotation range of motion (ROM) at 7.5 N m and (D) axial compression. Error bars indicate standard deviation. Cadaveric
control data adapted from Newcomb et al.5 Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

Table 2. Range of Motion (ROM) and Axial Compressive Stiffness Test Results for 2 Synthetic Spine Models Compared With Historical
Cadaver Data.

Model

ROM (�)
Axial Compressive
Stiffness (N/mm)Flexion-Extension Lateral Bending Axial Rotation

L3-4 L4-5 L3-4 L4-5 L3-4 L4-5 L3-4 L4-5

D 14.7 12.9 4.3 3.6 6.0 6.1 152.1 302.9
E 3.7 3.5 2.9 2.2 2.3 2.3 715.6 1110.3
Cadaveric controls,a mean + SD 7.9 + 2.6 9.7 + 3.5 5.1 + 1.5 4.9 + 1.7 2.2 + 1.2 2.5 + 1.4 457.1 + 143.7 438.5 + 206.0

aData adapted from Newcomb et al.5
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stiffness seen in this study between L3-4 and L4-5 disc levels in

the models as compared with the cadaveric controls. The L3-4

and L4-5 disc levels are tested at slightly different angles

because of the lumbar lordosis printed into the model. This

means the applied force vectors vary in their relative angle to

the L3-4 versus the L4-5 disc spaces. In summary, the print

orientation in relationship to the applied force vectors seems to

have a large effect on model performance. Efforts are under-

way to minimize this variability using various processing tech-

niques after printing.

Limitations and Future Directions

This study is limited by its small sample size and our subse-

quent inability to provide any data on intermodel variability.

We also evaluated a single flexible material at variable print

parameters, meaning it is possible that a different material may

have performed better. This material was chosen on the basis of

results of a previous study evaluating the performance of this

material in a Schwab grade 2 osteotomy model.3 These limita-

tions were felt to be acceptable because the goals of this study

were to identify the relevant variables that affect synthetic

spine model ROM and compressibility, to confirm that the

models perform predictably with changes in these print vari-

ables, and to identify a set of model parameters that results in a

synthetic model with overall ROM that approximates that of a

cadaveric model. We feel that the above-mentioned results

demonstrate that these goals have been met. Future efforts will

entail larger numbers of models and smaller variations in

model variables to attempt to demonstrate that the synthetic

spine models can be printed to closely approximate cadaveric

models in terms of biomechanical performance and, further-

more, that intermodel variability will be reduced with the syn-

thetic spine models as compared with cadaveric models. Future

testing should also include measurements of material proper-

ties, including the modulus of elasticity of synthetic bony and

ligamentous structures, for comparison against human tissue.

Conclusions

The BBS project is an ongoing effort to produce a synthetic

spine model with high biomechanical fidelity to human tissue.

Previous studies have demonstrated this model’s ability to reli-

ably mimic the synthetic bone of a cadaveric specimen on

biomechanical measures of pedicle screw performance as well

as ROM testing after posterior column osteotomies.2-4 This

study has demonstrated that these models can be produced to

reliably mimic specific ranges of motion on standard ROM

testing protocols as applied to cadavers. This finding is critical

to the eventual development of a robust synthetic spine model

because it demonstrates that a customizable, 3D-printed syn-

thetic spine model can be produced with high biomechanical

fidelity to cadaveric specimens. The validation of such a tool

has the potential to transform the field of spine surgery.
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