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A graphical guide for constructing a finite element model of the
cervical spine with digital orthopedic software
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Abstract: Three-dimensional (3D) reconstruction and finite element analysis (FEA) have been extensively
used to simulate cervical biomechanics. However, instructive articles providing full descriptions for operating
Mimics software, Geomagic software, and FEA are rare in the literature. This omission has hindered
research and development related to cervical spine biomechanics. Herein, we expound a detailed and
easily understandable protocol for performing a digital biomechanics study which may facilitate a better
understanding of the internal anatomy mechanics and the investigation of novel screw fixation techniques.
We describe step-by-step instructions for use of Mimics and Geomagic software in FEA, along with a
concise literature review. The key procedures of digital FEA stepwise instruction are presented, accompanied
by a brief but complete report on the computed tomography (CT) imaging data for establishing the final
finite element model. Previous publications regarding the commonly used software are also reviewed and
discussed. Each piece of software performs a specific function for digital FEA establishment and each has its
inherent shortcomings, making it is necessary to combine the software to leverage the advantages of each
in order to best serve finite element research. For reasons of brevity, this study only provides an illustrative
report on a small key part of finite element research in the cervical spine. These stepwise instructions can

guide orthopedic researchers in conducting FEA studies in digital cervical biomechanics.
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Introduction been considered the requisite factors for exploring the

therapeutic strategies in cervical spondylosis treatment (3).

Due to its high incidence and complexity, cervical spondylosis In particular, understanding the biomechanics of spinal

poses a constant challenge to the operation of spinal motion and internal fixation is critical for spinal surgeons (4),
surgery (1,2). Sophisticated knowledge of the anatomy, surgical training, and for the testing of innovative
biomechanics, and pathological mechanisms have instruments. Usually, innovative instruments or methods
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will be tested on cadaveric specimens, which are costly and
have limited availability (5,6). In addition, the anatomy and
function of animal specimens differ greatly from those of
humans, and thus the data derived from animal specimens are
not applicable to human characteristics in most cases (7,8).

Finite element analysis (FEA) can simulate different
clinical situations in a realistic manner and complement
ordinary experimental approaches in spinal research (9,10).
Thus, finite element (FE) models have been increasingly
applied to assist in the design and development of spine
implants and the assessment of spine biomechanics
with instrumentations of interest. The results of digital
biomechanics studies can further clarify the mechanisms
behind results obtained by other evaluations of implant
behavior and spinal motion segments (5,8,9). Furthermore,
FEA models allow us to explore a broad range of
physiological conditions and to assess their combined
impact on implant systems (10).

A variety of digital software has been used to study
the cervical spine (11-14). In 1993, Kleinberger (11) used
Patran and LS-DYNA three-dimensional (3D) software to
establish the earliest 3D FE models of the cervical spine,
including the vertebrae, intervertebral discs, and main
ligaments, in order to investigate the mechanism of cervical
spine injury sustained during automobile collisions. Since
then, the FE model of the cervical spine has significantly
improved from a 3D FE model (12) to models capable of
simulating complex motion conditions (13) and studying
bones and muscles (14). The continuous development
of the cervical spine FE method has resulted in it being
increasingly used for more complex mechanical analysis,
such as cervical spine injury, artificial disc replacement,
interbody fusion internal fixation, cervical spondylosis, and
cervical spine instability (15-19).

However, the original reconstruction of FEA must be pre-
handled by software like Mimics and Geomagic studio (10).
Despite the provision of tutorials for these programs,
many functions cannot be utilized for orthopedic study,
especially for spine-related investigation. In addition,
there are few step-by-step protocols available to guide
orthopedic researchers through establishing a digital spine
FEA model, while no routine consensus exists regarding
the ideal way to build digital models through Mimics and
Geomagic software for FEA. This weakens the reliability of
experimental data and the dissemination of the results.

‘We have thus outlined a step-by-step protocol with which
researchers can easily and reliably establish a digital model
of the cervical spine. We hope this represents a valuable
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be a step towards revealing the internal mechanisms of the
behaviors of implants and related spinal motion segments.

Materials and methods

We used computed tomography (CT) images (DICOM
format, version 2.0 or higher), Mimics software (version
19.0 or higher; Materialise, Leuven, Belgium), Geomagic
studio software (version 2012 or higher, 3D Systems, USA),
and ANSYS software (version 19.0 or higher; Ansys, USA).

A step-by-step guide for 3D reconstruction in Mimics

follows below:

() Obtain and archive consecutive CT images in
DICOM format in the local drive. Importantly, all
images must be stored in only one directory.

(II) Run the Mimics software and access the saved files.
Select File and New Project Wizard and choose
the DICOM directory. Then, click Next to select a
study in the list and click Convert. After confirming
that the orientations are correct, click OK to
proceed (Figure I).

(IIT) Click Segment followed by CT Bone Segmentation,
and then choose a bone (here we chose C4) with
the + button. Carefully select Seed Threshold and
Sensitivity to obtain a full bone profile. Each bone
should be segmented individually using the same
method as above. Click Next to readjust the threshold
and ensure the profiles are filled. Choose Next
again and set the Gap Closing Distance to 2-3 px;
then select Fill Long Bones and Apply Setting to
All Masks if applicable. Finally, click Calculate to
obtain masks of the bones of interest (Figure 2).

(IV) Click Segment followed by Morphology
Operations to operate the morphology of the mask.
Click Open to open a source mask and remove
small thorns and click Close to fill small cavities.
After confirming that there are no errors in the
mask, click Segment and Calculate 3D from Mask
(Figure 3A4). In Figure 3B, for example, the 3D
model of C3 is calculated by selecting the mask of
C4 and then choosing Optimal Quality.

(V) Click the Save button to save the project; this will
prompt a dialog box to appear. Click File, Export,
and Binary STL. Click 3D, choose a model, and
click Add in the Object to Convert Field. Ensure
the Output Directory is properly set before clicking
Finish to export the 3D model in STL format
(Figure 4).
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Figure 1 DICOM data converted by Mimics software. T, top; B, bottom; A, anterior; P, posterior; L, left; R, right.
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Figure 2 Mask threshold.

A step-by-step guide for model processing in Geomagic
follows below:

(D Run the Geomagic software. Click File and Import
to open the C4 STL. As shown in Figure 5, the C4
STL file will be automatically imported in Polygons
mode, and Mesh Doctor will be also automatically
activated. Next, click the Apply button to remove
Highly Creased Edges and Spikes. Various types of
imperfections can be removed at this step.

(II) If uneven or spiked surfaces remain, right-click to
delete them (Figure 6). To fill any hole caused by

[ <Back ][ Hext> ][ cancel

(11D

deleting a surface, click Polygons and Fill Single.

Click Exact Surfaces and Exact Surfacing to enter
the exact surfacing mode (Figure 7A4,B). After this,
make sure to click Detect Contours to divide the
surface model into several parts. The surfaces
can be separated not only by curvature but also
by functional area. For clarity, click Compute to
measure the curvatures of different regions. Then,
manually select each separate region according
to its functional areas. Subsequently, check these
regions carefully and click Extract to extract the
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Figure 4 Work interface.

V)

boundaries from them. When a dialog appears
(as shown in Figure 7C,D) click OK to edit the
boundaries at a later point. Users can manually add
or delete the contours of the regions by selecting
Edit Contours (left-click or Ctrl+ left-click).

After editting the contours, click OK and Construct
Patches to construct patches of the model. If an
error is reported, select Specify Patch Count with
a particular number for Target Patch Count and
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click Apply until the error disappears. The Repair
Patches and Shuffle tools can also be used to repair
or rearrange the patches (Figure 8) if the surface
has no patch.

Click Construct Grids, input a number into
Resolution, and click Apply to inspect the grids
and confirm that there are no errors. Click OK to
continue (Figure 9).

(VI) Set the parameters of the step as Fit Surfaces, (as
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shown in Figure 10). Click Apply to apply these
parameters and inspect the model. The outline of
the model should not be present in the important
patches. Click OK to begin the next step.

(VII) Save the project on your local drive, and then right-
click the model name and click Save to output the
model as a STP or IGS file (Figure 11).

A step-by-step guide for model processing in Ansys

follows below:

(I Run the Ansys Workbench software. Double-click
Static Structural to operate static structural analysis
of the C4 model, and click Engineering Data to
add bone or other required materials (Figure 12).

© Annals of Translational Medicine. All rights reserved.

Graphics | Getting Started | Scripting

Active
Exact Surfaces Polygons
& A M e [V showFil \i,'
- N
Fill Fill ‘ [l r‘ < D Me

All  §Single

[_Scrig Fill Single

‘ Fills the hole or holes that you click

one at a time in the Graphics Area,
according to the settings in the Fill
Holes ribbon group.

Press F1 for more help

(II) Enter Design Modeler by double-clicking Geometry,
and then import the C4 file by clicking File and
Import External Geometry File (Figure 13A4). If more
than one model is necessary, users can click Boolean
to import extra models and the Body Transformation
operation to assemble them (Figure 13B).

(IIT) Close Design Modeler and double-click Model and
select Mechanical. The material property should
be determined first. Then, select a model by right-
clicking Materials, Insert, and Material Assignment
(C4 in the example), and choose the material type
(cortical bone is shown in Figure 14A). Then,
to trace the model with mesh, right-click Mesh
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and apply Generate Mesh in the Default Settings
(Figure 14B).

(IV) The loading and boundary conditions can be
inserted as needed by right-clicking Analysis
Settings followed by Insert and the desired

© Annals of Translational Medicine. All rights reserved.
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conditions (as depicted in Figure 15). In the example,
we used force and fixed support to simulate head
weight on the upper surface of the C4.

(V) Click Solution, Insert, Stress, Equivalent (von-
Mises) to insert an equivalent stress result and
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other results including strain and deformation.
Finally, click Solution and Solve to solve the FE
model, which may take several minutes (Figure 16).
After completion of the above steps, the FE model
with elements, nodes, and boundary conditions will
be created (Figure 17).

VD

Discussion

Herein, we have presented the stepwise instructions for how
to use (I) Mimics software to reconstruct an original model of
a cervical spine segment based on a series of CT images, (II)
Geomagic studio to refine the original model, and (III)
preliminary treatment to generate a detailed model for FEA
with ANSYS. Throughout the entire process, key interfaces
were captured and are presented here. After a FEA model

Ann Transl Med 2021;9(2):169 | http://dx.doi.org/10.21037/atm-20-2451



Page 8 of 13

A N Unsaved Project - Workbench B

Wu et al. Stepwise instruction for constructing a FE model

Fle

Fie View

E)

Tools Units Extensions Jobs Help

H project

N Unsaved Project - Workbench

Edt Vew Toos Unts Extensons Xbs Heb

B0y

@ rrengnecngoms x

7 Pl oreraoon

@lImport... | <o Recomect &) RefreshProject 7 Update Project ‘::ACTSmkPage BRI Eroneerng Data Sources Tax
Toobox B Foie — [ FieldVarisbles ] A s c | o o
- B Physical Propertes. 1 Data Source: Locaton Description

B Analysis Systems

Design Assessment r T — Materil stress-sran data samples

g 7] 10 |l rperelastc Materisls B for crve fit
) Eigenvalue Buckling % A %] ?.«:.N smdesw. fic for
(@) Electric [l = statcstuctural 11|l veercsHCuves a B)| craercomarer
9 BolictDynamics 2| @ EngneeringData v/ B FypeclssticBperment b 2 | | otenl samples spedhic fo wse o
&) HarmonicAcoustics i@ o ry B Hyperelastc thermal analyss.
HarmoricResporse D CETn— T w | e e |
(@) Magnetostatic 1@ M ¥4 |3, estichy 13 |l Sone aters 3
@ Modal 5| @ sewp P T e rp——
& Modal Acoustis 6 @) souton ? . 8 ufe =
{#) RendomVibration 7@ Resu = ® Sength ~ax
Its < 4 B Gasket
i) Response Spectam |
Static Structural @ ViscoclssticTestOxa

& Rigid Dynamics

& steticAcoustics

@ Static Structural

@ steady-state Thermal
@ Thermal-Electric

=) Throughflow

=) Throughflow (BladeGen)
& Topology Optimzation

| B Viscoelastc

& Transient Structural
@ Transient Thermal

il

Figure 12 Work interface.

.
2
[T — | R T %
(@ ceomechnal o | oot )|
| Bl | |IE T CortcalBone. @
I N ) gy %
B Fracture Criteria B R Facet Cartiage |

B Crack GrowthLaws.

‘Lé_.dAA —— 4| s W Nudeus <
B S e %
0 @ Titanum s

A @0 A: Static Structural - DesignModeler

File Create Concept Tools Units View Help

B ©® A: Static Structural - DesignModeler

| File

Create Concept Tools Units View

Help

Refresh Input

] Start Over (Ctrl+ N)

;_Q} Load DesignModeler Database... (Ctrl+ O)
Save Project (Ctrl+ S)

@ Export...

[@) Attach to Active CAD Geometry

[ Import External Geometry File...

& Import Shaft Geometry...

| B

%, Write Script: Sketch(es) of Active Plane
% Run Script...

& Print

E Auto-save Now
Restore Auto-save File 4
Recent Imports 4

Cloce DesianModeler

Figure 13 Work interface.

A Outline

Lt Outline

A: Static

| 27 | % New Plane
J W~ [® Extrude

T xyp 61 Revolve
Tree ( & Sweep

. & Skin/Loft

Y @ Thin/Surface

|| Select: ; *Qiﬁ
A7

bt | </ Generat

@ Variable Radius
< Vertex Blend
£ Q Chamfer

Pattern
% Body Operation

B Boolean
& Slice

Delete

@ Fixed Radius Blend

Body Transformation

Blend

a Move |

® Translate

Q Point

Drimnibiviac

&[5 static Structural (AS)

7\ Analysis Settings
% Force
/3, Fixed Support
&/ Solution (A6)

/1] Solution Information
&P Equivalent (von-Mses) Stress - End Time
/& Total Deformation - 1. 5
/8D Equivalent lastic Strain - 1. 5
/& Al -Force Reaction - Fixed Support - 1.

Figure 14 Module optimization.

| Filter: Name - Solution 2 Filter: Name -
Batza sl Time: 1.5 3 Darsa s
) Project () Project
£ )] Model (A4) (@) Model (A4)
T Ceec et
o x®C4
5} JSM}wuls I /ﬂ"}*ﬂﬁ*
v® :o'bsalm /& Cortical Bone
v, itaniun & Titanum
/& Structural Steel /& Structural Steel
Cortical Bone Assignment Cortical Bone Assignment.
B\ Coordinate Systems B2\ Coordnate Systems
/> Global Coordnate System /> Global Coordinate System
/@ Mesh a

© Annals of Translational Medicine. All rights reserved.

B
=-/2] static Structural (AS)
V7 Analyss Settings
. Force
/3, Fixed Support
/@) Solution (A6)
/3] Solution Information
— /& Equivalent (von-Mises) Stress - End Time.
/& Total Deformation - 1. s
/& Equivalent Elastic Strain - 1.5
/& Al -Force Reaction - Fixed Support - 1. 5

A: Static Structural

Equivalent (von-Mises) Stress - End Time
Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

2.8187 Max
2.5055
21923
1.8791
1.566
12528
0.93958
0.6264
031321
2498e-5 Min

Ann Transl Med 2021;9(2):169 | http://dx.doi.org/10.21037/atm-20-2451



Annals of Translational Medicine, Vol 9, No 2 January 2021

| Filter:  Name S

EEECISE]

A: Static Structural
Analysis Settings
Time: 1.5

@ Acceleration

@} Standard Earth Gravity
@, Rotational Velocity

@, Rotational Acceleration

Insert »
Woere

/3] Soluti ab Rename (F2) @, Hydrostatic Pressure

@, Force

@, Remote Force

@, Bearing Load

i Bolt Pretension

S, Moment

@, Line Pressure

@ Thermal Condition
% Joint Load

@, Fluid Solid Interface

), Fixed Support
@, Displacement
§, Remote Displacement

@, Frictionless Support
Detaile of “Analysis Settings®
[=step controls

@, Compression Only Support
@, Gylindrical Support

Figure 15 Manipulating the module using different mechanical forces.

Page 9 of 13

B A: Static Structural

Force
Time: 1. s

. Force: 80. N
Components: 0,,0,-80. N

filer: Mome v

Barsail
5 Project

B @ Model (A1)

& & Geomery

A @

2 /) Materias

v % Corscal Bone.

&) Clear Generated Dota
o0 Rename (F2)

(2) Group All Similar Chidren
3 Open Solver Fles Directory

<

Details of *Sokition (A6)" ? Gn
- Selution -

Number Of Cores to Use (Beta)

- Adoptive Mesh Refinement |

Max Refinement Locos 1 1

Figure 16 Work interface.

of C4 was successfully constructed, a simple simulation was
applied to make it more comprehensible.

Even though FEA has been widely used in simulation
studies of cervical spine injury, degeneration, and surgical
treatment, current cervical spine FE research sdll has several
limitations First, the structures of neck muscles, nerves, and
blood vessels are neglected by this approach. Second, the
majority of studies have simplified the connection structure
between the vertebrae, resulting in differences between
the calculated results and true values. Third, the material
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parameters used in the current simulation are not consistent
with the real situation, as large-scale simplification occurs,
significantly reducing the accuracy of research results.
Fourth, FE technology lends itself to mathematical and
theoretical research and is less accessible to spinal surgeons
who are more interested in the clinical implications of
cervical spine disease. Therefore, to help those with less
experience understand this technology, we have created
clear and detailed instructions for establishing a cervical FE
model.
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Mimics is a highly integrated and easy-to-use image
generation and editing software. It is extremely capable of
establishing 3D models from CT or magnetic resonance
imaging (MRI) data, with integrated editing, analysis,
and result output functions. The model can be saved in
computer-aided design (CAD), FEA, and rapid prototyping
(RP) formats, which is highly amenable to large-scale data
conversion and processing on a personal computer (20). It
also facilitates the use of CT or MR images for the purpose
of either clinical practice or research. For example, it is
commonly used to make pre-operative plans for spinal
surgery. More specifically, a comprehensive and stereoscopic
understanding of the pathology of a specific case can allow
researchers to create more detailed plans and simulations
for the procedure by translating the stitched images into a
3D model (21). Knowing the exact pathology of a patient
through using a model can help avoid the potential failures
that would occur from referring to an unrealistic anatomical
representation (22,23).

A 3D model is invaluable for providing critical
information necessary to understanding the complexity of
the pathology, and thus saves time and labor in comparison
to interpreting 2D images (22). In addition, precisely
reconstructed 3D models can be used for anatomical
measurement. Mimics software has been used by Li er al.
to measure the spinal canal volume and neural foramen
dimension of pedicle-lengthening osteotomy (24), by Feng
et al. (25) to measure cervical endplate surfaces, and by Ma
et al. (26) to simulate bone resections and measure anatomy
parameters during total knee arthroplasty. Mimics use in
relation to the feasibility and radiological features of sacral
alar fixaton has also been reported (27).
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Geomagic studio software can automatically generate
accurate digital models based on any physical component
by scanning the spot cloud (28). As automated reverse
engineering software, it also provides an ideal option for
recently developed applications, such as in the design
of new prostheses, on-demand production patterns, and
automatic reconstruction of human physiological structure.
It also perfectly complements CAD software, CA education,
and CA manufacturing tools, the models of which can be
output into standard industry formats, including STL,
IGES, STEP, and CAD (29). Geomagic software acts as a
firm bridge between Mimics and FEA by constructing the
characteristic boundary constraint conditions and providing
reference conditions for curved surface slices. This
results in the best effect across the whole surface through
modification (30).

The applications of Geomagic software in the medical
field include the design of prosthesis implants, assistance in
surgery, and the analysis of human biomechanical features.
Zhao et al. applied Geomagic to establish a model for FEA
to investigate the biomechanical properties of a novel
modular intercalary prosthesis for humeral diaphyseal
segmental defect reconstruction (31). Wu et 4. measured
the biomechanics of a novel anterior trans-pedicular screw
artificial vertebral body system for lower cervical spine
fixation (30) with Geomagic software being applied to
acquire non-uniform rational b-splines surfaces for FEA to
simulate facet joints and intervertebral discs.

With advances in digital techniques and computer
science, the FEA method can simulate a variety of
clinical situations in a more realistic way by acting in a
fully complementary partnership with the experimental
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approaches of cervical spine biomechanics research (32).
FEA models of bones and joints are created using
geometrical and material parameters obtained from imaging
modalities. The results obtained from FEA analysis allow the
exploration of an essentially limitless range of physiological
and pathological conditions, which will facilitate a greater
understanding of system biomechanics (24,25,33,34).

FEA analysis also has utility in soft-tissue research.
For instance, Polak et /. (35) reported an FE micro-scale
model of the denticulate ligaments to investigate tensile
characterization. To understand the biomechanical features
of multilevel hybrid constructs of the cervical spine, Li
et al. (36) used FEA and analyzed several different fixation
models. Similar work was performed by Yuan et al. (37),
in which an FE model of the whole cervical spine was
used to study artificial disc replacement. Based on this
biomechanical data, they confirmed that the replacement
of different heights was a significant factor in prosthesis.
Other researchers (30,38) have also evaluated the novel
integrated artificial axis before preclinical fixation by FEA.
Zheng et al. (38) demonstrated remarkable biomechanical
application by applying a 3D FE model to detect the
biomechanical features of a newly designed fixation system
from the occiput to the fourth cervical vertebra. An FE
model used by Wu ez al. (30) efficiently compared the
biomechanical properties of a novel anterior trans-pedicular
screw vertebral body system (AVBS) and a conventional
anterior screw plate system (ASPS). Their results proved
that AVBS possesses better stability and a lower risk for
internal fixator failure then ASPS fixation. The stiffness
of bone material adjacent to the implant has also been
examined by several researchers (39,40). In a study of the
biomechanics of traditional Chinese cervical manipulation,
Deng et al. (41) established an FE model of the cervical
spine and demonstrated that cervical manipulation cannot
reduce intradiscal pressure.

Continuous improvements in algorithms and computing
power will, in the future, allow surgeons to use FE
simulation to quickly determine alternate operation plans,
saving time and optimizing surgical outcomes. In our view,
the combination of FE analysis and artificial intelligence
algorithms will greatly improve the application of spine and
cervical surgery. We present this literature review detailing
the integration of the Mimics, Geomagic, and FEA software
to assist those working in these fields.

There are several limitations to this study. First,
various methods and procedures are available for building
a 3D model with Mimics reconstruction for FEA. We
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offer a simplified instructional guide for users, and most
methodologically compatible procedures can be customer-
modified according to the user’s needs. Second, a full
understanding of Ansys and other software requires
mathematical and mechanical knowledge, the lack of which
may bring difficulty in operating these programs. Moreover,
we have only provided an introduction to the basic
methodology, and some steps and extra extensions have not
been thoroughly explained. Users can learn such knowledge
by searching for corresponding domains and consulting
each program’s help sections.

To summarize, we have presented clear and useful step-
by-step instructions for combining Mimics, Geomagics,
and FEA for spinal biomechanics analysis. We advocate this
protocol for its simplicity, reliability, and convenience in
obtaining FE biomechanics simulations.
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