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A Review of Finite Element Modeling for Anterior 
Cervical Discectomy and Fusion
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The cervical spine poses many complex challenges that require complex solutions. Anterior cervical discectomy and fusion (ACDF) has 
been one such technique often employed to address such issues. In order to address the problems with ACDF and assess the modifi-
cations that have been made to the technique over time, finite element analyses (FEA) have proven to be an effective tool. The varia-
tions of cervical spine FEA models that have been produced over the past couple of decades, particularly more recent representations 
of more complex geometries, have not yet been identified and characterized in any literature. Our objective was to present material 
property models and cervical spine models for various simulation purposes. The outlining and refinement of the FEA process will yield 
more reliable outcomes and provide a stable basis for the modeling protocols of the cervical spine.

Keywords: Anterior cervical discectomy and fusion; Finite element modeling; Material property models; Cervical spine models

Copyright Ⓒ 2023 by Korean Society of Spine Surgery
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Asian Spine Journal • pISSN 1976-1902 eISSN 1976-7846 • www.asianspinejournal.org

Received Sep 2, 2022; Revised Nov 13, 2022; Accepted Nov 14, 2022
Corresponding author: Chi-Tay Tsai
Department of Ocean & Mechanical Engineering, Florida Atlantic University, 777 Glades Road, Bldg. 36; Room 105, Boca Raton, 
Florida 33431, USA
Tel: +1-561-297-3430, Fax: +1-561-297-3885, E-mail: tsaict@fau.edu

ASJ

Review Article Asian Spine J 2023;17(5):949-963  • https://doi.org/10.31616/asj.2022.0295

Asian Spine Journal

Introduction

The cervical spine is one of the smallest and most intricate 
joints in the human body [1]. Cervical disc herniations are 
a problem caused by repetitive cervical spine loading [2]. 
The severity of loading needed also decreases as the age of 
involved patients increases [3]. This is due to a lack of nu-
trient supply to the intervertebral disc; resulting in natural 
wear and decreased performance with age, a phenomenon 
known as cervical spondylosis [4]. If the disc degenerates, 
the cervical spine’s stability will be compromised, and the 
intravertebral disc height will change [5]. The decrease in 
foraminal spacing can result in cervical radiculopathy and 
the compression of nerves causes great discomfort and 
reduced quality of life for the affected individual [6].

The first attempts made at addressing this were through 
the fusion of the adjacent vertebra in a technique known 
as anterior cervical discectomy and fusion (ACDF) estab-
lished in the 1950s [7]. The intervertebral disc and osteo-
phytes are removed during this treatment, and the area of 
the spine is decompressed. Then, to maintain foraminal 
spacing and to encourage a stable site for osseointegration, 
an adequately sized cage and bone graft are implanted 
[8]. Shortly after, plate instrumentation was introduced to 
help regulate the stresses of the cervical spine. A variety 
of surgical techniques and hardware have been developed 
in addition to the standard anterior plating, to improve 
the biomechanical postoperative state. Some adjunct 
structures that have been applied include lateral mass and 
pedicle screw systems, facet replacement devices, and cer-
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vical disc replacements for multilevel procedures [9]. For 
the treatment of cervical disc problems, the golden stan-
dard has not yet been discovered [10]. To better meet the 
needs of the system, more information on the generalities 
and mechanics of the cervical spine is required. Many 
techniques have been used to learn more about the cervi-
cal spine [11].

The finite element is important for predicting spine 
mechanics in situations where in vivo and in vitro models 
prove insufficient. In the determination of internal loads, 
stresses, and strains in spinal tissue, numerical models 
have been used [12]. Simulation results from numerical 
spine models can be employed to gain insight into the in-
ner workings of the cervical spine [13]. Moreover, virtual 
models can display information previously unobtainable 
via physical models, such as stress distribution in the in-
tervertebral disc. Gradually, more accurate cervical spine 
modeling has increased the accuracy of the guidance of 
spine surgery and the new design of cages. The only no-
table drawback is that greater computing power is needed. 
This is controlled by converting models into somewhat 
less computationally intensive versions. The findings they 
offer will still be quite accurate if they pass convergence 
tests and are validated against data that is known to be 
accurate. Cervical spine modeling has been the subject 
of multiple reviews of the literature, but there have not 
been any that contrast cervical spine models with material 
models. The limitations of the material models and cervi-
cal models were not compared and discussed. We will 
therefore focus on reviewing the material property models 
and cervical models for potential interest to the surgeons 
and biomechanical engineers.

Material Models

The behavior of a given material under loading is de-
scribed by material models. Based on how accurately 
they depict the kind of material being described, material 
models are chosen. Different material models may be ap-
plicable for the same material since they can yield results 
that are more consistent in some movements while visibly 
less accurate in others. However, a standard for which 
models are most applicable for each anatomical structure 
has emerged from the use of these models in a wide vari-
ety of loading conditions.

1. Vertebrae

The cervical vertebra could be represented by up to three 
different structural elements. The exterior cortical bone 
and the interior cancellous, or trabecular, bone can be 
used to simulate the vertebral body [14]. Some research 
place greater emphasis on the transverse process, lamina, 
and spinous process as more central to the results of the 
study; in that literature, a third body is added for the pos-
terior region to have greater accuracy in the model. The 
cortical bone and cancellous bone are described in some 
sources as orthotropic, however, the vertebra is typically 
approximated with an isotropic elastic model. The poste-
rior body is typically modeled in the same way as the can-
cellous bone when it is included [15]. The posterior bone 
is quite consistent across the literature with the exception 
of Kopperdahl et al. [16] who employed an isotropic, 
power-law plasticity material model for the diagnosis of 
bone damage [15,17-19]. 

2. Endplate and facet joints

The vertebral, or bony, endplate and the cartilaginous 
endplate make up the endplate structure. Typically, an 
isotropic elastic model is applied to the facet joints [20]. 
To ensure a smooth passage of forces between the facet 
joints, Kumaresan et al. [21] devised a simplified facet 
joint model similar to the fluid-based facet joint model.

3. Intervertebral disc

The nucleus pulposus and the annulus fibrosus (AF) are 
the two parts of the intervertebral disc. Since the nucleus 
pulposus is a viscoelastic material, the loading condi-
tion affects how it behaves. In addition to the traditional 
isotropic elastic model, an occasional hyperelastic model 
may be utilized; some literature even regards the nucleus 
as a fluid of varying compressibility [22,23]. A single sec-
tion was successfully modeled in quasi-static conditions 
by Yang and Kish [24] using a fluid material model with a 
bulk modulus of 1.720 GPa. However, the nucleus pulpo-
sus was modeled using the linear viscoelastic model to 
recreate the whole cervical spine model [25].

The AF is considered as two parts in literature, a ground 
substance and several layers of angled fibers. Hill [26] 
modeled AF ground substance with an isotropic, non-
linear strain-energy function while still preserving the 



Review of ACDF FEAAsian Spine Journal 951

compressibility of quasi-static simulations such as that 
presented by Storakers [27]. The annulus ground has been 
represented utilizing an isotropic elastic model, hyper-
elastic models like the neo-Hookean, the Mooney-Rivlin 
model, or as a Hill foam [15,17,28].

The annulus was modeled by Cassidy et al. [29] using 
five layers whose angles changed depending on the radial 
position. According to Eberlein et al. [30], a nonlinear 
tension-only fiber model was merged with a novel Hooke 
hyperelastic base material to create an anisotropic consti-
tutive model.

4. Ligaments

Numerous ligaments with various stress-strain relation-
ships reside in the cervical spine, although their general 
behavior is constant. As a result, in each analysis, the liga-
ments in the area are all modeled using the same material 
model. According to the stress-strain relationship or the 
force-displacement curve, the ligaments are classified as 
either a hyperelastic material or a tension-only element 
[15,17,18,28]. These elements are generally tension only 
and occasionally include a cross-sectional area [19]. In 
their investigation of the high rates of ligament deforma-
tion, Yoganandan et al. [31] found that viscoelastic effects 
were more prominent in complete spine models, neces-
sitating the use of a dynamic scaling factor.

5. Muscles

The Hill-type muscle’s passive muscle is the only part 
that adheres to a conventional material model. A bilinear 
elastic model with non-linear dampers and a hyperelastic 
Ogden model with linear viscoelasticity are the two fun-
damental models for the depiction of the passive muscle. 
Within the usage of either of these models, no difference 
exists in material parameters between muscle groups.

6. Spine hardware

Isotropic elastic materials are commonly used to describe 
surgical devices. Because the standard materials utilized 
in this method (titanium, cobalt chrome, stainless steel, 
PEEK) all adhere to the same material model, there is very 
little variation.

Material Properties

There is great variation in the material properties utilized 
in FEA for ACDF. The variety in the cadaver specimens 
used for the development and validation of the original 
models is the cause of many of these variations. Tables 1–3 
list all pertinent material parameters [15,17-20,23,28,32-
34].

1. Vertebrae

The vertebra is segmented into 2 or 3 components so that 
each one can be given particular attributes and a more 
precise model can be produced. Since the cancellous bone 
has a softer interior than the cortical bone, the cortical 
bone is represented with a greater modulus. The charac-
teristics employed for the cortical bone and cancellous 
bone appear to differ significantly. Additionally, a different 
set of material qualities are used in the posterior body [35].

2. Endplate and facet joints

The bony endplate is the only portion represented in FEA, 
despite this not being defined in the literature. The end-
plate employed in FEA has material characteristics that 
are identical to those of the bony endplate. The justifica-
tion is that the cartilaginous endplate was sufficiently 
similar to the intervertebral disc properties at intact disc 
sites and fusion sites, and the surgical procedure typically 
requires the removal of this softer part of the endplate. 
The element type and contact settings typically define the 
facet joints.

3. Intervertebral disc

The modulus and Poisson’s ratio of the AF ground does 
not vary. None of the material models employed have 
much diversity in the parameters for the AF ground. The 
AF fibers typically sit at a modulus around 400–500 MPa 
and a Poisson’s ratio of 0.3, but some extremities exist 
with a much lower modulus. There is some variety in the 
nucleus, with the majority opting for a modulus of 1 or 3.4 
MPa. Natarajan et al. [18] reports using 3.0 MPa. Other 
models’ characteristics, like those of the hyperelastic mod-
els, vary slightly.
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Table 1. Details the material model and properties of the main anatomical structures in the cervical spine, as presented in the literature

Spine 
 component

Material model 
(element type) Modulus (unit: MPa) Poisson’s ratio References

Cortical bone Isotropic elastic (solid) 16,800 0.3 Kim et al. [15] (2018)

15,000 0.2 Brolin et al. [20] (2004)

12,000 0.3 Kim et al. [15] (2018)

12,000 0.29 Kim et al. [15] (2018); Zhang et al. [19] (2005)

10,000 0.3 Kim et al. [15] (2018); Natarajan et al. [18] 
(2000)

Orthotropic elastic (shell) 11,300 (Exx); 11,300 (Eyy); 22,000 (Ezz); 
3,800 (Gxy); 5,400 (Gyz); 5,400 (Gxz)

0.484 (vxy); 0.203 (vyz); 0.203 
(vxz)

Nikkhoo et al. [23] (2019)

9,600 (E11); 9,600 (E22); 17,800 (E33); 
3,097 (G12); 3,510 (G13); 3,510 (G23)

0.55 (v12); 0.30 (v13); 0.30 
(v23)

Li et al. [28] (2010); Qi et al. [17] (2016)

Cancellous bone Isotropic elastic (solid) 500 0.2 Brolin et al. [20] (2004)

450 0.29 Kim et al. [15] (2018); Zhang et al. [19] (2005)

450 0.25 Kim et al. [15] (2018)

450 0.2 Natarajan et al. [18] (2000)

100–300 0.1–0.3 Kim et al. [15] (2018)

100 0.2 Kim et al. [15] (2018)

Orthotropic elastic (solid) 144 (E11); 99 (E22); 344 (E33); 53 (G12); 45 
(G13); 63 (G23)

0.23 (v12); 0.17 (v13); 0.11 
(v23)

Li et al. [28] (2010); Qi et al. [17] (2016)

140 (Exx); 140 (Eyy); 200 (Ezz); 48.3 (Gxy); 
48.3 (Gyz); 48.3 (Gxz)

0.45 (vxy); 0.315 (vyz); 0.315 
(vxz)

Nikkhoo et al. [23] (2019)

Posterior bone Isotropic elastic (solid) 3,500 0.29 Kim et al. [15] (2018); Li et al. [28] (2010); Qi et 
al. [17] (2016); Zhang et al. [19] (2005)

3,500 0.25 Kim et al. [15] (2018); Natarajan et al. [18] 
(2000)

Endplate Isotropic elastic (solid) 5,600 0.3 Kim et al. [15] (2018)

2,000 0.4 Natarajan et al. [18] (2000)

600 0.3 Kim et al. [15] (2018)

500 0.40 Li et al. [28] (2010); Kim et al. [15] (2018); Qi et 
al. [17] (2016); Zhang et al. [19] (2005)

Facet cartilage Isotropic elastic (solid) 11 0.4 Natarajan et al. [18] (2000)

10.4 0.4 Kim et al. [15] (2018)

10 0.4 Kim et al. [15] (2018)

10 0.3 Brolin et al. [20] (2004)

Annulus fibrosus 
(ground)

Isotropic elastic (solid) 1–4.8 - Kim et al. [15] (2018)

4.2 0.45 Kim et al. [15] (2018)

3.4 0.4 Kim et al. [15] (2018)

3 0.45 Brolin et al. [20] (2004)

Hill foam 4.2 0.45 Li et al. [28] (2010); Natarajan et al. [18] (2000); 
Qi et al. [17] (2016)

3.4 0.40 Zhang et al. [19] (2005); Li et al. [28] (2010)

3.4 0.40

0.348 (C10); 0.30 (D1) - Li et al. [28] (2010)

Hyperelastic: neo-Hookean 0.56 (C10); 0.14 (C01) - Li et al. [28] (2010)

Hyperelastic: Mooney-Rivlin 0.56 (C10); 0.14 (C01) 0.45 Nikkhoo et al. [23] (2019)

(Continued on next page)
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4. Ligaments

The ligaments material properties are what distinguish 
the cervical spine’s ligaments from one another. This is be-
cause their main description is their stress-strain curves. 
According to the results of Yoganandan et al. [36], the 
ligament’s force-deflection response can be divided into 
three separate zones.

5. Muscles

The same general properties and varying geometric pa-
rameters are used to represent each component of passive 
muscle. Since the physiological cross-sectional area is 
used in the calculation of force output, geometric condi-
tions are important to the material characteristics of the 
active muscles.

Most literature on the cervical muscles references active 
muscle contraction. In most FEA, the forces generated by 
the muscles are depicted as a straightforward moment. 
The construction of these whole spine models was based 
on investigations by Winters et al. [37-39] and involved 
the separation of force parts of muscle usage into inde-
pendent forces, the acting location, direction, and ampli-

tude of which were estimated using numerical models. 
According to Winters and Stark [37], neuronal excitation 
and active state dynamics make up muscle activation in 
the Hill muscle model. The active muscles are represented 
by a nonlinear force: stress relationship based on the max-
imum stress that can be withstood by human muscle.

6. Spine hardware

Most instrumentation is modeled with material proper-
ties for titanium [40,41]. By lowering the material char-
acteristics of the plate, cage, and screw structures, several 
spine hardware models have attempted to assess unique 
instrumentation [41,42]. Huang et al. [43] concluded that 
gradient porosity has proven effective in reducing the sub-
sidence and stress concentrations surrounding the cage. 
The three-dimensional cervical spine model created by 
Choi et al. [44] used biodegradable plates and screws, and 
the results showed significant rates of graft extrusion and 
subsidence.

Finite Element Method

The degree to which a mathematical solution accurately 

Spine 
 component

Material model 
(element type) Modulus (unit: MPa) Poisson’s ratio References

4 0.45 Ke et al. [32] (2021)

Ground: degenerated 450 0.3 Li et al. [28] (2010)

Orthotropic elastic (shell) 500 - Kim et al. [15] (2018)

Rebar 500 0.3 Nikkhoo et al. [23] (2019)

Rebar truss 450 0.3 Kim et al. [15] (2018); Qi et al. [17] (2016)

30 (E1); 6 (E2) 0.016 Brolin et al. [20] (2004)

110 0.3 Kim et al. [15] (2018)

450 0.3 Natarajan et al. [18] (2000)

Nonlinear stress-strain 1 0.4999 Brolin et al. [20] (2004)

Solid 3.4 - Kim et al. [15] (2018)

Nucleus pulposus Solid 3.0 0.499 Natarajan et al. [18] (2000)

1 0.499 Li et al. [28] (2010); Qi et al. [17] (2016)

1 0.49 Zhang et al. [19] (2005); Kim et al. [15] (2018)

Hyperelastic: Mooney-Rivlin 0.12 (C10); 0.03 (C01) - Li et al. [28] (2010)

0.12 (C10); 0.09 (C01) 0.4999 Nikkhoo et al. [23] (2019)

Hyperelastic: Mooney-Rivlin 1,720 (K) - Kim et al. [15] (2018)

Fluid 4 0.49 Ke et al. [32] (2021)

Table 1. Continued
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Table 2. Details the material model and properties of the cervical spine ligaments as presented in the literature

Spine component Material model Properties References

ALL Spring Nonlinear force: displacement Kim et al. [15] (2018)

(5–13):(100–300) (mm: N) Brolin et al. [20] (2004)

Truss (nonlinear hyperelastic material) 10 MPa/0.30 Kim et al. [15] (2018)

Spar (nonlinear tension-only) 54.5 MPa Li et al. [28] (2010)

30.0 MPa Qi et al. [17] (2016)

30.0 MPa (CSA=6) Zhang et al. [19] (2005)

Spar (nonlinear stress-strain) 15–30 MPa/0.3 Natarajan et al. [18] (2000)

PLL Spring Nonlinear force: displacement Kim et al. [15] (2018)

(0–20):(0–160) (mm: N) Brolin et al. [20] (2004)

Truss (nonlinear hyperelastic material) 10 MPa/0.30 Kim et al. [15] (2018)

Spar (nonlinear tension-only) 20.0 MPa Li et al. [28] (2010); Qi et al. [17] (2016)

20.0 MPa (CSA=5) Zhang et al. [19] (2005)

Spar (nonlinear stress-strain) 10–20 MPa/0.3 Natarajan et al. [18] (2000)

LF Spring Nonlinear force: displacement Kim et al. [15] (2018)

(5–7):(20–150) (mm: N) Brolin et al. [20] (2004)

Truss (nonlinear hyperelastic material) 1.5 MPa/0.30 Kim et al. [15] (2018)

Spar (nonlinear tension-only) 1.5 MPa Li et al. [28] (2010); Qi et al. [17] (2016)

10 MPa (CSA=10) Zhang et al. [19] (2005)

Spar (nonlinear stress-strain) 5–10 MPa/0.3 Natarajan et al. [18] (2000)

CL Spring Nonlinear force: displacement Kim et al. [15] (2018)

(4–14):(80–340) (mm: N) Brolin et al. [20] (2004)

Truss (nonlinear hyperelastic material) 10 MPa/0.30 Kim et al. [15] (2018)

Spar (nonlinear tension-only) 20.0 MPa Li et al. [28] (2010); Qi et al. [17] (2016)

20.0 MPa (CSA=5) Zhang et al. [19] (2005)

Spar (nonlinear stress-strain) 7–30 MPa/0.3 Natarajan et al. [18] (2000)

ISL Spring Nonlinear force: displacement Kim et al. [15] (2018)

(5–9):(35–39) (mm: N) Brolin et al. [20] (2004)

Truss (nonlinear hyperelastic material) 1.5 MPa/0.30 Kim et al. [15] (2018)

Spar (nonlinear tension-only) 1.5 MPa Li et al. [28] (2010); Qi et al. [17] (2016)

10 MPa (CSA=10) Zhang et al. [19] (2005)

Spar (nonlinear stress-strain) 4–8 MPa/0.3 Natarajan et al. [18] (2000)

SSL Spring Nonlinear force: displacement Kim et al. [15] (2018)

Truss (nonlinear hyperelastic material) 1.5 MPa/0.30 Kim et al. [15] (2018)

Spar (nonlinear tension-only) 1.5 MPa Qi et al. [17] (2016)

1.5 MPa (CSA=5) Zhang et al. [19] (2005)

CSA, cross-sectional area; ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligament flavum; CL, capsular ligament; ISL, interspinous liga-
ment; SSL, supraspinous ligament.
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Table 3. Details the material models and properties of the cervical muscles as presented in the literature

Spine component Properties (geometry) (Nonlinear stress: force) References

Sternocleidomastoid (active) 4.92 cm2 (PCSA); 51 mm (L_opt) 50 (N/cm2): 82 N Brolin et al. [33] (2005)

4.9 cm2 (PCSA) 50 (N/cm2): 246.0 N Hedenstierna [34] (2008)

Sternocleidomastoid (passive) 4.9 cm2 (PCSA); 192 mm (L_opt); 39.5 g (mass) - Hedenstierna [34] (2008)

4.9 cm2 (PCSA); 190 mm (L_opt); 40.4 g (mass) - Hedenstierna [34] (2008)

Longus cervicis (active) 1.37 cm2 (PCSA); 60 mm (L_opt) 50 (N/cm2): 17 N Brolin et al. [33] (2005)

Longus capitis (active) 1.4 cm2 (PCSA) 50 (N/cm2): 68.5 N Hedenstierna [34] (2008)

Longus capitis (passive) 1.7 cm2 (PCSA); 104 mm (L_opt); 4.9 g (mass) - Hedenstierna [34] (2008)

1.7 cm2 (PCSA); 92 mm (L_opt); 3.7 g (mass) - Hedenstierna [34] (2008)

1.7 cm2 (PCSA); 115 mm (L_opt); 8.6 g (mass) - Hedenstierna [34] (2008)

Longus colli (passive) 1.4 cm2 (PCSA); 104 mm (L_opt); 6.9 g (mass) - Hedenstierna [34] (2008)

1.4 cm2 (PCSA); 188 mm (L_opt); 10.2 g (mass) - Hedenstierna [34] (2008)

Longus colli inferior (active) 0.8 cm2 (PCSA) 50 (N/cm2): 40.0 N Hedenstierna [34] (2008)

Longus colli longitudinal (active) 0.9 cm2 (PCSA) 50 (N/cm2): 45.0 N Hedenstierna [34] (2008)

Longus colli superior (active) 0.4 cm2 (PCSA) 50 (N/cm2): 20.0 N Hedenstierna [34] (2008)

R. A. Ma. (active) 1.68 cm2 (PCSA); 85 mm (L_opt) 50 (N/cm2): 21 N Brolin et al. [33] (2005)

R. A. Mi. (active) 0.92 cm2 (PCSA); 30 mm (L_opt) 50 (N/cm2): 46 N Brolin et al. [33] (2005)

Scalene (active) 4.29 cm2 (PCSA); 120 mm (L_opt) 50 (N/cm2): 18 N Brolin et al. [33] (2005)

Scalene anterior (active) 1.9 cm2 (PCSA) 50 (N/cm2): 94.0 N Hedenstierna [34] (2008)

Scalene anterior (passive) 4.3 cm2 (PCSA); 91 mm (L_opt); 7.8 g (mass) - Hedenstierna [34] (2008)

4.3 cm2 (PCSA); 5.6 g (mass) - Hedenstierna [34] (2008)

4.3 cm2 (PCSA); 115 mm (L_opt); 8.5 g (mass) - Hedenstierna [34] (2008)

Scalene medius (active) 1.4 cm2 (PCSA) 50 (N/cm2): 68.0 N Hedenstierna [34] (2008)

Scalene medius (passive) 4.3 cm2 (PCSA); 82 mm (L_opt); 5.0 g (mass) - Hedenstierna [34] (2008)

4.3 cm2 (PCSA); 10.6 g (mass) - Hedenstierna [34] (2008)

4.3 cm2 (PCSA); 139 mm (L_opt); 14.4 g (mass) - Hedenstierna [34] (2008)

Scalene posterior (active) 1.1 cm2 (PCSA) 50 (N/cm2): 52.5 N Hedenstierna [34] (2008)

Scalene posterior (passive) 4.3 cm2 (PCSA); 106 mm (L_opt); 8.5 g (mass) - Hedenstierna [34] (2008)

4.3 cm2 (PCSA); 10.8 g (mass) - Hedenstierna [34] (2008)

4.3 cm2 (PCSA); 84 mm (L_opt); 6.7 g (mass) - Hedenstierna [34] (2008)

Suboccipital (active) 1.00 cm2 (PCSA); 30 mm (L_opt) 50 (N/cm2): 50 N Brolin et al. [33] (2005)

Semispinalis (active) 8.58 cm2 (PCSA); 27 mm (L_opt) 50 (N/cm2): 54 N Brolin et al. [33] (2005)

Semispinalis cervicis (active) 3.1 cm2 (PCSA) 50 (N/cm2): 153.0 N Hedenstierna [34] (2008)

Semispinalis cervicis (passive) 8.6 cm2 (PCSA); 167 mm (L_opt); 21.18 g (mass) - Hedenstierna [34] (2008)

8.6 cm2 (PCSA) - Hedenstierna [34] (2008)

8.6 cm2 (PCSA); 200 mm (L_opt); 24.2 g (mass) - Hedenstierna [34] (2008)

Semispinalis capitis (active) 5.5 cm2 (PCSA) 50 (N/cm2): 276.0 N Hedenstierna [34] (2008)

Semispinalis capitis (passive) 8.6 cm2 (PCSA); 223 mm (L_opt); 36.6 g (mass) - Hedenstierna [34] (2008)

8.6 cm2 (PCSA); 117 mm (L_opt); 38.5 g (mass) - Hedenstierna [34] (2008)

8.6 cm2 (PCSA); 285 mm (L_opt); 44.4 g (mass) - Hedenstierna [34] (2008)

Longissimus (active) 2.47 cm2 (PCSA); 35 mm (L_opt) 50 (N/cm2): 12 N Brolin et al. [33] (2005)

2.5 cm2 (PCSA) 50 (N/cm2): 123.5 N Hedenstierna [34] (2008)

Longissimus capitis (passive) 2.5 cm2 (PCSA); 376 mm (L_opt); 32.3 g (mass) - Hedenstierna [34] (2008)

2.5 cm2 (PCSA) - Hedenstierna [34] (2008)

2.5 cm2 (PCSA); 237 mm (L_opt); 16.6 g (mass) - Hedenstierna [34] (2008)

(Continued on next page)
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Spine component Properties (geometry) (Nonlinear stress: force) References

Longissimus cervicis (passive) 2.5 cm2 (PCSA); 268 mm (L_opt); 32.5 g (mass) - Hedenstierna [34] (2008)

2.5 cm2 (PCSA) - Hedenstierna [34] (2008)

2.5 cm2 (PCSA); 16.6 g (mass) - Hedenstierna [34] (2008)

Splenius (active) 4.52 cm2 (PCSA); 80 mm (L_opt) 50 (N/cm2): 23 N Brolin et al. [33] (2005)

Splenius cervicis (active) 1.4 cm2 (PCSA) 50 (N/cm2): 71.5 N Hedenstierna [34] (2008)

Splenius cervicis (passive) 4.5 cm2 (PCSA); 188 mm (L_opt); 14.6 g (mass) - Hedenstierna [34] (2008)

4.5 cm2 (PCSA); 147 mm (L_opt) - Hedenstierna [34] (2008)

4.5 cm2 (PCSA); 290 mm (L_opt); 15.5 g (mass) - Hedenstierna [34] (2008)

Splenius capitis (active) 3.1 cm2 (PCSA) 50 (N/cm2): 154.5 N Hedenstierna [34] (2008)

Splenius capitis (passive) 4.5 cm2 (PCSA); 155 mm (L_opt); 17.6 g (mass) - Hedenstierna [34] (2008)

4.5 cm2 (PCSA); 123 mm (L_opt); 42.9 g (mass) - Hedenstierna [34] (2008)

4.5 cm2 (PCSA); 260 mm (L_opt); 32.1 g (mass) - Hedenstierna [34] (2008)

Levator scapulae (active) 3.12 cm2 (PCSA); 41 mm (L_opt) 50 (N/cm2): 39 N Brolin et al. [33] (2005)

3.1 cm2 (PCSA) 50 (N/cm2): 156.0 N Hedenstierna [34] (2008)

Levator scapulae (passive) 3.1 cm2 (PCSA); 232 mm (L_opt); 29.2 g (mass) - Hedenstierna [34] (2008)

3.1 cm2 (PCSA); 82 mm (L_opt) - Hedenstierna [34] (2008)

3.1 cm2 (PCSA); 160 mm (L_opt); 47.7 g (mass) - Hedenstierna [34] (2008)

Trapezius (active) 13.73 cm2 (PCSA); 41 mm (L_opt) 50 (N/cm2): 76 N Brolin et al. [33] (2005)

10.0 cm2 (PCSA) 50 (N/cm2): 498.0 N Hedenstierna [34] (2008)

Trapezius (passive) 13.7 cm2 (PCSA); 460 mm (L_opt); 180.0 g (mass) - Hedenstierna [34] (2008)

13.7 cm2 (PCSA); 391 mm (L_opt); 172.4 g (mass) - Hedenstierna [34] (2008)

13.7 cm2 (PCSA); 591 mm (L_opt); 102.3 g (mass) - Hedenstierna [34] (2008)

Interspinuous (active) 1.00 cm2 (PCSA); 14 mm (L_opt) 50 (N/cm2): 50 N Brolin et al. [33] (2005)

Hyoid superior (active) 1.02 cm2 (PCSA); 30 mm (L_opt) 50 (N/cm2): 51 N Brolin et al. [33] (2005)

1.1 cm2 (PCSA) 50 (N/cm2): 56.0 N Hedenstierna [34] (2008)

4.3 cm2 (PCSA) Hedenstierna [34] (2008)

Hyoid inferior (active) 1.33 cm2 (PCSA); 120 mm (L_opt) 50 (N/cm2): 67 N Brolin et al. [33] (2005)

1.2 cm2 (PCSA) 50 (N/cm2): 61.5 N Hedenstierna [34] (2008)

Hyoid inferior (passive) 1.0 cm2 (PCSA); 105 mm (L_opt); 15.2 g (mass) - Hedenstierna [34] (2008)

Multifidus (active) 1.33 cm2 (PCSA) 50 (N/cm2): 67.0 N Hedenstierna [34] (2008)

Multifidus (passive) 440 mm (L_opt); 55.0 g (mass) - Hedenstierna [34] (2008)

Iliocostalis (active) 1.0 cm2 (PCSA) 50 (N/cm2): 52.0 N Hedenstierna [34] (2008)

Iliocostalis cervicis (passive) 2.5 cm2 (PCSA) - Hedenstierna [34] (2008)

2.5 cm2 (PCSA); 150 mm (L_opt) - Hedenstierna [34] (2008)

2.5 cm2 (PCSA); 4.4 g (mass) - Hedenstierna [34] (2008)

Rectus capitis posterior minor (active) 0.9 cm2 (PCSA) 50 (N/cm2): 46.0 N Hedenstierna [34] (2008)

Rectus capitis posterior minor (passive) 1.0 cm2 (PCSA); 48 mm (L_opt); 3.6 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 1.0 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 33 mm (L_opt); 1.5 g (mass) - Hedenstierna [34] (2008)

Rectus capitis posterior major (active) 1.7 cm2 (PCSA) 50 (N/cm2): 84.0 N Hedenstierna [34] (2008)

Rectus capitis posterior major (passive) 1.0 cm2 (PCSA); 55 mm (L_opt); 4.0 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 3.5 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 61 mm (L_opt); 3.46 g (mass) - Hedenstierna [34] (2008)

Rectus capitis anterior (active) 0.7 cm2 (PCSA) 50 (N/cm2): 32.5 N Hedenstierna [34] (2008)

Rectus capitis anterior (passive) 0.9 cm2 (PCSA); 33 mm (L_opt); 0.6 g (mass) - Hedenstierna [34] (2008)

Table 3. Continued

(Continued on next page)
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represents an actual situation depends heavily on the 
finite element method. It is considered that, aside from 
the facet joints, all anatomical features in a healthy cervi-
cal spine are bonded. Mesh convergence testing must be 
used to verify the element size. Researchers choose an 
element type based on the most realistic representation of 
the structure’s natural behavior, and the model is finally 
deemed acceptable through validation with experimental 
data and existing literature.

1. Vertebrae

Hexahedral, tetrahedral, or shell elements are used to 
simulate the cortical bone [45]. The standard modeling of 
cancellous bone and posterior bone employs hexahedral 
elements for the cancellous bone and tetrahedral elements 
for the posterior [15], though some models have opted for 
isoparametric elements [18].

2. Endplate and facet joints

Tetrahedral or shell elements were used to model end-
plates [32]. The facet joints are synovial joints that link 
two vertebrae during the articular process. To imitate the 
behavior of a synovial joint, these joints are modeled as 
solid element cartilage bodies with assigned contact ele-
ments [46]. Although gap contact elements have been 
used, sliding contact elements are the norm in the litera-
ture.

3. Intervertebral disc

Hexahedral elements are used to simulate the AF ground 
[47]. The AF fibers are modeled as solid or tension-only 
elements [15]. Solid or fluid elements have been used to 
represent the nucleus pulposus [18].

4. Ligaments

The cervical spine is covered in a long array of ligaments. 
ACDF mostly occurs in the mid and lower cervical spine; 
ligaments of the occiput, atlas, and axis are excluded. The 
ligaments left remaining are the anterior longitudinal 
ligament, the posterior longitudinal ligament, the inter-
spinous ligament, the supraspinous ligament, the capsular 
ligament, and the ligament flavum. Each of these liga-
ments is modeled as spring, truss, or spar elements.

5. Muscles

The most advanced variant of this typical Hill-type model 
includes three components: a contractile element, a pas-
sive elastic element, and a viscous damping element [48]. 
Active-passive muscle behavior is frequently created using 
the Hill-type muscle model.

6. Spine hardware

When it comes to analyzing ACDF and researching surgi-
cal hardware, the finite element method is crucial. The 

Spine component Properties (geometry) (Nonlinear stress: force) References

Rectus capitis lateralis (active) 0.7 cm2 (PCSA) 50 (N/cm2): 32.5 N Hedenstierna [34] (2008)

Rectus capitis lateralis (passive) 0.9 cm2 (PCSA); 29 mm (L_opt); 1.0 g (mass) - Hedenstierna [34] (2008)

Oblique capitis inferior (active) 1.9 cm2 (PCSA) 50 (N/cm2): 97.5 N Hedenstierna [34] (2008)

Oblique capitis inferior (passive) 1.0 cm2 (PCSA); 57 mm (L_opt); 4.6 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 44 mm (L_opt); 5.1 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 51 mm (L_opt); 3.3 g (mass) - Hedenstierna [34] (2008)

Oblique capitis superior (active) 0.9 cm2 (PCSA) 50 (N/cm2): 44.0 N Hedenstierna [34] (2008)

Oblique capitis superior (passive) 1.0 cm2 (PCSA); 42 mm (L_opt); 2.6 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 2.5 g (mass) - Hedenstierna [34] (2008)

1.0 cm2 (PCSA); 51 mm (L_opt); 1.6 g (mass) - Hedenstierna [34] (2008)

All passive muscles (discrete) Bilinear elastic model with non-linear damper 1.8 MPa (modulus); 1,060 kg/m3 (density); 0.5 (Poisson’s) Hedenstierna [34] (2008)

All passive muscles (muscle solids) Hyperelastic: Ogden with linear viscoelasticity 13,337 (meu); 14.5 (alpha) Hedenstierna [34] (2008)

PCSA, physiological cross-sectional area; L_opt, optimal fiber length.

Table 3. Continued
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contacts of the hardware with the cancellous bone have 
often a frictional contact of 0.95 or bonded as a represen-
tation of the postoperative condition. The contact with 
the endplate is typically set as a frictional contact of 0.5. 
The results of micromotion and subsidence caused by the 
hardware’s interaction with the cervical spine provide an 
indicator of the likelihood of screw pullout, cervical mis-
alignment, and long-term issues with fusion.

Numerous cervical spine segmental models have been 
developed and applied for the actual events of ACDF 
considering the subsidence and migration of the cages, 
screws, and plates (Fig. 1). By comparing micromotion 
and subsidence, Lin et al. [49] have created a new cervi-
cal spine finite element model to analyze the effect of cage 
screws on the biomechanical characteristics of the human 
spine, implanted cage, and associated hardware. Accord-
ing to the findings, the cage-screw and anterior plating 
combination have promising potential to decrease the risk 
of micromotion and subsidence of implanted cages in two 
or more level ACDFs.

Additionally, the effect of biomechanical strength and 
increased contact area was examined on the maximum 
von Mises stress, migration, and subsidence between the 
cancellous bone, endplate, and implanted cage [50]. The 
newly constructed models revealed that a 1 mm embed-
ding depth appeared to be the best balance of mechanical 
strength and contact area, resulting in the most favorable 
stability (Fig. 2). The friction between the cage and the 
endplate was considered to be constant, which is one of 
the studies’ shortcomings. Moussa et al. [42] considered 
variable porosity cages in the spine model and they dem-

onstrated the advantage of lowering stress (up to 14%) 
and strain (up to 21.7%) under severe loading combina-
tions. Additionally, Park et al. [51] observed that using 
more screws reduced the probability of sinking, though 
not significantly. Although not significantly, increasing 
the screw angle decreased the probability of sinking in 
the allograft spacer and the screws [52]. Different fixation 
methods improved stability in some areas of the fusion 
site but worsened stability in others. Screw loosening gen-
erally increased as the plate length increased [52]. Micro-
motion and subsidence are lessened by rotational dynamic 
plating, yet too much tolerance for rotational freedom in 
the screws eventually becomes detrimental [53]. Segmen-
tal plating decreased the chance of screw pullout post-
surgery [54].

Specificity and Inclusivity in Models

Investigators must exercise judgment when evaluating 
the accuracy of models. Modeling more than is necessary 
is ineffective and can obscure the crucial information re-
quired to comprehend a particular circumstance. Models 
that are overly simplified or reduced in detail can produce 
false results or simply leave out important elements that 
would provide more information about the biomechanical 
state of the cervical spine.

The majority of the FEA models currently utilized in 

Fig. 1. The micromotion field (A) and subsidence field (B) between the C45 
bottom endplate and cage under the flexion situation.

10× scale up 50× scale up

0.058 mmA B

Fig. 2. (A) C4C6 segment three-dimensional (3D) finite element (FE) with the 
implanted cage; (B) C4C6 segment 3D FE with the cage embedded 1 mm; (C) 
C4C6 segment 3D FE with the cage embedded 3 mm into the endplate/vertebra. 
(D) Schematic of dynamic plate model with range of motion of screws; (E) sec-
tion view of the dynamic plate; and (F) geometry differences for the 18°, 28°, 
and 38° (α) dynamic plate.
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literature are stitched together from patients’ CT data in 
mimics and meshed in a structural analysis preprocessor 
such as software ANSA or Hypermesh [55] (Fig. 3). As a 
result, the results of the FEA reflect the variation in the 
patient’s cervical geometry. This does not create any no-
ticeable alteration in results. Examples of both fairly sim-
plified parametric models and more complicated models 
with the muscle represented as solid parts are provided. 
Validated models, though varying in execution, do yield 
accurate outcomes. Execution differences, however, pro-
vide a wide range of outcomes that help resolve various 
cervical spine disorders.

1. Segmented spine models

The elimination of simulated junctions has proven to be 
one of the most significant reductions possible in ACDF 
models. When appropriate, modeling a collection of seg-
ments rather than the entire cervical spine has been the 
norm.

Typically, vertebra-disc-vertebra models of spinal seg-
ments are often compared to experimental data demon-
strating the effects of simple quasi-static pressure on the 
biomechanical behavior of local tissues. To explore inter-

vertebral disc stress distribution and pressure under com-
pressive load, Belytschko et al. [56] created the first sim-
plified axisymmetric model of a human spine. All models 
were linearly elastic, with the exception of the fiber loops, 
which were linearly orthotropic.

The first important cervical segmental model was cre-
ated by Yoganandan et al. [13] using the geometry of the 
C4–C6 sections from CT scans. The material properties 
employed in the model were based on the model’s calibra-
tion to experimental data and the material models of the 
AF and nucleus pulposus were both considered as isotro-
pic linear elastic materials. In comparison to the experi-
mental data, the model performed well. Three years later, 
Kumaresan et al. [57] improved this model by including 
a more accurate model of the AF and a detailed model of 
the synovial facet joint. Intervertebral discs utilizing this 
new anisotropic AF model displayed a significant im-
provement over the experimental data compared to those 
constructed with linear composite AF.

2. Full cervical spine models

Compared to their counterparts, full cervical spine mod-
els are very uncommon in the literature. These are typi-

A B C

D E
Fig. 3. (A) Mesh of the disc and endplate; 
(B) C3–C5 segment three-dimensional 
finite element model with original disc and 
endplate; (C) the endplate was partially 
removed after implant cage; (D) C5 bottom 
edge was fixed and the moment was ap-
plied in the top surface of C3; (E) anterior 
longitudinal ligament, posterior longitudi-
nal ligament, and disc were removed while 
the plate and cage screws were implanted.
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cally carried out to achieve results that would otherwise 
be impossible to achieve or to include extra, typically 
unaccounted-for systems like the muscles. The full cervi-
cal spine model usually focused on the global motion of 
the head rather than local tissue, unlike spinal segment 
models. In order to imitate the behavior of a real being, 
Williams and Belytschko [58] designed the cervical spine 
model with six degrees of freedom springs for shock load-
ing conditions. It was successful at simulating the move-
ments of the volunteer test subjects’ heads during frontal 
and lateral impacts by using active muscles. By represent-
ing intervertebral discs and spinal ligaments with solid 
parts and connecting them to streamlined vertebrae, 
Kleinberger [59] developed a full cervical spine model. 
However, there are some limitations in that the model did 
not account for muscle tissue, and the intervertebral disc 
was presumptively made of a single substance. The simpli-
fication of the discs seems to be a commonality as Holzap-
fel et al. [60] failed to consider the viscoelastic effect of the 
AF laminae model in their full spine model.

De Jager et al. [61] adapted and executed a head-neck 
model with the integrated multibody finite element 
code, which van der Horst [62] additionally advanced as 
a multi-body model. The first use of tissue models was 
made by Deng et al. [63] who used nonlinear, viscoelastic 
FE elements to represent tissue under dynamic conditions 
rather than calibrated or assumed attributes. Active mus-
cles were also incorporated into the Hill muscle model 
offering realistic muscle force and direction during neck 
flexion. Each cervical spine muscle is represented in this 
model by both an active component and a passive one. 
This is ideal for simulating many neck impact scenarios as 
they typically involve active muscle behavior.

Conclusions

In this study, the material property models and cervi-
cal spine models were reviewed. Great progress has been 
recorded, even though less effort has been devoted to 
developing FE models of the cervical spine than develop-
ing FE models of the lumbar or thoracic spine. The papers 
discussed here can offer fundamental knowledge for the 
creation of general models; however, a trend is emerging 
toward the incorporation of detailed joint models into 
motion-driven musculoskeletal models to estimate stress/
strain and contact pressure on joints in diverse processes.
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