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Analysis of the Effects of Trauma on the Biomechanical Response of
The Cervical Spine Based on the Finite Element Modeling

Abstract

Background: Cervical spine injuries often cause disability and adversely affect the overall performance and
quality of life. Therefore, understanding the damage and dysfunction of the cervical spine and biomechanical
response to external stimuli is of paramount importance. Finite element (FE) modeling can help researchers
to access the internal stresses and strains in bones, ligaments, and soft tissues. The present study aimed to
compare the biomechanical behavior of the cervical spine before and after trauma.

Methods: In this study, we developed a healthy model along with two different traumatic injuries of the
cervical spine modeled using the FE method. The results of the models were compared under static loading.
Results: We estimated and evaluated three parameters of intervertebral rotation, facet joint force, and
intradiscal pressure by considering follower load. The results of the mentioned parameters were evaluated
in the two traumatic injury models, as well as the healthy model in all flexion, extension, lateral bending, and
axial rotation movements at all levels.

Conclusion: According to the findings of the current study, trauma modeling caused changes in the
biomechanical behavior of the model, including decreased range of motion in the traumatic injury models,
reduced intradiscal pressure, and increased facet joint force. This structural disruption in this complex
system caused abnormal response in different movements. Our results showed that the lack of
improvement in the biomechanical response of the model would cause spinal instability and could augment
the probability of injuries in different segments of the lower cervical spine in long term.
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Introduction

The cervical spine has the widest range of motion compared to the other levels of
the spinal system. In addition, the main role of the cervical spine is to support and
promote the movement of the head and neck and prevent intervertebral joint
disorders "Y', Functional movement of the cervical spine is achieved by the cervical
intervertebral discs . The cervical spine can undergo flexion, extension,
compression, and rotation, each of which has a primary motion. However, the
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applied force will be much stronger when the forces are used in combination.
Therefore, understanding these forces and their combination allows physicians to
extract the pattern of intervertebral joint disorders ®) In general, intervertebral
joint disorders cause inability and negatively affect the overall performance and
the quality of the life in individuals @ Clinical studies have shown that lower
cervical SCI (C3-C;) accounts for approximately two-thirds of cervical fractures and
three-quarters of cervical dislocations ),

Injuries are one of the most important causes of mortality and disability in the
first four decades of life. Injuries are rising with the growth in the world
population. In addition, cervical spine injuries are causing serious health and
economic challenges in modern societies globally ©.
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In Iran, injuries are the second leading cause
of mortality following cardiovascular diseases.
Moreover, they are the primary cause of the
loss of life years ) While cervical spine
injuries account for only 2%-3% of patients
with blunt traumatic injuries, they are
extremely important due to the high mortality
rate and associated complications ?) Some of
the causes of cervical neck injuries include
traffic accidents, falls, violence, quarrel, or
sports-related injuries 7. Cervical spine
injuries caused by a blow to the head or car
accidents may have diverse intensities from
minor  (twisted/stretched) to moderate
(lumbar disc disease) or serious and more
severe (fracture, dislocation, and spinal injury)
®) The human cervical spine is one of the
most challenging areas for biomechanical
modeling due to its complex musculoskeletal
structure ©. Finite element modeling (FEM)
can help researchers to access the internal
stresses and strains in bones, ligaments, and
soft tissues. Furthermore, it can be widely
used for spinal biomechanics research. It can
also facilitate the diagnosis, treatment, and
prevention of cervical spine injuries (10}

The present study aimed to evaluate the
biomechanical behavior of the cervical spine
before and after trauma. In addition, the FEM
was used to facilitate the diagnosis,
treatment, and prevention of cervical spine
injuries leading to improved surgical
standards and reduced complications in these
patients.

1.1.Model Design

The current study focused on designing a
model of the cervical spine with different
injuries. First, the approximate geometry
should be determined to generate the
primary model of the vertebrae and discs.
MIMICS software was used to implement the
process, and the radiography images of a
healthy person from lateral and anterior-
posterior (AP) angles were entered into the
software. Ultimately, distinct geometrical
parameters were calculated using the MIMICS
measurement tool. To design cervical spine
segments, two CATIA and EXCEL software and
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their relationship were applied following
extracting the sizes from MIMICS software to
generate vertebrae based on their anatomy,
which includes 10% compact and 90% spongy
types. Hyper Mesh and Lamina are the best
software for designing intervertebral discs
and ligaments at the lowest possible cost.
Notably, all parts of a vertebra are considered
to have dense bone, except for 90% of the
vertebral body. Overall, 14 independent
parameters were used in this design, and the
vertebral body was designed as a cylinder
with an elliptical cross-section defined by only
three parameters. In addition, the posterior
part of the vertebra was designed utilizing
three parameters of the length of Lamina,
distance from the middle of foramina to the
middle of the vertebral body, and the sum of
the small radius of the body and the length of
the lamina.

1.1.1.Design of a Model with Traumatic Injury

A considerable percentage of damage to the
fifth cervical vertebra was reported in
previous studies. Therefore, to design a model
of the traumatic injury to the lower cervical
spine, trauma simulation was carried out in
the designed model by changing Cs-Cg
intervertebral disc parameters. Moreover, the
parameters of spondylolisthesis were altered,
and the vertebrae of the cervical spine were
displaced at this segment. According to the
collected data, fracture rarely occurs at the C;
segment. Data shows that 12.8% of the total
fractures are attributed to Cs fractures.
Meanwhile, dislocation and displacement due
to injury are mostly observed in the Cs-Cg
spinal motion  segment  (19.3%) .
Furthermore, other studies have reported
damage to the spine caused by trauma that
led to spondylolisthesis and the displacement
of the vertebra (76.2%) . Therefore,
concerning the data collected and trauma
prevalence in the cervical spine, simulation
was carried out in a pre-developed CATIA
model generated by the displacement of the
vertebra and decrease in disc height in the
cervical spine of a healthy model. The C;
segment was displaced 10 mm and the height
of the Cs-Cs segment was reduced by 20% in
order to model spondylolisthesis due to a
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blow (subluxation), facet dislocation, and
displacement. In a model of traumatic injury,
in addition to injury to vertebra and disc
displacement, the soft tissue and ligaments
are damaged. Researches demonstrated that
the most damage is injuries to ligaments in
the same and adjacent segments. This
includes damage to the upper or lower
segment or both segments simultaneously ™.
Injury to an adjacent ligament is the most
common type of injury occurring following
trauma to the soft tissue. In previous studies,
33% of people with traumatic injuries suffered
from a ligament tear in the adjacent segment,
and 10% of cases had damage and tear in the
ligament of the same segment. Moreover,
most damages are related to the Cs-Cg

segment ™. The current study models and
evaluates the results of these two important
segments.
1.1.1.Adjacent
Modeling

The model entailed an injury to the spinal cord
at the Cs-Cg level with spondylolisthesis, as well
as disc and vertebra displacement in this
segment. In addition, damage was observed in
the upper and lower adjacent ligaments. The
damage could be found in the upper adjacent
level (i.e., Cs-C,;) and lower adjacent level (i.e.,
Cs-C;). Damage and tear were noted in posterior
longitudinal ligaments, ligamentum flavum,
capsular ligaments, supraspinous ligaments, and
interspinous ligaments.Figure 1 shows modeling
by eliminating these ligaments (Figure 1).

Level Ligamentous Injury

Figure 1. A Model of traumatic injury; A) model designed in CATIA, B) finite element model with ligament tear at
the level suffering from a traumatic injury, C) finite element model with ligament tear at the adjacent levels

Table 1. Mechanical features of finite element models

Cervical Spine Elements " . ket **Cross-section Reference
Properties
Dense bone of the vertebral body V=0.3, E=10000 - [12]
Spongy bone of the vertebral body V=0.2, E=100 - [13]
C10=0.56
Fibrous region of the disc C01=0.14 - [6]
D1=0.45
C10=0.12
The nucleus of the intervertebral disc =~ C01=0.09 - [6]
D1=0.49
Collagen fibers E=1,v=0.3 - [14]
Facets E=10, v=0.4 - [13]
Anterior longitudinal ligament E=10, v=0.3 1 [15][16]
posterior longitudinal ligaments E=10, v=0.3 1 [15][16]
Ligamentum flavum E=1.5,v=0.3 0.4 [15][16]
Interspinous ligaments E=1.5,v=0.3 3 [15][16]
Supraspinous ligaments E=1.5,v=0.3 5 [16]
Capsular ligaments E=10, v=0.3 1.2 [15][16]

*E= Elastic modulus based on MPa; **Cross-section based on mmz; v= Poisson's ratio;
(C10, C01, D1= Mooney-Rivlin hyperelastic model parameters)
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1.1.2. Ligament Tear Modeling at the injured
Level

According to the results of previous studies,
there is a significant probability of ligament
tear at the same level suffering from damage
and trauma Y. Trauma at the Cs-Cg level leads
to the tear and damage of longitudinal
posterior ligaments, ligamentum flavum,
capsular ligaments, supraspinous ligaments,
and interspinous ligaments. Figure 1 indicates
modeling by eliminating these ligaments in
the same segment (Figure 1).

1.2.Specification of Mechanical Properties

In this study, ABAQUS was applied to specify
mechanical properties. In this respect, the
mechanical features of the dense and spongy
regions of bones and ligaments were all
considered isotropic elastic. In addition, the
two parts of the fibrous region and the
nucleus of the intervertebral disc were
regarded as Mooney-Rivlin  Hyperelastic
model with three fixed parameters (Table 1).
1.2.Loading Condition

In the present research, the follower load
method was used to simulate the head weight
force and passive muscle forces in the axial
direction of the spine 7.

First, the results of the healthy model were
evaluated and confirmed. In order to validate
the healthy model, the findings of
intervertebral rotation due to the application
of net torque in each segment were
separately validated and compared with the
results of the intervertebral rotation of the in
vitro experiments performed by Panjabi and
Wheeldon *® ™. The model of the cervical
spine with traumatic injury was examined in
flexion, extension, lateral bending, and axial
rotation movements under 1 Nm torque.
Furthermore, three parameters of vertebral
rotation, facet force, and intradiscal pressure
were measured and assessed considering the
follower load. Moreover, the two traumatic
injury and healthy models were assessed and
compared in terms of vertebral rotation
results in flexion, extension, lateral bending,
and axial rotation at all C3-C; levels. On the
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other hand, facet force was evaluated in all
joints and all levels of the cervical spine, and
intradiscal pressure was assessed at Cs3-C;
levels in the traumatic injury and healthy
models (Figure 4). According to our results,
the intervertebral rotation decreased in
different movements of axial rotation,
extension, and lateral bending in all segments,
but not in flexion. However, the results
showed a variety of intervertebral rotation
behaviors. In this movement, a 13.79%
increase was found in the intervertebral
rotation angle in the traumatic injury model,
which included the tear of adjacent ligaments,
compared to the healthy model. On the other
hand, there was a 9.03% decline in the model
of traumatic injury with ligament injuries at
the same level. Similar to other movements,
there was a reduction of intervertebral
rotation angle at the C;-Cs level due to torque
loading. In the flexion movement and at the
Cs-Cs; level, a 55.92% elevation in the
traumatic injury model with ligament damage
and a 45.48% augmentation in the traumatic
injury model with the tear of the adjacent
ligaments were predicted, in comparison with
the healthy model. At the C¢-C; level, there
was a 13.08% and 7.52% raise in the
traumatic injury model with an adjacent
ligament tear and ligament tear at the same
level, respectively, compared to the control
model. However, damage and tear of
posterior ligaments at the same and adjacent
levels could justify the higher results of
intervertebral rotation in flexion in traumatic
injury models, compared to the healthy
models. Trauma complicates the structure of
the spine resulting in a reduced range of
motion at all levels in different movements of
axial rotation, extension, and lateral flexion
(Figure 2).

In this section,
obtained from
movements.

we evaluate the results
intradiscal pressure in all
According to our findings,
intradiscal rotation diminished in axial
rotation, extension, and side bending
movements at all distinct levels of the model
under similar loading conditions. However,
variable results were obtained regarding the
flexion movement, in which we observed a
2.28%
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Figure 2: Results of intervertebral rotation in models with trauma and its comparison with healthy model a)
Results of intervertebral rotation of all surfaces in flexion motion b) Results of intervertebral rotation of all
surfaces in extension
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Figure 3. Results of intradiscal pressure in different movements of traumatic injury and healthy models; A)
extension, B) axial rotation, C) lateral bending, D) flexion
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Figure 4. Results of the force between the facet joints in extension toque movement in traumatic injury and
healthy models along with follower load
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and 7.07% decrease in intradiscal pressure in
conditions of ligament tear at the same level
and adjacent ligament tear, respectively.
Meanwhile, a 1.29% increase was observed at
the C4,-Cs level in the presence of ligament
tear at the same level. On the other hand,
intradiscal pressure was predicted to decrease
by 1.4% in the presence of adjacent ligament
tears. There were significant changes in the
intradiscal pressure at the Cs-Cg level due to
the trauma of spondylolisthesis and
displacement of the vertebra. The traumatic
injury model with tear at the same level and
tear of the adjacent ligaments reduced by
12.85% and 9.06%, respectively. On the other
hand, 4.28% and 3.42% elevation was found
in intradiscal pressure in the presence of
ligament tear at the same level and the tear
of the adjacent ligaments, respectively.
However, things were different in the flexion
and extension movements at the adjacent
levels of the injury, compared to the other
levels, which were mainly related to
intradiscal pressure (Figure 3).

While pressure mostly augmented in the
adjacent levels, the reduction in pressure was
lower in these levels, compared to other
levels. Increased pressure in the inner core of
the vertebral disc might damage these levels
in long term and result in intervertebral disc
degeneration at the adjacent levels. There
was a difference between the flexion and
extension movements in the presence of
ligament tear at the same level and the tear
of adjacent ligaments, in comparison with
other movements, in terms of intradiscal
pressure results. This could be attributed to
the posterior ligament tear and soft tissue
damage at distinct levels.

The facet joint forces were estimated in line
with the extension movement, and the results
demonstrated an extreme augmentation in
facet joint force with trauma modeling, which
led to the spondylolisthesis and displacement
of the vertebra at the Cs-Cs level. In this
regard, the facet joint force results were
higher (97.63%) at the Cs-Cg level, compared
to other segments. The findings indicated no
significant difference between the two
traumatic injury models of the tear of
adjacent ligaments and ligament tear at the
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same level regarding facet joint force (Figure
4).

The present study aimed to develop a patient-
specific  FEM  for patients for the
biomechanical prediction of the cervical spine
of patients following a traumatic injury. First,
we generated a personalized parametric
geometric model based on 16 anatomical
parameters extracted from the radiographic
images of the patient. One of the differences
and advantages of the current research,
compared to previous biomechanical
investigations, was modeling according to
radiography images from two posterior and
AP angles. Compared to other accurate
models, our model was able to update the
anatomical parameters of each patient more
rapidly and accurately ®. In the current
study, all anatomical dimensions were directly
extracted from the radiographs of each
individual, and the aforementioned software
was used for the design and analysis of each
section separately to increase the accuracy of
modeling. Moreover, intervertebral rotation
results caused by net torque application in
each segment were separately compared to
the intervertebral rotation results of the in
vitro experiments of Panjabi and Wheeldon to

evaluate and validate the customized
parametric FEM (18, 19) | addition, our model
was compared with  the previous
biomechanical studies in terms of

intervertebral rotation, facet joint force, and
intradiscal pressure. The results of the
comparison were numerically well-matched ©
21 In the current investigation, the traumatic
injury models were designed and developed
based on the previous clinical studies Y.
Moreover, the biomechanical response of the
cervical spine under diverse loads was
evaluated regarding the parameters of
intervertebral rotation, facet joint force, and
intradiscal pressure. The results were shown
to be numerically well-matched with previous
biomechanical studies .

Given the significance of trauma to the
cervical spine, the current research attempted
to reduce the number of unnecessary MRIs,
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which could improve patient safety and
decrease treatment costs. Furthermore, the
present model could have proper clinical uses
and could enable surgeons to predict surgical
outcomes in the shortest possible time by
updating the model based on the information
of each patient pre-operation and using the
results, such as intradiscal pressure, range of
motion, and face force. Therefore, they could
reduce associated complications, as well as
the direct and indirect economic burden to
the patient and community, medical issues,
and concerns related to guaranteeing the
quality and validity of selective criteria for
possible damage to soft tissues and ligaments
due to cervical spine injury, which is an
important priority. One of the major
limitations of the present study was modeling
based on the anatomical data of the patient
and FEM usage. In addition, the spine surgeon
decided about the need for more imaging and
a suitable surgical approach. Another
limitation of the present study was the lack of
accurate simulation of muscular forces, which
affected the spine. It is recommended to add
these details to the model to attain more
accurate results, compared to real human
models.

Conclus

The current research presented a geometrical
parametric model of the cervical spine using
radiography images. The model was built in
Hyper Mesh software and the ligaments were
added to the model. Afterwards, the FEM
developed in the study was transferred to
ABAQUS software. The FEM analysis revealed
a proper match with experimental data.
Following the simulation of two types of
traumatic injuries of vertebra displacement
and spondylolisthesis with reduced disc
height and facet joint dislocation at the Cs-Cs
segment, the results related to intervertebral
rotation, intradiscal pressure, and facet joint
force were calculated in the presence of
adjacent ligament tears and the tear of
ligaments at the same level. Moreover, the
biomechanical behavior of the model was
discussed and assessed at various levels.
According to our results, trauma modeling
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caused some changes in the biomechanical
behavior of the model, including a reduced
range of motion in most levels in different
movements, diminished intradiscal pressure
in most levels, and higher facet joint force.
This structural disruption in this complex
system caused abnormal behavior in various
movements. The findings of the current
investigation demonstrated that the lack of
improvement in the biomechanical behavior
of the model would cause spinal instability
and could increase the probability of injuries
in distinct segments of the lower cervical
spine in long term.

References

1. M Van den Abbeele, L Fan, P Vincent,
B Dominique, S Baptiste, et al. A subject-specific
biomechanical control model for the prediction of
cervical spine muscle forces. Clinical Biomechanics.
2018.;51:58-66. doi:
10.1016/j.clinbiomech.2017.12.001. PubMed
PMID: 29227919.

2. YL Wang, FZ Zhu, L Zeng, D Telemacque, J AS
Alshorman, et al. Guideline for diagnosis and
treatment of spine trauma in the epidemic of
COVID-19. Chinese Journal of Traumatology.
2020;23(4):196-201. doi:
10.1016/j.cjtee.2020.06.003.

3. J Dowdell, K Jun, O Samuel, H Andrew, et al.
Biomechanics and common mechanisms of injury
of the cervical spine. Handb Clin Neurol.
2018;158:337-344. doi:  10.1016/B978-0-444-
63954-7.00031-8. PubMed PMID: 30482361.

4, F Tundo, M J Avila,L Willard,S Fanous, C
Curri. Spinal alignment, surgery, and outcomes in
cervical deformity: A practical guide to aid the
spine  surgeon. Clinical neurology  and
neurosurgery. 2019;185:105496. doi:
10.1016/j.clineuro.2019.105496. PubMed PMID:
31473432.

5. BH Cao, ZM Wu, JW Liang. Risk factors for poor
prognosis of cervical spinal cord injury with
subaxial cervical spine fracture-dislocation after
surgical treatment: A consort study. Medical
science monitor: international medical journal of
experimental and clinical research. 2019; 25:1970.
doi: 10.12659/MSM.915700. PubMed PMID:
30877267; PubMed Central PMCID: PMC6433098.
6. M Nikkhoo, CH Cheng, J L Wang, Z Khoz, M EI-
Rich, et al. Development and validation of a
geometrically personalized finite element model of
the lower ligamentous cervical spine for clinical
applications. Computers in biology and medicine.
2019;109:22-32. doi:

'



https://www.sciencedirect.com/science/article/pii/S1008127520301450%23!
https://www.sciencedirect.com/science/article/pii/S1008127520301450%23!
https://www.sciencedirect.com/science/article/pii/S1008127520301450%23!
https://www.sciencedirect.com/science/article/pii/S1008127520301450%23!
https://www.sciencedirect.com/science/article/pii/S1008127520301450%23!
http://www.ncbi.nlm.nih.gov/pmc/articles/pmc6433098/

Rezaeirad A, MSc, et al.
10.1016/j.compbiomed.2019.04.010. PubMed
PMID: 31035068.

7. P Asadi, K Asadi,V Monsef-Kasmaei, B
Zohrevandi B, E Kazemnejad-leili, et al. Evaluation
of frequency of cervical spine injuries in patients
with blunt trauma. Journal of Guilan University of
Medical Sciences. 2015;23(92): 31-36.

8. MD Freeman, WM Leith. Estimating the number
of traffic crash-related cervical spine injuries in the
United States; An analysis and comparison of
national crash and hospital data. Accident Analysis

& Prevention. 2020;142:105571. doi:
10.1016/j.aap.2020.105571. PubMed PMID:
32413544,

9. M Alizadeh, G G Knapik, P Mageswaran, E
Mendel, E Bourekas, et al. Biomechanical
musculoskeletal models of the cervical spine: a
systematic literature review. Clinical
Biomechanics. 2020;71:115-124. doi:
10.1016/j.clinbiomech.2019.10.027. PubMed
PMID: 31715453.

10. YH Kim, B Khuyagbaatar, K Kim. Recent
advances in finite element modeling of the human
cervical spine. Journal of Mechanical Science and
Technology. 2018;32(1):1-10.

11. B | Awad, M A Carmody, D Lubelski, M El

Hawi,)J A Claridge, et al. Adjacent level
ligamentous injury associated with traumatic
cervical spine fractures: indications for imaging
and implications  for  treatment. = World
neurosurgery. 2015;84(1):69-75. doi:
10.1016/j.wneu.2015.02.029.  PubMed  PMID:
25769487.

12. | Zafarparandeh, D.U Erbulut, A.F Ozer. Motion
analysis study on sensitivity of finite element
model of the cervical spine to geometry.
Proceedings of the Institution of Mechanical
Engineers. Part H: Journal of Engineering in
Medicine. 2016;230(7):700-706. doi:
10.1177/0954411916644634. PubMed PMID:
27107032.

13. Wheeldon, J.A., Brian D. Stemper, Narayan
Yoganandan, Frank A. Pintar. Validation of a finite
element model of the young normal lower cervical
spine. Annals of biomedical engineering. 2008;
36(9):1458-1469. doi:10.1007/s10439-008-9534-8.

14. N Toosizadeh, M Haghpanahi. Generating a
finite element model of the cervical spine:
Estimating muscle forces and internal loads.
Scientia Iranica. 2011;18(6):1237-1245.
doi.org/10.1016/j.scient.2011.10.002.

15. A Laville, S Laporte, W Skalli. Parametric and
subject-specific finite element modelling of the
lower cervical spine. Influence of geometrical
parameters on the motion patterns. Journal of
biomechanics. 2009; 42(10):1409-1415.

——

Iranian Journal of Orthopaedic Surgery

Vol 19, No 3 (Serial No 74), Summer 2021, p 115-122

122

16. SH Lee, YJ Im, KT Kim, YH Kim, WM Park, et al.
Comparison of cervical spine biomechanics after
fixed-and mobile-core artificial disc replacement: a
finite element analysis. Spine. 2011 36(9):700-708.

doi: 10.1097/BRS.0b013e3181f5ch87. PubMed
PMID: 21245792.
17. KM Bell, Y Yan, R A.Hartman, J Y.Lee.

Influence of follower load application on moment-
rotation parameters and intradiscal pressure in the
cervical spine. Journal of biomechanics.
2018;76:167-172.
doi.org/10.1016/j.jbiomech.2018.05.031.

18. JA Wheeldon, FA Pintar, S Knowles, N
Yoganandan. Experimental flexion/extension data
corridors for validation of finite element models of
the young, normal cervical spine. Journal of
biomechanics. 2006;39(2):375-380. doi:
10.1016/j.jbiomech.2004.11.014. PubMed PMID:
16321642.

19. Panjabi, M.M., et al., Mechanical properties of
the human cervical spine as shown by three-
dimensional load—displacement curves. Spine,
2001. 26(24): p. 2692-2700.

20. Wong, C.-E., et al., Optimization of three-level
cervical hybrid surgery to prevent adjacent
segment disease: a finite element study. Frontiers
in bioengineering and biotechnology, 2020. 8: p.
154,

21. M Nikkhoo, CH Cheng, JL Wang, CC Niu, M
Parnianpour, et al. The biomechanical response of
the lower cervical spine post laminectomy:
geometrically-parametric  patient-specific finite
element analyses. Journal of Medical and
Biological Engineering. 2021;41(1):59-70.
doi: 10.1007/s40846-020-00579-8.

22. XY Cai, CX YuChi, CF Du, ZJ Mo. The effect of
follower load on the range of motion, facet joint
force, and intradiscal pressure of the cervical
spine: a finite element study. Medical & Biological
Engineering & Computing. 2020;58:1695-1705.

'


https://www.sciencedirect.com/science/article/abs/pii/S002192901830410X%23!
https://www.sciencedirect.com/science/article/abs/pii/S002192901830410X%23!
https://www.sciencedirect.com/science/article/abs/pii/S002192901830410X%23!

