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ABSTRACT 

Lumbar spine complications rank among the most prominent reasons for medical 

attention, especially for elderly subjects. Spinal fusion surgery is a common procedure 

to address some operative cases. Pedicle screw fixation is popular amongst the 

extensive range of spinal fusion developed. However, issues such as aseptic loosening, 

screw pullout, screw breakage, disposition of screws and pedicle fracture often lead to 

revision surgery. To reduce these problems, the concept of expandable pedicle screws 

came by with improved anchorage owing primarily to greater screw-bone interface. 

Clinically, they showed improved biomechanical fixation by facilitating bone growth 

around the fins, reducing strain shielding and promoting favourable bone remodelling. 

In this study, anatomically viable finite element (FE) models of a functional spinal unit 

(FSU) of intact L4-L5 vertebra were used to estimate stress-strain fields and the same 

were compared with FSUs instrumented with normal and expandable pedicle screws 

under different physiological loading conditions. The expandable pedicle screws 

predicted marginally improved anchorage with more contact area with the bone 

indicating improved stability. Greater area with peak stresses at the bone-screw 

interface indicated lesser stress shielding. Further, a strain energy density-based bone 

remodelling algorithm was employed on patient-specific lumbar FSU to investigate the 

bone density changes around the screws. Bone apposition was predicted near screw 

insertion region in L4 and L5 vertebra (for normal pedicle screws) and central anterior 

screw insertion region for both vertebra (for expandable pedicle screws). Bone 

resorption was predicted in posterior region, near screw length in L4, central anterior 

right side and posteriorly in L5 vertebra for normal pedicle screws. In context to bone 

remodelling, overall result favoured expandable pedicle screws over normal pedicle 

ones. Further, pullout tests were performed on three novel designs of expandable 

pedicle screws and thereafter, validated numerically. Next, two FE mechanoregulation 

based tissue differentiation algorithms were implemented to assess osseointegration for 

the three types of expandable pedicle screws. Six weeks post-surgery bone growth of 

12-29% (load case 2) and 11-21% (load case 1), respectively, was predicted for the 

three types of screws. Type 3 (proximally coarse pitch screw) was estimated to have 

highest maximum pullout force (POF) and greater ossification among expandable 

pedicle screws with dual-threads. 

Keywords: lumbar spine; finite element analysis; pedicle screw; expandable pedicle 

screw; bone remodelling; pullout force; mechanoregulation. 
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Chapter 1 
 

 
Introduction and Review of Literature 

1.1 Introduction 

The lumbar spine, a crucial component of the human body, comprises five vertebrae 

(L1-L5) along with their posterior elements articular facet joints, intervertebral discs, 

ligaments and associated muscles. The upper ends of the posterior surfaces are 

strengthen by pedicles, offering protection as well as serving as a bridge, connecting 

anterior-posterior aspects of the vertebra. The fracture of the pedicles results in extreme 

pain and caused degradation of life (Keramat et al. 2012). The vertebral compression 

failure causes potentially acute and chronic pain and finally life quality deterioration 

(Elin et al. 2015, La Barbera et al. 2019). According to resources, around 1.5 million 

vertebral compressions occur in elderly persons in the USA annually (Alexandru and 

William 2012). A significant percentage of the world population experiences lower 

back pain (LBP), ranging from chronic to post-operative conditions. Degenerative 

lumbar diseases such as lumbar spinal stenosis (LSS), degenerative spondylolistheses, 

lumbar instability, and ligament strain might induce lower back pain (Nikkhoo et al. 

2021, Serhan et al. 2011). LSS is a condition commonly associated with elderly 

persons, especially those over the age of 65. However, owing to a sedentary lifestyle, 

younger populations are also being affected (Fan et al. 2019). With ageing people 

experiencing degeneration, the process eventually results in lower back pain, 

significantly contributing to global disability (Godinho et al. 2021, Hartvisgen et al. 

2018). In 2015, around 7.3% of the global population i.e. around 540 million people 

were suffering from lower back pain at any given time (Hartvisgen et al. 2018). Post-

diagnosis, the treatment could be based on a conservative or surgical approach. In the 

case of a conservative approach, medication and physical therapies are used. If pain 

even after that, a surgical approach may be necessary. For treating lower back pain, the 

surgical approach involves fusion surgery, total disc arthroplasty (TDA) and dynamic 

stabilizer. Spinal fusion is the most commonly used method for spine surgery for 

degenerated discs. The life expectancy of the global population is increasing and proper 

spinal fusion would be beneficial in overcoming geriatric challenges (Bereczki et al. 

2021, Fuster 2017, Shamji et al. 2015). Approximately 25% of postmenopausal women 

experience spinal fractures, which cost an enormous amount of money for healthcare. 
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Based on patient-specific data, it was estimated that for women over 70 years, one-third 

of them suffered from vertebral fractures following posterior fusion (Nakahashi et al. 

2019).  Pedicle screw fixation has slowly garnered popularity through an extensive 

range of spinal fusions developed in the past 50 years. 

Osteoporosis is often associated with reduced spinal stability, decreased bone 

strength and deformity most commonly in elderly patients (Burval et al. 2007, Li et al. 

2013, Ponnusamy et al. 2011). Elderly patients with osteoporosis often experience 

postoperative complications, e.g. loosening of pedicle screws, rod breakage, and 

pedicle fracture (Huang et al. 2022b, Park et al. 2004). In Europe, over 27.6 million 

people are affected by osteoporosis and in the US more than 20 million people suffer 

from this condition (Burval et al. 2007, Girardo et al. 2017). In Europe, approximately 

6% of men and around 21% of female patients between the age of 50-84 years were 

diagnosed with osteoporosis (Girardo et al. 2017, Rahyussalim et al. 2019). In the US, 

17-20% of women over 50 years, 26% of women over 65 years and around 50% over 

80 years suffer from osteoporosis (Li et al. 2013). Around 14.5% of male and 51.3% of 

female patients over the age of 50 years in the US were reported to have undergone 

spinal surgery (Li et al. 2013). From 1990-2001, an increase of around 220% in lumbar 

fusion surgery was reported (Martin et al. 2007). Data collected in 2018 revealed that 

more than 3,50,000 interbody fusion procedures were found to be the most commonly 

performed spinal procedures in the USA alone (de Kater et al. 2022). The annual report 

by “the New Zealand Joint Registry 2020” showed 195 registered lumbar disc 

replacements and 3 revision surgeries performed from January 2002 to December 2020. 

A total number of 348 primary and 6 revision lumbar disc replacement was performed 

from the year 2002 to 2020, as stated by the Norwegian Arthroplasty Register (2021). 

The British Spine Registry 2021 recorded a total number of 73,787 primary 

decompression. The Australian Spine Registry 2022 reported that 53% of male and 47% 

of female patients suffer from discectomy and among them, 72% of male and 75% of 

female patients were above age 50. 

Spine fusion is considered to be stabilizing treatment that might reduce the 

necessity of additional surgery. For clear reasons, it is quite undesirable to proceed with 

repeated lumbar surgery because of reasons such as persistent symptoms, degenerative 

changes, and treatment complications (Martin et al. 2007). Pedicle screws are quite 

effective for the treatment of spinal problems but they sometimes fail due to aseptic 
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loosening, pullout and fatigue fractures (Kwon et al. 2020). A significant amount of 

surgery failure could be seen for spinal surgeries conducted to restore the normal disc 

height and to relieve lower back pain (Hsieh et al. 2007, Zhou et al. 2019). Around 15% 

of the patients with degenerative cases end up having revision surgery of the lumbar 

spine (Alanay et al. 2007). The failure rate of lumbar surgery was estimated to reach 

up to 50% in the US (Rajaee et al. 2014, Daniell et al. 2018). Around 14-27% of patients 

underwent revision surgery due to complications, e.g. the improper placement of the 

implant, fixation loss, fatigue-bending failure, nerve root injury, and aseptic loosening 

(Pearson et al. 2017). A study based on broken pedicle screws suggested that breakage 

was influenced by symptomatic indication of the patient, implant material and load 

sharing of the screws (Chen et al. 2005). Clinical studies also explained the various 

reasons for failure and the need for pertinent improvements (Gautschi et al. 2011). 

The pedicle screws are intrusively implanted to the vertebra such that 

osseointegration can be achieved with the host bone. The success rate of 

osseointegration plays a crucial role in the success of the implant in the long run. 

However, the success of the implant is reliant on the quality of the bone. Diminished 

bone quality would result in screw loosening and eventually failure. It is already 

mentioned how the elderly population is severely affected by reduced bone quality due 

to osteoporosis. Considering these factors, some new alternative designs have been 

proposed in recent years. The expandable screws are one of those alternative designs 

that are expected to have better holding capacity minimizing the influence of loosening 

and screw pullout. A few studies present the potential viability of expandable pedicle 

screws in clinical and experimental aspects. However, there is a scarcity of preclinical 

studies considering the success of expandable pedicle screws over traditional pedicle 

screws, and post-surgery host bone adaptation. Before delving deeper into these 

implants, it is important to understand the anatomy and biomechanics of the spine. 

1.2 Anatomy and biomechanics of the spine 

1.2.1 Anatomical planes and directions 

The concept of anatomical planes is essential for understanding the basic human 

anatomy. The three anatomical planes are assumed based on various orientations of the 

human body in standing erect position as shown in Fig. 1.1 (Relly et al. 2018). The 

plane parallel to the ground dividing the superior (top) and inferior (bottom) halves of 

the human body is termed the transverse (axial) plane. A plane perpendicular to the 
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ground and dividing the anterior (front) and posterior (back) parts of the body is known 

as the coronal (frontal) plane. The sagittal (median) plane is a vertical plane 

perpendicular to both the transverse and coronal planes, dividing the human body's left 

and right half.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.2 Spine anatomy 

The human spine is comprised of seven cervical vertebrae (C1-C7), twelve thoracic 

vertebrae (T1-T12), five lumbar vertebrae (L1-L5), and one sacrum along with the 

coccyx. The primary functions of the spine are motion, flexibility, support of upper 

body weight and protection of the spinal cord. An adult healthy spine is double S-

shaped with two convex curvatures and one concave curvature. The S-curves help 

provide resistance to the axial loads applied on the spine and maintain elasticity. The 

cervical spine is situated at the superior region of the spine. The primary function of the 

cervical spine is to provide stability, and mobility to the head and the most flexible part 

of the spine. The size of the thoracic spine increases from T1 to T12 and has limited 

movement. It holds the rib cage and protects internal organs such as the heart, and lungs. 

The lumbar vertebrae are larger and have more flexibility than the thoracic spine. It 

bears the weight of the upper body and transfers the load to the sacrum and thus 

becomes the most vulnerable zone of the spine to injury. The spine is connected to the 

hip bones via the sacrum. The sacrum is situated between the pelvic bones and is large, 

                                    

Fig. 1.1: Sketch showing the anatomical planes of reference and directions (Relly et al. 

2018). 
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flat, triangular-shaped. The connection of the sacrum with the hip bones (iliac) on both 

sides form the sacroiliac joints. The last segment of the vertebra is known as the coccyx 

(tailbone). The pelvic girdle is comprised of a sacrum, coccyx and two sacroiliac joints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.3 Functional Spinal Unit 

The functional spinal unit (FSU) is the smallest unit of the spine and represents all its 

major biomechanical and characteristic features (Kurtz 2010) (Fig. 1.3a). It is 

essentially composed of two vertebrae, an intervertebral disc, two facet joints, and 

seven ligaments surrounding them except the muscles. Its various components are 

described below. 

1.2.3.1 Vertebrae 

The vertebra has roughly a cylindrical shape and consists of vertebral body, vertebral 

arch, two transverse processes, one spinous process and four articulating facets 

(Fig.1.3b). The vertebral body (anterior part of vertebra) is composed of outer cortical 

bone and inner cancellous (trabecular) bone. The vertebral arch is the posterior part of 

the vertebra and is comprised of two pedicles and a lamina. The laminae and the 

pedicles combined form the neural arch. The shape, size and physical properties of the 

vertebra vary with age.  

 

            
 

Fig. 1.2:  Regions of the spine (Gharei 2018). 
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1.2.3.2 Intervertebral Disc 

The intervertebral discs (IVD) are fibro-cartilages of roughly cylindrical shapes (Fig. 

1.3c). They act as shock absorbers separating two vertebrae. Usually, during daily life 

activities, under the influence of compressive loads, the water gets squeezed out 

reducing the height and during bedtime, the water gets back restoring disc height. The 

intervertebral disc is composed of the annulus fibrosus, nucleus pulposus and endplates.  

 

 

 

The nucleus pulposus is the innermost part comprised of loose fibres in a hydrating 

gel that exerts pressure in different directions. The annulus fibrous surrounds the 

nucleus pulposus and is composed of concentric layers of collagen fibres and ground 

substance. The endplates separate the nucleus and annulus from the vertebral bodies. 

The cartilaginous endplates occupy the adjacent surface of the vertebral body and the 

bony endplates act as a narrow rim covering the area of the cartilaginous endplates.  

 

 

 

                     

 

 

 

 

 

 

 

 

 

 

 

 
 

      
 

(a) (b) 

(c) (d) 

Fig. 1.3: (a) Functional spinal unit (b) Vertebrae (c) Intervertebral disc (d) Ligaments 

(Somovilla-Gomez et al. 2020). 
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1.2.3.3 Facet Joint 

The facet joints are synovial joints that are situated between the superior articular facet 

of one vertebra and the inferior articular facet of the adjacent vertebra on both sides of 

the vertebra (Fig. 1.3b). The facet joints are composed of fibrous capsules, articular 

cartilage and synovial fluids. They help the spine to bend and twist and can transmit 

load to the discs. 

1.2.3.4 Ligaments 

The ligaments are strong fibrous bands of tissues that hold the bone, joints, and organs 

together. They are composed of collagen fibres, fibrocytes and ground substance. 

Ligaments provide stability to the spine within its physiological ranges of motion and 

constrain excess movements, like hyperextension and hyperflexion. There are seven 

ligaments in the lumbar spine namely: (i) Anterior longitudinal ligament (ALL), (ii) 

Posterior longitudinal ligament (PLL), (iii) Ligamentum flavum (LF), (iv)   

Intertransverse ligament (ITL), (v) Capsular ligament (CL), (vi) Interspinous ligament 

(ISL), (vii) Supraspinous ligament (SSL) (Fig. 1.3d). 

1.2.4 Spinal Muscles 

Spinal muscles are known as back muscles and provide stability, support and dynamic 

movement for the spine. Based on location, the muscles are distinguished as 

postvertebral and prevertebral muscles. The prevertebral muscles are the abdominal 

muscles. The postvertebral muscles consist of short muscles that connect adjacent 

spinous and transverse processes and laminae. The erector spine group helps in spinal 

extension, lateral flexion, and rotation; the multifidus muscles offer segmental stability; 

and intrinsic back muscles provide spinal alignment and posture.  

1.2.5 Spine Coordinate and Movement 

The FSU’s coordinate system is fixed upon centre of the upper vertebral body known 

as the instant axis of rotation (IAR)(Fig.1.4). Based on the coordinate system the 

following movements are defined, flexion-extension on the transverse axis (Sagittal 

plane); lateral bending, left and right rotation to the sagittal axis (Frontal plane); 

torsional movement, rotation about the longitudinal axis (Transverse plane).  The spine 

provides motion to the trunk. 

Spine instability is defined as the reduction of stiffness in a segment resulting in 

abnormal and excess deformation of motion. The spinal movement is characterized in 
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the following segments-(1) the initial part known as the neutral zone (NZ) with no 

resistance, (2) the elastic zone (EZ) producing internal resistance, (3) the range of 

motion (ROM) is the sum of the neutral zone and elastic zone. Considering the erect 

standing position as the reference position, the ROM varies for different vertebrae. 

Usually, the ROM for flexion-extension is 120-160, lateral bending is 60 and 30 for 

torsion. 

 

 

 

 

 

 

 

 

 

 

The spinal mobility depends on factors like the states of intervertebral discs like 

geometry, stiffness, fluid content, viscoelastic properties, degeneration, and ageing. The 

ROM might be influenced by the ligament condition, articular facet joint and even 

posterior bony endplates. 

1.2.6 Loads on Spine 

The spine serves as the primary load-bearing component of the human musculoskeletal 

system. The force on the spine is a combination of upper body weight, ligamentous 

tension, muscle force, and applied external loads. The forces applied are characterized 

as physiological loads and traumatic loads. The physiological loads include everyday 

action on the spine like short-term load (flexion, extension), long-term load (sitting, 

standing), cyclic load (walking) and dynamic load (running). Traumatic loads are 

sudden and accidental forces with great amplitude. Though direct assessment of spinal 

loading is not feasible, indirect calculation is done via in-vivo measurements and 

mathematical modelling. Authors used indirect measurements like internal disc 

 

 

Fig. 1.4: A coordinate system of FSU and different movements (Somovilla-

Gomez et al. 2020). 
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pressure (Nachemson 1966, Wilke et al. 1999), daily life activities (Granhead et al. 

1987), force on the internal spinal fixator (Rohlmann et al. 2007), and daily life sports 

activity (Schafer et al. 2023). The high mechanical loads combined with higher 

mobility on the lumbar spine make it vulnerable to injury and low back pain. As the 

lumbar spine bears the highest amount of load in the spine, it has become a major region 

of interest for researchers and clinicians. Previous studies (Atlas et al. 2001) suggested 

the peak incidence of back pain was for 30-55-year-old people in the L4-L5 or L5-S1 

region. 

  

 

 

 

 

 

 

 

 

 

 

 

The posture of the body has a direct influence on the compressive force acting on 

the lumbar spine. The minimum loading on the spine occurs when lying in a supine 

position. Sitting in an upright position, with or without support and, sitting in a bending 

position with or without a load increase the compressive force. It is expected that 

external loading increases the load to the highest extent. Generally, the vertical load 

reaches around 50-60% of the body weight while standing upright. The line of action 

passes ahead of the lumbar spine creating a forward bending moment. The ligaments 

and erector muscles balance the forward bending moment. The muscles due to their 

short moment arm from the spinal segment increase the compressive load on the 

osseoligamentous spine.    

               

Fig. 1.5: Maximum compressive force at L4-L5 during different physical activities under 

training conditions in the laboratory (Schafer et al. 2023). 
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In their study, Schafer et al. (2023) estimated compressive load on L4-L5 in terms 

of body weight (BW). Some of these estimated loads are as follows:- standing upright 

equals 0.93 times BW, lifting a barbell of 10 kg equals 4 times BW, walking equals 1.4 

times BW, jogging and jumping are 3.6 times and around 4.7 times of the BW, 

respectively. 

1.3 Degenerative Disc Disease 

Degeneration refers to specific injuries resulting in variations in the composition, 

structure and function of the spine. One of the primary causes of spinal instability and 

lower back pain can be addressed as intervertebral disc degeneration. Degeneration can 

be a long-term (age-related) or a short-term (environmental-related) condition. 

Numerous factors like trauma, ageing, obesity and genetics might influence 

degeneration. 

 

 

 

 

 

 

 

 

 

 

 

In case of age-related degeneration, annulus tear or disc prolapse and herniation 

or osteoporotic failure of trabecular bone might take place. With ageing, disc loses 

water absorbing components and results in reduced disc height and disc dehydration. 

The short-term degeneration is caused by sudden or unexpected movements, overloads, 

accidents, trauma and finally mechanical damage of the spine. The loss of 

biomechanical function with pain is called degenerated disc disease (DDD). Disc 

degeneration along with bulging is termed as herniation causing nerve root 

compression. Anatomic narrowing of the spine is known as lumbar spinal stenosis 

(LSS). Spondylolysis is commonly observed in the lower lumbar vertebra and is an 

influential reason behind lower back pain. 

       

Fig. 1.6: Degenerative disc disease (https://nielasher.com). 
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1.3.1 Surgical Treatment 

Surgical treatment for spinal disorders has two major interventions namely fusion and 

non-fusion. The spinal fusion technique is used to join two or more vertebrae together to 

restrict motion in the non-stabilized segments of the spine. The biomechanical goals of 

fusion are to restore intervertebral disc height and promote fusion by providing 

immediate stability. Interbody cages or spacers preserve the disk height, lead to bone 

growth and finally enhance stability. Pedicle screws add extra support and strength 

during the healing process. 

 

 

 

 

 

 

 

 

 

 

 

 During some of the spinal complications, such as scoliosis, spinal stenosis and 

discogenic low back pain, some non-fusion techniques are proposed to preserve the 

motion as an alternative to fusion. They try to resolve the anatomic surgical defects 

with the use of a non-fusion approach by replacing pro-inflammatory tissues, restoring 

spinal alignment and decompressing neural elements. They do not use bone grafts. 

Examples of non-fusion are growth-sparing devices and artificial discs. 

 1.3.1.1 Vertebral Screw Fixation 

The first vertebral screw fixation was performed in 1944 by placing screws to avoid 

postoperative external immobilization. Pedicle screws were first described by Boucher 

in 1959 using stainless steel for internal fixation. The proper documentation of pedicle 

screw fixation was started by Roy-Camille in the 1970s. For treating spinal instability, 

deformity correction, trauma, degenerative diseases, and osteoporosis-related issues 

like spondylolisthesis, vertebral compression fracture pedicle screws are widely used. 

Pedicle screw fixation is considered as the gold standard for fixation surgery. 

          

Fig. 1.7: Radiographs after lumbar interbody fusion surgery (Kwon et al. 2020). 
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The biomechanics of screws is characterized by mainly three aspects-(a) screw 

characteristics (b) insertion technique of screw and (c) cement augmentation 

(Rahyussalim et al. 2019). The screw is composed of three parts, e.g.-head, neck and 

the body. The screws exhibit cylindrical or conical shapes characterized by outer 

diameter, inner diameter and pitch. The designs of screws are modified by altering their 

shapes and forms. Some examples of modified screws are fenestrated pedicle screws 

that have cannulated core with a hole in the distal part, cannulated pedicle screws with 

cement augmentation, expandable pedicle screws and anchor-type pedicle screws with 

an anchor made of polyetheretherketone (PEEK). To achieve ideal bone fixation with 

osteoporotic patients is a challenge for surgeons. It was noticed that screw track 

modification involving pilot holes became a method to enhance the screw-bone 

interface. Cortical bone trajectory (CBT) provides enhanced fixation strength as it 

increases the thread contact area with the cortical bone surface and better screw grip 

(Matsukawa et al. 2015). CBT is less invasive, and thus requires smaller incisions and 

less lateral tissue dissection (Wang et al. 2020). The traditional trajectory (TT) requires 

extensive tissue dissection and has been used from earlier days. Some new trajectory 

techniques like anatomic trajectory (AT), and straightforward trajectory (ST) were also 

Fig. 1.8: Types of screws(a)Cylindrical pedicle screw (b)Conical pedicle screw 

(c)Fenestrated pedicle screw (d) Expandable pedicle screw (e) Polyaxial head pedicle screw 

(Tandon et al. 2020) 
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introduced (Guvenc et al. 2019). Some surgical instruments like spinal hooks, 

sublaminar bands, sacral alar iliac (S2AI) screws, and modified screwing techniques 

are introduced for the augmented pedicle screw fixation (Kanno et al. 2022). To 

augment the pedicle screws for better fixation, materials like polymethylmethacrylate 

(PMMA) and hydroxyapatite (HA) are used. 

1.3.1.2 Failure Scenario of Pedicle Screw Fixation 

The vulnerability of osteoporotic bone to fracture increases to a high extent due to low 

bone mineral density. The low bone density weakens the screw fixation strength 

causing the loosening of screws and ultimately fixation strength loss. The screw 

loosening rate for non-osteoporotic patients varies from 0.6-15% and around 60% for 

osteoporotic patients (Galbusera et al. 2015, Kanno et al. 2022).  The primary goal of 

the surgeons is to diminish fractures, achieve bony union to reestablish spinal anatomy 

and provide posterior spinal stability (Li et al. 2014). Though the pedicle screws are 

associated with the long-term stability of the human lumbar spine, however, 

complications arise like screw loosening, screw breakage, fracture, fatigue and bending 

failure, improper instrumentation placement, fixation loss, screw pullout, nerve root 

injury, infections leading to failure and adjacent disc degeneration (Alanay et al. 2007, 

Pearson et al. 2017, Zhou et al. 2018, Xu et al. 2019). Improper selection, orientation 

and positioning of the screw would lead to reduced fatigue life of the screws (Chu et 

al. 2019, Giacaglia and Lamas 2015, la Barbera et al. 2014). To abolish lower back 

pain, degenerated discs are often replaced with a cage (Godinho et al. 2021, Postacchini 

et al. 2016). 

 Some devices known as posterior dynamic stabilization system (PDSS) are 

attached to the back of the vertebra to have control over abnormal motion due to spinal 

diseases and to ease the disease (Heo et al. 2020). To diminish problems like lumbar 

tissue damage associated with PDSS, Interspinous space devices (ISD) are developed 

(Heo et al. 2020). Implant placement comes with an excessive amount of dissection 

leading to muscle weakness and eventually failed back surgery (Fu et al. 2020, Huang 

et al. 2022b). Spinal fusion might increase stress on the non-operated adjacent lumbar 

segment and create complications related to adjacent segment degeneration like 

endplate fracture, cage fracture and fracture and finally reoperation (Park et al. 2004, 

Inoue et al. 2021). Reduction of adjacent segment disease (ASD) was associated with 

the introduction of artificial discs and dynamic stabilization implants (Beatty 2018, 
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Nikkhoo et al. 2021). A hybrid stabilization system was introduced later to resolve disc 

degenerated diseases (Demir et al. 2020, Más et al. 2017). 

1.4 Bone 

Bone is a connective tissue that forms the primary structural element of the body, 

providing support to maintain posture. It also protects vital internal organs such as the 

heart, lungs, brain etc. The bones interact with the muscles to enable various 

movements.  

1.4.1 Bone Structure 

From an engineer’s viewpoint, bone is anisotropic, non-homogenous and viscoelastic 

by nature.  Bone is a composite structure consisting of macrostructure (cortical, 

cancellous bone), microstructure (osteons), sub-microstructure (lamellae), 

nanostructure (collagen fibrils, embedded minerals), sub-nanostructure (mineral, 

collagen). Bone contains around 40% inorganic component (hydroxyapatite), 35% 

organic component and 25% water. Macroscopically, bone is classified as cortical bone 

and cancellous bone based on their relative densities (Gibson 1985). The outer shell of 

the bone is a dense solid lamellar structure having a volume fraction of more than 70%. 

The inner spongy core is cancellous/ trabecular bone having a volume fraction of less 

than 70%. On a microscopic scale, bone can be classified into woven and lamellar bone. 

Woven bone is premature, temporary and later replaced by stronger lamellar bone. The 

collagen fibres of woven bone are loose and randomly oriented compared to lamellar 

bone. However, the growth rate of woven bone is higher than that of lamellar bone. 

1.4.2 Mechanical properties of bone 

1.4.2.1 Cortical bone 

Cortical bone makes up 80% of the body’s total bone mass but accounts for just 20% 

of the overall bone volume in human skeleton. In general, cortical bone is considered 

transversely isotropic and inhomogeneous. These properties depend on the rate of 

loading and beyond the yield point, exhibit plastic behaviour. Cortical bone is stronger 

and stiffer in the longitudinal direction than in the transverse direction. The Young’s 

modulus variation in the longitudinal direction and transverse direction are 10-22 GPa 

(Ashman et al. 1984) and 6-14 GPa (Ashman et al. 1984, Dong and Guo 2004) 

respectively. Cortical bone demonstrates relatively more brittleness in tension under 

transverse loading and opposite behaviour when subjected to tensile stress. Subjected 
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to normal uniaxial test, cortical bone exhibits linear elastic behaviour upto yield point 

and fails at a relatively low strain rate. 

1.4.2.2 Cancellous bone 

The mechanical characteristic of cancellous bone is influenced by mechanical loading. 

Under compressive load, the stress-strain diagram is initially linear elastic up to 5% 

strain and flat till fracture point. The material yields with the initiation of fracture and 

thus indicates a ductile nature. However, under tensile loading, cancellous bone is 

brittle. Due to the heterogeneous nature of cancellous bone, its material property 

variation is wider in range. Mostly, the biomechanical properties of cancellous bone are 

defined in terms of apparent density depending on the anatomic site. Apparent density 

can be defined as the ratio of bone tissue mass to the bulk supplement volume (Morgan 

et al. 2003). 

1.4.3 Bone cells 

Bone cells can broadly be categorized into the following types 

Osteogenic Cells: Osteogenic cells are undifferentiated bone stem cells derived from 

mesenchymal tissues. As they originate from mesenchymal, they are known as 

Mesenchymal Stem Cells (MSCs). These cells are the lone pluripotent bone cells that 

can undergo cellular differentiation in response to various mechanical signals through 

mechano-transduction. These are found in the inner lining of the periosteum, within the 

endosteum and in the vascular regions of bone cells (Snell 2011). 

Osteoblasts: These are rounded or oval in appearance, organelle-rich differentiated 

MSCs responsible for bone formation. They synthesize and produce collagen fibers and 

other organic materials essential for extracellular matrix (ECM) creation 

(Puthumanapully PK 2010). Osteoblasts are found as neighbouring cells with varying 

diameters ranging from 20-50µm (Snell 2011). 

Osteocytes: When osteoblasts get trapped in the ECM during secretion, they undergo 

differentiation and transform into mature, stellate-shaped bone cells known as 

osteocytes. They constitute most of the bone tissue (approximately 90-95%) which is 

long-lived and plays a crucial role in maintaining the daily activities of the bone. They 

release specific proteins to signal in response to environmental changes and thus 

coordinate other bone cell actions. They play a pivotal role in mineral homeostasis 

regulation, and morphogenic and restructuring processes (Snell 2011). Osteocyte size 
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varies from 5-20 µm. The premature death of osteocytes might lead to osteoporosis, 

osteoarthritis, and osteonecrosis (Andreev et al. 2020, Aguirre et al. 2021). 

Osteoclasts: Osteoclasts are large, multi-nucleated cells responsible for bone 

resorption, and they are formed through the fusion of precursor cells in the myeloid or 

monocyte lineage (Snell 2011). They are concentrated in the region ‘Howship’s 

Lacunae’ within the endosteum and look like foam due to the abundance of cellular 

organelles on their surface (Jee 2008). Their average size ranges from 150 to 200 µm. 

They secrete lysosomal enzymes and acids to break the protein and mineral components 

of the surrounding extracellular matrix (ECM). 

1.5 Literature Review: Lumbar Spine Biomechanics 

Initially, a brief introduction of the Finite element (FE) model of the lumbar spine is 

given. Finite element models are very powerful tools for solving complex 

biomechanical problems. Further sections include topics like modelling of different 

elements, geometry discretization, material properties, boundary and loading 

conditions. Thereafter, in the final section, the mathematical formulation of adaptive 

bone remodelling and bone ingrowth are described. 

1.5.1 Finite element models of lumbar spine 

The FE analysis of the lumbar spine is broadly used to study the load transfer in intact 

and implanted models to estimate the influence of various parameters. Nachemson 

(1966) took the initiative by investigating load transfer of the spine in different positions 

of the body and the mechanism of stress distribution in the lumbar discs. The 

development of FE analysis of the lumbar spine began with the introduction of the 

biomechanical model (Belytchko et al. 1974). With the development of computational 

power, imaging, and material modelling, the accuracy and application of the models 

significantly enhanced. Initially, the lumbar spine models were simplistic mostly 

representing the spine as a 2D beam or plate focused on linear elastic material properties 

and load distribution (Spilker 1978). In 1980s 3D models with more anatomically 

accurate geometries were developed (Shiraji Adl et al. 1984). Facet joints and ligaments 

are introduced, IVD is modelled using linear elastic materials, and earlier studies on 

spinal motion and load sharing are initiated. Computed Tomography (CT)/ Magnetic 

Resonance Images (MRI) enabled detailed geometry, introduced nonlinear and 

anisotropic properties, and improved IVD and bone modelling in the 1990s (Panjabi et 

al. 1991). The application of FE analysis expanded to degenerative disc diseases as well 
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as implant studies like pedicle screws and implant cages. In the 2000’s the patient-

specific FE models were refined and degenerated discs, and dynamic stabilization were 

studied (Rohlmann et al. 2006, Vena et al. 2005, Rohlmann et al. 2007). Post-2010 era, 

the advancement was driven by improvements in imaging, computational power, and 

software algorithms, enabling accurate and clinically relevant articles (Xu et al. 2017, 

Zhao et al. 2018, Liu et al. 2022). The evolution of FE analysis has helped in 

understanding of lumbar biomechanics, enhancing the spinal implant design and 

treatment planning. 

The developed FE models are validated either by comparing the numerically 

predicted results with the experimental results or with peer-reviewed models. The 

theoretically developed numerical models by the geometrical data adaptation were 

validated by comparing the range of motion (ROM), and stresses with experimental 

data from the literature. The FE models developed were used to study biomechanical 

formalities, the influence of implantation, the development of new implants and finally 

customized treatment according to subject-specific geometry. The presently available 

FE models are either subject-specific, derived from CT scan datasets, or commercially 

available models based on the average morphometric geometry of individual 

components. 

1.5.2 Modelling of different elements 

To create the 3D models of vertebra accurately, 2D images generated from subject-

specific Computer Tomography (CT) data are used. The CT scan data used for different 

studies use various combinations of lumbar vertebra. Some of the combinations found 

in the literature are L1-L5 vertebra (Chen et al. 2005, Rohlmann et al. 2007, Ayturk 

and Puttlilz 2011, Heo et al. 2022), L1-S1 vertebra (Zander et al. 2009, Chen et al. 

2012, Fan and Guo 2019), L2-L5 vertebra (Kim et al. 2015, Biswas et al. 2022, Huang 

et al. 2022a),  L3-S1vertebra (Zhou et al. 2019, Liu et al. 2022), L3-L5 vertebra 

(Ambati et al. 2014), L2-L4 vertebra ( Bereczki et al. 2021), L3-L4 vertebra (Heo et al. 

2020, Talukdar et al. 2021), L4-L5 vertebra (Boccaccio et al. 2008, Lv et al. 2018, Han 

et al. 2002). 

Different modelling techniques have been considered by various authors to model 

the parts of the vertebra. Mostly, the ligaments were denoted by tension-only spring 

elements having nonlinear properties (Rohlmann et al. 2007, Bowden et al. 2008, 

Zander et al. 2009, Kim et al. 2010). The authors modelled the ligaments and annulus 
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fibres by cable elements that were active in tension only (Chen et al. 2005). The nucleus 

pulposus was around 44% of the intervertebral disc (Talukdar et al. 2021). Nucleolus 

pulposus was modelled as incompressible fluid-filled cavities (Lu et al. 1996, 

Rohlmann et al. 2007, Kim et al. 2010). The facet cartilage joints were modelled as 

frictionless contact (Zander et al. 2009, Xu et al. 2016) or with a friction coefficient of 

0.1 (Kim et al. 2010, Chen et al. 2012) with an initial gap of 0.5 mm. Talukdar et al. 

(2021) modelled facet cartilage joint with a friction coefficient of 0.1 with a gap of 0.1 

mm and a thickness of   0.5 mm. Some studies considered facet cartilage to have sliding 

contact using target and contact elements (Liu et al. 2011, Chen et al. 2012). 

1.5.3 Geometry Discretization 

The discretization of a solid model of the bony structures along with the implants is a 

necessary step in FE analysis. Some studies used 10-noded solid elements for modelling 

cortical bone, cancellous bone, endplate, posterior bony element and disc (Chen et al. 

2012); some used 10-noded tetrahedral elements (Biswas et al. 2019, Heo et al. 2020, 

Kang et al. 2022), 20-node hexahedral elements (Jain and Khan 2022). Some 

investigators modelled cortical bone, cancellous bone, endplate, posterior bone, 

annulus (ground) as hexahedral (C3H8) and ligaments as tension-only 3D truss 

elements (T3D2) (Ambati et al. 2015). Some studies considered different material 

properties as tetrahedral and ligaments as spring elements (Guo et al. 2020, Su et al. 

2021). The vertebrae and intervertebral discs were modelled as 8-node brick elements 

and ligaments as 4-node shell elements (Xu et al. 2016). The study by Kumaran et al. 

(2021) used hexahedral elements to represent bone, implants and tension-only truss 

elements for the ligaments. Some studies generated cortical bone, cancellous bone, 

endplates as 8-noded hexahedral elements (C3D8) and posterior elements as 4-noded 

tetrahedral elements (C3D4) (Heo et al. 2022, Liu et al. 2022). The bones, endplates, 

and cartilages were meshed as 4-noded tetrahedral elements (Sanjay et al. 2022, 

Talukdar et al. 2021). Some studies used 8-node solid elements to model cortical bone, 

cancellous bone, posterior bony elements, endplates, annulus ground substance and 8-

node fluid elements for nucleus pulposus (Haddas et al. 2019, Liu et al. 2011). Some 

authors meshed cortical bone, cancellous bone, posterior elements, normal bony 

endplates bone graft, cage, rod, screw as tetrahedron (C3D4) elements; osteoporotic 

bony endplates, cartilaginous endplates, facet cartilage, nucleus pulposus,                                                                                                                       
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AF ground substance as hexahedron (C3D8) and ligaments as spring elements (Liu et 

al. 2022, Bereckzi et al. 2021). 

1.5.4 Material Properties of Vertebral Components 

 The mesh generation is followed by assigning material properties to bones, ligaments, 

cartilage, pedicle screws, cage and rods. Segmenting the cortical and cancellous bones 

is advised to diminish the effects of partial volume. 

The empirical relation between CT number and bone for simulating inhomogeneity of 

bone distribution was given as 𝜌 = 47 + 1.22𝐶𝑇 number. Then, the density value was 

converted into the corresponding elastic modulus as 

Cancellous bone:𝐸 = 0.63𝜌1.35          

                             Cortical bone: 𝐸 = 1.89𝜌1.35.     

For segmenting cortical bone and cancellous bone, the CT number used was 1800 

(Chen et al. 2003). Talukdar et al. (2021) calculated cancellous bone material properties 

based on the pixel grey value dataset as 𝜌 = 0.022 + 0.00124𝐶𝑇 number (in HU). The 

elastic modulus was obtained by following the equation 𝐸 = 4730𝜌1.56. 

At lower density, cancellous bone exhibits an open cell rod-like structure and at 

higher density a plate-like structure. The elastic modulus of cancellous bone varies with 

apparent density and follows a power law, 𝐸 = 𝐶𝜌𝐷 (Carter et al. 1989, Morgan et al. 

2003). The exponential constant D varies from 1.14 to 3.2 and constant C for various 

sites varies from 1000 to 34000. The elastic modulus varies from 10 to 5000 MPa 

(Saghei et al. 2023). 

In their study authors considered models as homogenous, isotropic and linear 

elastic (Huang et al. 2022a, Ling et al. 2019, Liu et al. 2022, Sanjay et al. 2022, 

Talukdar et al. 2021).   The study considered cortical and cancellous bone as poroelastic 

(Cegoñino et al. 2015). Nikkhoo et al. (2021) considered cortical bone, cancellous 

bone, and endplates as linear poroelastic. Some studies considered cortical bone, and 

cancellous bone as linearly elastic and transversely isotropic (Ayturk and Puttlitz 2011). 

Xu et al. (2022) considered cortical, cancellous bone as anisotropic; cartilage, and 

endplates as isotropic. 

The intervertebral disc is a complex structure with inhomogeneous and anisotropic 

properties, making its functional simulation challenging and prompting the 

development of various approaches to represent its mechanical behaviour. Annulus 
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fibrous ground substance was considered to have hyperelastic properties (Rohlmann et 

al. 2007, Rohlmann et al. 2010, Xu et al. 2022). In some studies annulus fibrosus 

ground substance was considered incompressible poro-hyperelastic (Nikkhoo et al. 

2021), and anisotropic material (Cegoñino et al. 2015). The nucleus pulposus and 

annular ground substance were modelled as isotropic, hyper-elastic material using 

Mooney-Rivilin material model (Xu et al. 2016). In their study, Rohlmann et al. (2007) 

considered both healthy and degenerated type of nucleus pulposus and their properties 

as incompressible and compressible respectively. In some studies, authors modelled the 

nucleus pulposus as linearly elastic and almost incompressible solids (Ayturk and 

Puttlitz 2011, Xu et al. 2022). Sanjay et al. (2022) considered nucleus pulposus as 

incompressible fluids with low elastic modulus. The properties of vertebral bodies are 

provided in Table 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ligaments are described by stress-strain curves (Xu et al. 2016). Some studies 

established ligaments as calibrated deflection-force curves (Liu et al. 2022). Some 

index models used each ligament's tension-only linear elastic material properties 

(Bowden et al. 2008). Kim et al. (2015) modelled ligaments as tension-only truss 

elements. Li et al. (2022) modelled the ligaments as tension-only spring elements. 

The majority of the pedicle screws were made up of Titanium alloy with Young’s 

modulus of 110000 MPa and Poisson’s ratio of 0.3. Stainless steel was used as screw 

and rod material and placed bone grafts between two nearby transverse processes (Chen 

Table 1.1: Material properties of vertebral body used in earlier studies. 

 Young’s modulus (MPa) Poisson’s ratio Reference 

 

Cortical bone 
12000 

10000 

E11=8000, E22=800, 

E33=12000 

0.3 

0.3 

ν11=0.4, ν22=0.35, 

ν11=0.3 

Xu et al. 2016 

Rohlmann et al. 2007 

Ayturk and Puttlitz 2011 

 

Cancellous bone 
100 

200/140 

Based on CT scan 

0.2 

0.315 

0.2 

Xu et al. 2016 

Zander et al. 2009 

Ayturk and Puttlitz 2011 

Nucleus pulposus 1 

C1=0.12, C2=0.9 
0.499 Ayturk and Puttlitz 2011 

Xu et al. 2016 

Annulus Fibrosus 4.2 

C1=0.56, C2=0.56 

0.45 Goel et al. 2007 

Xu et al. 2016 

Bony endplates 1000 0.4 Ayturk and Puttlitz 2011 

Cartilage 10 0.4 Kim et al. 2009 

Posterior element 3500 0.3 Ayturk and Puttlitz 2011 
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et al. 2005). A model was considered (Alizadeh et al. 2013) with Young’s modulus of 

110000 MPa and Poisson’s ratio of 0.3 and the Titanium cage with the same material 

properties. The authors considered Ti6Al4V alloy for screws and endplates of artificial 

discs (Biswas et al. 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.5.5 Boundary and Loading Conditions 

The boundary and loading conditions directly influence the model's accuracy. 

Depending upon the vertebra model, the loading and boundary condition varies. 300 N 

axial load and 7.5 Nm moment for various movements were applied on the upper 

surface node of L4 and the bottom nodes of L5 were fixed for the study (Huang et al. 

2022b). 500 N load and 10 Nm moment in different directions were applied on L4 

vertebra and bottom nodes of L5 were constrained (Sanjay et al. 2022, Han et al. 2022, 

Xiao et al. 2011).  Bashkuev et al. (2018) used pure compressive force of 1600 N; 

flexion (7.5Nm), and extension (5Nm) alone and with a compressive load of 1600 N on 

L4 and lower nodes of L5 were constrained to conduct probabilistic FE analysis. In 

their study, Lv et al. (2018) applied 7.5 Nm moment on the superior node of L4 for 

different movements and fixed the inner nodes of L5. To assess fracture prediction of 

Table 1.2: Material properties of the ligaments used in earlier studies. 

Ligament Mechanical properties Young’s 

modulus 

(MPa) 

Poisson’s 

ratio 
Reference 

 

All ligament 

type 

Non-linear stress-strain curve 

Exponential force-

displacement curve 

Progressive non-linear string 

  Xu et al. 2016 

 

Ayturk and Puttlitz 

2011 

Zander et al. 2009 

 

Anterior 

longitudinal 
Linear elastic 7.8 

20 

0.3 

 

Kim et al. 2010 

Guo et al. 2020 

Posterior 

longitudinal 

Linear elastic 10 

20 
0.3 Kim et al. 2010 

Guo et al. 2020 

Intertransverse Linear elastic 10 

59 

0.3 Kim et al. 2010 

Guo et al. 2020 

Capsular Linear elastic 7.5 0.3 Kim et al. 2010 

Guo et al. 2020 

Flavum Linear elastic 15 

19.5 

0.3 Kim et al. 2010 

Guo et al. 2020 

Interspinous Linear elastic 10 

12 

0.3 Kim et al. 2010 

Guo et al. 2020 

Supraspinous Linear elastic 8 

15 

0.3 Kim et al. 2010 

Guo et al. 2020 
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cancellous bone of both healthy and osteoporotic sections, a combination of loads and 

moments were applied on the L4 vertebra for various daily activities and the inferior 

node of L5 was fixed (Boccaccio et al. 2008). 

To illustrate the effects of screw position during load transfer (Newcomb et al. 

2017) applied around 500 N (mass of trunk above L4 for 80kg person) to the screw 

head in four different directions up (flexion), down (extension), right and left rotation 

(axial rotation). Similarly, 280 N compressive load and 7.5 Nm moment were used for 

various movements on the upper surface of L2 and the bottom nodes of L5 were fixed 

in all directions (Zhang et al. 2018). Biswas et al. (2022) simulated FE models with the 

application of 6,8,10 Nm on L2 for lateral bending, flexion, extension and the bottom 

surface of L5 were constrained.  10 Nm moment and 1 and 2 kN load were applied on 

the upper surface of L3 and the lower surface of L4 was fixed (Heo et al. 2020). 

Compressive load of 400 N and 10 Nm bending moments were applied on the 

uppermost L3 nodes for simulating flexion, extension, lateral bending, and axial 

rotation and the bottom layer of S1 was kept fixed (Goel et al. 2007, Li et al. 2015). 

The study used 150 N preload and 10Nm moment for basic movements on the superior 

surface of L3 and completely constrained L5 (Guo et al. 2020, Zhao et al. 2018). Shen 

et al. (2021) used a follower load of 280 N representing partial body weight applied 

through the curvature of the spine and applied 7.5 Nm moment on L1 for various 

movements and fixed inferior nodes of L5. Similarly, 7.5 Nm moments were applied at 

the superior endplate of L1 in flexion, extension, unilateral bending and uniaxial 

rotation with the inferior part of L5 constrained for parametric convergence study 

(Ayturk and Puttlitz 2011). Talukdar et al. (2021) used a pre-load of 150 N on the slave 

node and then 10 Nm moment was applied for flexion, extension, torsion, and lateral 

bending on L3 vertebra. The bottom nodes of the L4 vertebra were fixed for all degrees 

of freedom. Bereczki et al. (2021) conducted the simulation using a 150N follower load 

along with 10Nm torque on the L2 vertebra for various movements and fixed lower 

endplate of L4. 

1.5.6 Adaptive Bone Remodelling 

Bone is a composite structure consisting of macrostructure (cortical, cancellous bone), 

microstructure (osteons), sub-microstructure (lamellae), nanostructure (collagen fibrils, 

embedded minerals), sub-nanostructure (mineral, collagen). The outer shell of the 
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bone is a dense solid lamellar structure having a volume fraction of more than 70%. 

The inner spongy core is cancellous/ trabecular bone having a volume fraction of less 

than 70%.  Bone can undergo substantial changes both in internal structure and shape 

(external geometry) in response to variations in mechanical and physiological 

environment by bone apposition (increase in bone density) and bone resorption 

(decrease in bone density). This process is regulated through the activities of osteoblast 

and osteoclast with the accumulation of minerals and collagen fibres in the bone.  This 

adaptive process of bone structure variation is known as adaptive bone remodelling. 

Internal bone remodelling is the change in bone density of cancellous bone (Carter et 

al. 1989, Huiskes et al. 1987), whereas external bone remodelling is the geometric or 

shape variation of the cortical bone (Hart et al. 1984). In a natural state, an equilibrium 

is achieved between bone apposition and resorption, resulting in minimum noticeable 

variation in bone morphology (Weinans 1991). However, mechanical environment 

alterations due to the insertion of a prosthesis would potentially disrupt the equilibrium 

and induce adaptive bone remodelling. Though both the remodelling (internal and 

external) occurs simultaneously, the changes in internal remodelling are higher 

compared to external remodelling.  This can be explained by the fact that for an adult, 

bone density is changed more rapidly in cancellous bone owing to its higher rate of 

metabolic activity than the cortical bone (Garcia et al. 2002). While the majority of the 

studies on bone remodelling were based on internal remodelling, there is a scarcity of 

existing studies investigating the combined influence of both internal and external 

remodelling (Huiskes et al. 1987, Beaupre et al. 1990a, Weinans et al.1993, Garcia et 

al. 2002). The implantation induces alterations in the mechanical environment of the 

bone and disrupts the natural equilibrium state. Immediately after post-operative 

condition, the implant must carry the majority of the load that was previously carried 

by the natural bone.  Post-implantation, the bone aspires to attain a new equilibrium by 

internal and external adaptation. 

A considerable amount of studies have been conducted to understand the 

relationship between bone structure and its functions.  The first observation of the 

relation between mechanical forces (body weight) and bone morphology was observed 

by Galileo Galili in the 17th century (Carter 1984). The functional adaptation theory by 

Roux concluded bone apposition and resorption are biological processes that are 

governed by the local state of stress (Roux 1981). Julius Wolff hypothesized that the 

alterations in the form and function of the bone cause variations in the internal 
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architecture and external geometry of the bone. The mathematical law of bone 

transformation is postulated as “Wolff’s law”. Over the past few decades, numerous 

researchers attempted to mathematically established the law for quantifying the bone 

remodelling process (Cowin and Hegedus 1976, Hart et al. 1984, Fyhrie and Carter 

1986, Huiskes et al. 1987, Hart and Davy 1989, Beaupre et al. 1990a, García et al. 

2002). 

The bone remodelling process is influenced by factors like genetics, age, 

metabolism and hormones. The adaptive bone remodelling theory assumes that bone 

can sense the internal variations in the mechanical conditions through mechanical 

stimulus within it and respond to the change (in combination with other biological 

factors) by osteoblasts and osteoclasts. Most of the earlier literature used bone apparent 

density (ρ) as the variable to represent the remodelling state. Some of the other 

mechanical stimuli are defined as a function of stress, strain, strain energy density 

(SED), the elastic strain energy density per unit bone mass (Cowin and Hegedus 1976, 

Cowin 1986, Hart and Davy 1984, Fyhrie and Carter 1986, Huiskes et al. 1987, Carter 

et al. 1989, Weinans et al. 1993). Cowin and Hegedus (1976) proposed a theory based 

on a ‘site-specific’ (site-dependent) bone remodelling technique and normalized active 

local strain values (remodelling stimulus) to the strain values occurring under normal 

physiological conditions at the same locations. Cowin (1986) proposed another theory 

suggesting strain to be the function of the mechanical stimulus rather than stress since 

strain is a chief measurable physical quantity to represent deformation. Further, Huiskes 

et al. (1987) predicted local SED as the remodelling signal in place of strain to estimate 

bone adaptation. 

Flyhie and Carter (1986) introduced a ‘non-site specific’ (site-independent) 

method considering that the tissue strives to optimize its state of stress and strain to a 

uniform stimulus level calculated over the entire volume. This theory was dependent 

on external loading conditions and did not consider ‘intact’ or ‘normal’ conditions. In 

their theory, the mechanical stimulus was considered as the elastic strain energy per 

unit of bone mass (SED). 

Bone does not respond to minute deviations in the mechanical stimulus (Frost 

1964).  To initiate the bone remodelling process, a minimum threshold value of the 

inhibitory signal i.e., the difference in mechanical stimulus for the implanted and intact 

condition is needed. The region that remains non-reactive to small mechanical stimuli 
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is known as the ‘dead zone’ or ‘lazy zone’. This mathematical formulation of adaptive 

bone remodelling was forwarded by Huiskes et al. (1987). For all these theories of bone 

remodelling, the bone was assumed to be isotropic. 

The orientation of cancellous bone is regulated by heterogeneity of bone density 

distribution and thus induces anisotropic continuum material properties (Garcia et al. 

2002). Carter (1978) supplied anisotropic strain data, and a daily stress stimulus at the 

tissue level was considered into account within the time-dependent bone remodelling 

theory. Beaupré et al. (1990a,1990b), and Jacobs et al. (1995a, 1997) introduced an 

anisotropic model that incorporated density adaptation and anisotropy reorientation by 

considering principal stress as the mechanical stimulus. Further, some aspects of bone 

remodelling were predicted correctly using a damage-based theoretical model 

(Prendergast and Taylor 1994, Prendergast and Huiskes 1995). Doblaré and García 

(2002) proposed an anisotropic bone remodelling theory based on damage repair theory 

and considered microdamage as the remodelling stimulus. In a study by McNamara and 

Prendergast (2007), the remodelling stimulus was assumed to be a combination of strain 

and microdamage. In recent times, bone remodelling simulations have been conducted 

based on structural topology optimization (Hollister et al. 1994, Fernandes et al. 1999, 

Bagge 2000, Jang and Kim 2008, Jang et al. 2009). However, research on bone 

remodelling in lumbar vertebrae remains relatively scarce. 

1.5.6.1 Mathematical formulation of bone remodelling process 

The change in apparent density (ρ) was used to represent the bone remodelling state for 

different proposed mathematical formulations and was based on Wolff’s law (Wolff 

1982). The adaptive bone remodelling simulation employed a site-specific formulation 

and elastic strain energy per unit bone mass was considered to be a mechanical stimulus 

(Cowin and Hegedus 1976, Huiskes et al. 1987, Carter et al. 1989). The schematic 

diagram of iterative bone remodelling process is presented in Fig.1.9. The reference 

stimulus for intact bone is represented by ‘Sref’ and for implanted bone denoted by ‘S’, 

and they are compared for each bone element. The extent of the bone remodelling 

amount depends on the difference between ‘Sref’, ‘S’ and dead zone ‘s’. After each 

iteration, a new model is attained having updated material properties and a new stimulus 

‘S’ is determined. This process of iteration is continued till a new equilibrium with no 

more bone density variation occurs. In this process, the elements that have mechanical 

stimulus within the dead zone having restrictive density values of no bone condition 
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(0.1g/cm3) and cortical bone (1.73 g/cm3) were not considered. The reference stimulus 

for intact bone (Sref) and for implanted bone (S) was the local (per element) elastic strain 

energy (U) per unit bone mass averaged over a loading history (n) (Ghosh et al. 2013). 

The mechanical stimulus for each element was derived using the finite element (FE) 

model outputs. Owing to variations of loading conditions of the lumbar vertebra, for 

various movements during daily physiological work, the loads, strain energy density, 

and elastic strain energy per unit bone mass vary for each bone element. The mechanical 

remodelling stimuli (S) across multiple loading cases were calculated by considering 

some of these variations, by an average strain energy density, Ua, overloading condition 

(Carter et al. 1989, van Rietbergan et al. 1993) and expressed as 

                                  𝑆 =
1

𝑛
 ∑

𝑈𝑖

𝜌

𝑛
𝑖=1 =

𝑈𝑎

𝜌
                                                     (1.1) 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.9: Computational Scheme of adaptive bone remodelling. 

As discussed earlier, the bone remains non-responsive to mechanical stimulus in 

the ‘dead zone’ (s) (Huiskes et al.1987, Beaupré et al. 1990a, van Rietbergen et al. 

1993) shown in fig.1.10. To overcome this, a minimum threshold of the restraint signal 

‘S-Sref’ is needed. The dead zone for human cancellous bone is chosen as ±0.75 of the 

reference stimulus Sref for humans (Huiskes et al. 1992).  Martin (1972) introduced a 

way to estimate the free surface area available based on apparent density (𝐴 = 𝐴(𝜌)). 

Based on Martin’s assumption (1972), the internal surface area per unit volume of the 
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entire bone was calculated as  𝑎(𝜌) =  𝐴(𝜌)/𝑉. Martin (1972) assumed 𝑎((𝜌) =

0.0 for 𝜌 =  𝜌𝑚𝑎𝑥 = 1.73 g/cm3 for cortical bone with an apparent density of 1.73 

g/cm3 where no remodelling occurs. 

The rate of change of bone mass for the adaptive bone remodelling process in the 

operated bone is given by the following expression 

            
𝑑𝑀

𝑑𝑡
=  𝜏𝐴(𝜌)[𝑆 − (1 − 𝑠)𝑆𝑟𝑒𝑓]    if  𝑆 ≤ (1 − 𝑠)𝑆𝑟𝑒𝑓                       (1.2a) 

                    
𝑑𝑀

𝑑𝑡
= 0,                                 if  (1 − 𝑠)𝑆𝑟𝑒𝑓 < 𝑠 < (1 + 𝑠)𝑆𝑟𝑒𝑓          (1.2b) 

                    
𝑑𝑀

𝑑𝑡
=  𝜏𝐴(𝜌)[𝑆 − (1 + 𝑠)𝑆𝑟𝑒𝑓],        if 𝑆 ≥ (1 + 𝑠)𝑆𝑟𝑒𝑓                    (1.2c) 

0.01 ≤ 𝜌 ≤ 1.73 g.cm-3 

Here 𝜏  represents the time constant given by 129.6 g/ (mm2 (J/gm) month). The 

time t is expressed in units of one month. Further, the rate of change of bone mass is 

given by the amount of variation of internal mass as a result of porosity variation 

                                               
𝑑𝑀

𝑑𝑡
= 𝑉

𝑑𝜌

𝑑𝑡
                                                        (1.3) 

Where V is the volume of the element in which bone mass variation is taking place 

and dρ/dt is the rate of change of apparent density. 

 

 

 

 

 

 

 

 

 

Fig. 1.10: The relationship between stimulus and rates bone adaptation in bone remodelling 

(Ghosh et al. 2013). 

The change in apparent density is mathematically expressed as follows: 

           ∆𝜌 =  𝜏𝐴(𝜌)[𝑆 − (1 ± 𝑠)𝑆𝑟𝑒𝑓]∆𝑡,     if 𝑆 ≤ (1 − 𝑠)𝑆𝑟𝑒𝑓   or 𝑆 ≥ (1 + 𝑠)𝑆𝑟𝑒𝑓                       (1.4) 

                       

TH-3581_186106114



 

Chapter 1 

28 
 

Euler’s forward integration was used to solve the above equation (1.4) to yield a new 

apparent density value for all bone elements after each iteration. Thus, the apparent 

density of each element and chosen time step ∆t can be determined by using the 

following equation: 

∆𝜌𝑖 =  𝜏𝐴(𝜌)[𝑆 − (1 ± 𝑠)𝑆𝑟𝑒𝑓]   if   𝑆 ≤ (1 − 𝑠)𝑆𝑟𝑒𝑓 or 𝑆 ≥ (1 + 𝑠)𝑆𝑟𝑒𝑓            (1.5a) 

𝜌𝑖+1 =  𝜌𝑖 +  ∆𝜌𝑖 if 𝑆 ≤ (1 − 𝑠)𝑆𝑟𝑒𝑓   or 𝑆 ≥ (1 + 𝑠)𝑆𝑟𝑒𝑓                      (1.5b) 

The integration was carried out in steps of ‘simulation time scale’ τΔt (Weinans et 

al. 1993). The time step (Δt) was variable and was determined in each iteration using 

the following equation, where the maximum bone density change in the most highly 

stimulated element was assumed to be equal to the half of maximum bone density 

(
1

2
𝜌𝑚𝑎𝑥 = 0.865 g.cm-3) (Weinans et al. 1993): 

                                  𝜏∆𝑡 =  
0.865

{𝑎(𝜌)(𝑆−(1±𝑠)𝑆𝑟𝑒𝑓}𝑚𝑎𝑥
                                          (1.6) 

 

 

 

 

 

 

 

 

 

Fig1.11: Martin’s equation of relation between free surface area per unit volume and apparent 

density (Scandell and Prendergast. 2009). 

1.5.7 Bone ingrowth 

Bone ingrowth is a complex biological process that follows various cellular activities 

and tissue differentiation, and it resembles primary bone fracture healing (Davies 

1996,2003). In primary bone fracture repair, the MSCs play an essential role. The 

phenomenon is termed mechanotransduction where undifferentiated progenitor MSCs 

respond by converting mechanical stimulus to corresponding biochemical response and 
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differentiate to a variety of connective tissue cells leading to the development of new 

tissue (Barry 2003). Bone marrow contains concentrated MSCs and moves towards a 

bone defect zone to heal and differentiate into fibroblast (tendon/ligament cells), 

osteoblasts (bone cells), chondrocytes (cartilaginous cells), myoblasts (muscle cells), 

adipocytes (fat cells for the formation of bone marrow fat) and other cell types through 

the mechanism of cellular differentiation (Fig. 1.12). It has been noticed that connective 

tissue differentiation is influenced by a range of stimuli, including growth hormones, 

fluctuations in oxygen tension (hypoxia) and mechanical strain. Thus, to promote 

differentiation and growth of a particular type of connective tissue, it is essential to 

achieve equilibrium between various kinds of stimuli (Matsuda et al. 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

In terms of implant design, the impact of mechanical stimuli on tissue 

differentiation is of prime importance. Bone adaptation is characterized by sequence of 

events (Weinbaum et al. 1994, Stolz et al. 2018) as follows: Mechanocoupling 

(mechanical stimuli converted to biological inputs to act on the cell), 

Mechanotransduction (biological input signal converted to electrical, chemical or 

biochemical signals), Transduction (intracellular conversion of the mechanotransduced 

signals into final signals for the cells to act upon) and Cell response (cell differentiation, 

proliferation etc.). 

     

Fig. 1.12: Tissue differentiation from Mesenchymal stem cells (Merimi et al. 2021). 
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Frost (1987) proposed a model named ‘mechanostat of bone adaptation’ to get the 

optimum level of bone strain for the physiological growth of bone. According to this 

model, a lower strain level promotes bone resorption by osteoclast formation and a 

moderate level is considered physiological. Earlier studies suggested that static loading 

prohibits bone formation, promotes bone resorption, and decreases RNA, and protein 

synthesis; whereas cyclic loading promotes osteogenesis (Stolz et al. 2018). 

Mechanical stimuli can regulate cellular differentiation in the chondrogenic medium 

even in the absence of growth factors (Angele et al. 2003, Altman et al. 2002). It is 

classically assumed that an adequate supply of growth factors is necessary for 

osteoblast proliferation in cases of a well-vascularised orthopaedic procedure. Local 

mechanical stimuli such as deviatoric and hydrostatic stresses influence the 

differentiation process of MSC (Pauwel 1960, Carter et al. 1988). Both these stimuli 

meaningfully rely on the relative interfragmentary micromotion of two fractured 

fragments (Speirs et al. 2000). Numerous studies were conducted to evaluate the 

influence of mechanical simulations on tissue differentiation (Carter et al. 1988, 

Prendergast et al. 1997, Huiskes et al. 1997, Claes and Heigele 1999). Most of these 

models estimated fibrous tissue formation in response to substantial shear or tensile 

stresses. Mature bone formation was considered for models having profound 

vascularity and a smaller magnitude of stress. 

1.5.7.1 Mathematical formulation of evolutionary bone ingrowth 

To quantify tissue differentiation, numerous mechanoregulatory algorithms have been 

proposed (Claes and Heigele 1999, Carter et al. 1988, Prendergest et al. 1997, Huiskes 

et al. 1997, Prendergast and Huiskes 1996). The majority of these studies executed a 

two-simulation approach that incorporated octahedral shear (S) and dilatational 

hydrostatic (D) stresses as 

                           𝑆 =  
1

3
√[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2]                  (1.7) 

                          𝐷 =
1

3
[𝜎1 + 𝜎2 + 𝜎3]                                                        (1.8) 

where σ1, σ2, σ3 are the cyclic principal stresses. 
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Fig. 1.13: Mechanoregulatory hypotheses of Carter et al. (1988). 

Based on Pauwel’s theory (Pauwel 1960) of mechanoregulation, Carter et al. 

(1988) combined these two stimuli into a single parameter known as the Osteogenic 

Index (Fig. 1.13). This osteogenic index approach successfully predicted the early 

trends of tissue differentiation in initial fracture fixation (Carter et al. 1988), embryonic 

morphogenesis (Carter and Wong 1988) and around implant-bone interfaces (Giori et 

al. 1995). However, with the advancement of research based on quantitative tissue 

differentiation established that osteogenic index-based technique failed with 

progressive tissue differentiation (Gardener et al. 2004). 

 

 

 

 

 

 

 

 

Fig. 1.14: Mechanoregulatory principles of Claes and Heigele (1999). 

Thereafter, Claes and Heigele (1999) developed a new mechanoregulatory model 

considering deviatoric strains and hydrostatic stresses as two mechanical stimuli 
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governing a tissue differentiation process for a fracture healing study on an ovine model 

(Fig. 1.14). For strain less than 5% and hydrostatic pressure in the range of ±0.15 MPa, 

the theory projected threshold limits for intramembranous bone formation. Further, 

endochondral ossification is linked to compressive hydrostatic pressures greater than 

0.15 MPa and strains less than ±0.15%. 

 

 

 

 

 

 

 

 

Fig.1.15: Mechanoregulatory algorithm by Predergast et al. 1997. 

A novel mechanoregulaory model was proposed considering bone as a biphasic 

material and combined effects of strain and interstitial fluid velocity (Fig. 1.15) 

(Prendergast and Huiskes 1996, Prendergast et al. 1997). The biphasic model is 

attributed to soft tissues at the bone-implant interface comprised of a collagenous solid 

phase and a fluid media. Further, the quantitative confines on the mechanical stimuli in 

the biphasic mechanoregulatory algorithm were attained through an empirical fit to a 

canine model (Huiskes et al. 1997). 

 

 

 

 

A combined stimulus (Z) (Fig.1.16) was developed by combining the magnitude 

of shear strain (γ) and relative velocity (ν) regulating tissue differentiation as: 

                                        𝑍 =
𝛾

𝑎
+

𝜈

𝑏
                                                            (1.9)      

Where a (=0.0375) and b(=3µms-1) are constants (Huiskes et al. 1997). Woven 

   

        

Fig. 1.16: Influence of combined stimulus on tissue differentiation. 
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bone is found to develop for Z<1 and Z>3 fibrous tissue is formed. 

A diffusion-based poroelastic model (Eq 1.10) was developed to study cell 

migration (Lacroix et al. 2002, Lacroix and Prendergast 2002a). This biphasic model 

was executed to simulate fracture healing in a computational framework. 

                                         𝑘𝛻2𝑐 =
𝑑𝑐

𝑑𝑡
                                                           (1.10) 

where k is the diffusion constant, and c is the cell concentration at each finite 

element at the fracture callus. The biological phenomenon of cellular migration is 

simplified by assuming the diffusion model would simulate cellular dispersion. The 

cells at the interface helped in achieving homogeneity of cellular migration. The study 

did not consider the migration of intermediate regenerating cellular phenotypes that 

might influence the healing process, cellular mitosis and necrosis/apoptosis. Yet the 

adaptive model reasonably mimics the periosteal bone formation, endochondral 

ossification, and bone bridging at the callus followed by bone formation. 

In a physically feasible geometric domain, granulation tissue and expected tissue 

phenotype coexist within a single finite element. This realistic representation within a 

finite element is not implemented in the mechanoregulation-based tissue differentiation 

scheme. To resolve this discrepancy, a rule of mixture is introduced to calculate the 

effective material property (En+1) of newly formed tissue by combining element-

specific cell concentration obtained during diffusion analysis with the predicted 

material properties in a mathematical equation (Lacroix and Prendergast 2002a, 

Isaksson et al. 2006a, Boccaccio et al. 2007).  

                 𝐸𝑛+1 = (
𝑐𝑚𝑎𝑥−𝑐𝑚𝑖𝑛

𝑐𝑚𝑎𝑥
) 𝐸𝑔𝑟𝑎𝑛𝑢𝑙𝑎𝑡𝑖𝑜𝑛 + (

𝑐𝑡𝑖𝑠𝑠𝑢𝑒

𝑐𝑚𝑎𝑥
) 𝐸𝑡𝑖𝑠𝑠𝑢𝑒                          (1.11) 

Where, cmax and ctissue are the maximum cell concentration, considered to be unity 

and actual concentration of cells. Etissue and Egranulation are the material properties of 

newly formed tissue and granulation tissue, respectively. To avoid numerical 

instabilities caused by sudden variations of material properties at each finite element at 

the granulation tissue, a temporal smoothing procedure (Lacroix and Prendergast 

2002a, Isaksson et al. 2006a, Boccaccio et al. 2007) was used iteratively in each of the 

inter- bead spacing elements while updating the material properties. 

                                          𝐸𝑛+1,𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑛𝑒𝑑 =
1

10
  ∑ 𝐸𝑖

𝑛−9
𝑖=𝑛                                     (1.12) 
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The conceptual framework of this approach is portrayed in Fig. 1.17. Many 

researchers utilised the technique to examine fracture healing (Isaksson et al. 2006a, 

2008a, 2008b, 2009), repair of osteochondral defect (Kelly and Prendergast. 2005), and 

implant-bone interfacial tissue differentiation (Scannell 2006, Chou and Müftü 2013, 

Dickinson et al. 2012). Subsequently, the effectiveness of numerous 

mechanoregulatory algorithms was assessed and it was evident that all algorithms could 

estimate similar tissue adaption trends (Isaksson et al. 2006a). Further, some cell-

phenotype-specific algorithms were developed, detailing the individual biological 

activities of each cell and their explicit influence on tissue differentiation (Isaksson et 

al. 2008a, Andreykiv et al. 2008a). However, it was established that cell-phenotype-

specific algorithms are more computationally complex than diffusion-based 

phenomenological algorithms.  

1.5.7.2 Cell migration implemented through diffusion model 

Mathematically though heat flow and diffusion are the same phenomenon, but to depict 

the dispersal of MSC across granulation tissue region a detailed discussion in change 

of notation is discussed. Mass diffusion (MSC) across a region in a particular direction 

is based on Fick’s law: 

                                        𝑘∇2𝑐 =
𝑑𝑐

𝑑𝑡
                                                          (1.10) 

 

Fig. 1.17: Computational scheme for mechanoregulatory tissue differentiation simulation. 
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                                            𝛱𝑐 = −𝑘
𝜕𝑐

𝜕𝛺
                                                         (1.13)  

where, where k = diffusion coefficient, c = concentration of undifferentiated MSCs,  

 Πc = rate of transfer of cells in direction Ω.   

Its corresponding heat flow equation based on Fourier’s law of heat conduction is 

given as 

                                        (
℧

𝜌𝛹
) ∇2𝜃 =

𝑑𝜃

𝑑𝑡
                                                   (1.14) 

                                          𝛱𝜃 =  −℧
𝜕𝜃

𝜕𝛺
                                                    (1.15) 

where ℧ = thermal conductivity, ρ = density of the material through which heat 

flows, Ψ = specific heat of the material, ρΨ = heat capacity of the material, θ = 

temperature, Πθ = rate of transfer of heat in direction Ω. 

The correlation between concentration, c and temperature θ in above equations 

and comparing equations 1.10 and 1.14, 

                                            𝑘 =  
℧

𝜌𝛹
                                                          (1.16) 

Similarly, comparing equation 1.13 and 1.15,         

                                                 𝛱𝑐 = 𝛱𝜃                                                  (1.17) 

From equation 1.15 

                                                              𝑘 ≡  ℧                                                     (1.18) 

Comparing equations 1.16 with 1.18 

                                                  𝜌𝛹 = 1                                                    (1.19) 

In thermal diffusion, heat conduction takes place and not temperature. In 

physical significance, ρΨ being the heat capacity of the material is an important factor 

in the heat equation responsible for converting temperature, θ into the amount of heat 

per unit volume. However, this factor has no significance in mass diffusion since in mass 

diffusion, the term “concentration, c” represents diffusion of mass unit volume is unity. 

1.6 Clinical Investigation 

Clinical investigations into lumbar fusion surgery aim to understand patient outcomes, 

particularly the complications that arise during the postoperative period or later in life. 

Mechanical weakening is frequently observed due to daily physiological loading, with 

the primary cause of fixation failure being the loosening of the bone-implant interface. 

Various studies have explored these complications, offering insights into their causes 

and potential solutions. 
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In a pivotal study by R. Louis (1984), 440 of 455 patients who underwent lumbar 

fusion surgery were followed for an average of 31.6 months. Complications such as 

screw loosening, anatomical variations, osteoporosis, and neural or vascular injuries 

were identified (Weinstein et al. 1992). Studies by Castro et al. (1996) and Girardi et 

al. (1999) revealed that accurate pedicle screw placement remains challenging, with CT 

scans showing cases of medial and inferior pedicle wall penetration. Computer-guided 

techniques were found to improve placement accuracy. Subsequent studies have 

expanded on these findings. Halm et al. (2000) examined 12 patients with 

thoracolumbar and lumbar scoliosis over a 4-year follow-up period, reporting that 

among 85 screws, 10 exhibited lateral penetration, 5 bilateral penetration, and 4 medial 

penetrations. Okuyama et al. (2001) studied 52 patients undergoing posterior lumbar 

interbody fusion and found that lumbar spine bone mineral density (BMD) was a crucial 

factor influencing pedicle screw stability, with follow-up conducted over an average of 

2.8 years. Another study by Ghiseli et al. (2004) focused on adjacent segment 

degeneration following posterior lumbar arthrodesis. Their results indicated 

symptomatic degeneration in 16.5% of cases after 5 years and 36.1% after 10 years. 

Chen et al. (2005) analysed pedicle screw fixation in 16 patients with spine instability 

and found that 75% of screw failures occurred on the caudal side due to larger axial 

stress, with 23 screws breaking within a 2-year follow-up period. 

Innovative techniques have shown promise. Schaeren et al. (2008) demonstrated 

that the Dynesys system effectively reduced donor site morbidity in elderly patients, 

achieving a 95% satisfaction rate over 52 months. Mohi Eldin and Ali (2014) observed 

that implant failure, often involving screw or rod fractures, occurred primarily within 

six months post-surgery. Similarly, Laugesen et al. (2017) found that 33% of lumbar 

total disc replacement patients required revision surgery after 10 years, often with 

poorer outcomes. 

Studies also focused on specialized solutions for at-risk populations. Expandable 

pedicle screws were deemed safe and effective for elderly patients with osteoporosis 

(Gazzeri et al. 2016). Robot-assisted minimally invasive surgeries achieved a 97.4% 

accuracy rate for screw placement (Vardiman et al. 2020). A meta-analysis by Yagi et 

al. (2021) confirmed lower revision rates for cannulated pedicle screws, particularly in 

osteoporotic patients. 
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Overall, advancements in techniques and materials have improved outcomes for 

lumbar fusion surgeries, but challenges like screw loosening and adjacent segment 

degeneration persist, especially in elderly and osteoporotic patients. 

1.7 Motivation of the present work: Research gap observed in the state-of-art 

The stability of the posterior spinal devices is dependent largely on the pedicle screws. 

When pedicle screws are inserted into an osteoporotic spine, their fixation strength is 

substantially reduced due to low bone mineral density (BMD), increasing the risk of 

screw loosening and subsequent pullout. Thus, it becomes very challenging for 

surgeons to enhance the strength of pedicle screw fixation, especially with osteoporotic 

patients (Rahyussalim et al. 2019). The primary causes of pedicle screw loosening are 

increased load sharing, high-stress concentration due to bending, repeated loading-

unloading and delay in bone fusion (Biswas et al. 2019, Chen et al. 2003, Pearson et 

al. 2017). In many clinical cases, persistent pain caused by instrumentation loosening 

often demanded revision surgery for certain patients. 

In some cases, removal of pedicle screws is necessary, but these procedures can 

be costly (Pearson et al. 2017, Xu et al. 2019). Spinal fusion surgery, for example, 

incurs an average hospital charge of US$ 40,000, with patients typically staying over 4 

days (Martin et al. 2007). To address these challenges, alternative pedicle screw 

designs, such as expandable pedicle screws (Cook et al. 2001), dual-threaded screws, 

and magnetic resonance-compatible screws, show promise in improving fixation 

strength. Expandable pedicle screws, in particular, enhance the connection between the 

bone and screw by increasing the contact area without increasing the pedicle insertion 

diameter or screw length (Cook et al. 2001). These innovative designs offer the 

potential for more reliable outcomes and cost-effective solutions by improving the 

overall stability of the spine while reducing the need for costly revision surgeries. 

FE analysis is a useful tool for preclinical investigation considering various 

physiological loading conditions. Several studies were conducted to see the influence 

of physiological loading conditions, and ligament stiffness on the intact model (Kang 

et al. 2022, Talukdar et al. 2021). Most of the previous studies calculated stress for the 

intact model under different loading conditions and ultimately compared it with the 

implanted models. Earlier studies estimated the influence of material properties, and 

anchoring arrangement of pedicle screws for long-segment lumbar vertebra (Natarajan 

et al. 2018). The screw positioning also plays a vital role in load transfer (Newcomb et 
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al. 2017). Studies were conducted to see the variation of pitch length under bending 

load (Biswas et al. 2019). However, no studies were conducted to develop an 

appropriate 3D model of the FSU and estimate the influence of physiological loading 

for the novel expandable pedicle screws. 

There have been numerous studies based on adaptive bone remodelling using FE 

analysis on implanted bones to predict the bone density change due to physiological 

loads (Huiskes et al. 1987, Ghosh et al. 2014, Mathai et al. 2021a, Mondal and Ghosh 

2021). However, the studies on bone remodelling in lumbar vertebrae remain quite 

limited. Some researchers applied adaptive bone remodelling to observe variation in 

vertebral end plate shape due to disc injury (Goel et al. 1994). In another study, the 

authors studied internal and external remodelling and predicted Young’s modulus 

distribution within the vertebra (Goel et al. 1995). The influence of fixation screws on 

the trabecular structure was studied for long-term stability (Tsubota et al. 2003). 

Moreover, bone remodelling post-cervical spine surgery (Espinha et al. 2010) and due 

to disc degeneration (van Rijsbergen et al. 2018) were also investigated. The impact of 

the porosity variation of the interbody cage on bone density variation was further 

studied (Talukdar et al. 2022). Nonetheless, a comparison of conventional pedicle 

screws with novel expandable pedicle screws for long-term performance would be 

beneficial. 

One of the major concerns of spinal fixation is that osteoporosis leads the bone to 

be fragile and ultimately fail. The fixation issue becomes severe for low BMD and that 

lower the pullout strength (Demir et al. 2012). The pullout strength depends on BMD, 

screw design, insertion technique, pedicle screw shape etc. (Demir et al. 2012, Hsu et 

al. 2005, Bianco et al. 2017). Many experimental studies used different polyurethane 

(PU) foams of different densities to evaluate pullout strength (Varghese et al. 2016a, 

Lee et al. 2019, Cetin et al. 2021a).  Previous studies showed improved pullout strength 

using dual-thread pedicle screws compared to cylindrical screws (Kubaik et al. 2019, 

Wu et al. 2023). The pullout force of expandable pedicle screws increased with an 

increase in number of fins (Kiyak et al. 2018). Design variations of expandable pedicle 

screws to enhance axial pullout performance would be beneficial for future 

applications, particularly with thorough evaluation through computational methods. 

To evaluate the impact of mechanical stimuli on bone growth, various 

mechanoregulation models were implemented along with FE analysis during fracture 
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healing and bone-implant fixation (Isaksson et al. 2006a, Lacroix and Prendergast 

2002a, Mukherjee and Gupta 2015, Ghosh et al. 2020, Mohendas et al. 2021, Mathai 

and Gupta 2021b). Most of these studies were conducted on long bones (Mohendas et 

al. 2021). Few studies considered bone ingrowth in vertebral body and cage design 

(Boccaccio et al. 2011, Postigo et al. 2014). Some studies combined bone growth with 

adaptive bone remodelling to assess tissue differentiation post-nucleotomy and disc 

degeneration (van Rijsbergen et al. 2018, Calvo Echenique et al. 2019). However, the 

incorporation of bone adaptation phenomenon in the evaluation of pedicle screws has 

to be considered. 

1.8 Objectives and Scope of the Study 

The current study aimed to address the limitations discussed in the previous section by 

integrating advanced biomechanical assessment techniques. The primary goal was to 

design and develop expandable pedicle screws to reduce the failure rates commonly 

associated with conventional pedicle screws. To achieve this, the study focused on 

investigating detailed models of intact and implanted lumbar spine units, comparing the 

performance of conventional and expandable pedicle screws under physiological 

loading conditions. 

Following the modelling phase, a preclinical assessment was conducted to 

examine bone remodelling around the expandable pedicle screws, with a direct 

comparison to conventional screws under similar conditions. This was essential to 

understand how the bone interacts with the screws, which is crucial for long-term 

stability. Additionally, three distinct designs of expandable pedicle screws were 

developed to estimate their pullout strength. This step was vital for evaluating the 

mechanical performance of these new designs. 

Finally, the study aimed to investigate the extent of bone growth around the newly 

designed expandable pedicle screws using a mechanoregulation-based algorithm. This 

allowed an understanding of the bone response to these screws and helped assess their 

potential for improved fixation and stability. Through these investigations, the study 

aimed to enhance spinal fixation by improving screw design and reducing the failure 

rates observed with conventional pedicle screws. 

Objective 1: Development of 3D FE models of lumbar spine with and without 

expandable pedicle screws to get baseline of preliminary data (comparison between 

intact and implanted models). 
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Objective 2: Numerical comparison and assessment of bone remodelling of normal and 

expandable pedicle screws based on patient-specific FE model. 

Objective 3: Comparison of pullout strength for expandable pedicle screws with 

various thread designs and validation with FE analysis. 

Objective 4: Influence of various thread designs of expandable pedicle screws on bone 

growth using mechanoregulation algorithm. 

1.9 Structure of the thesis 

This research was conducted to advance the understanding of computational 

biomechanics in spinal implants. The primary objective was to numerically evaluate 

the innovative expandable pedicle screws, to benefit the public healthcare sector. 

Integrating modern technology into traditional healthcare practices offers several 

advantages, including cost- effectiveness, improved diagnosis, and faster, more 

optimized patient-specific solutions. This thesis is structured into six distinct chapters, 

each contributing to the achievement of the study’s primary objective, as outlined in 

the following order. 

Chapter 1: This chapter deals with the general introduction of the lumbar spine, 

spine biomechanics, failure scenario of the pedicle screws, literature review, clinical 

investigation, motivation behind the study, the available research gap and the specific 

objective of the study. 

Chapter 2: This chapter presents the development of the FE model of intact as well 

as implanted FE models instrumented with normal and expandable pedicle screws 

acquired from the manufacturer-supplied CAD model. The development of the FE 

model was elaborately explained with needful data about the geometry, meshing, 

ligament, material properties, loading and boundary conditions. The results were 

validated based on range of motion (ROM) to quantify the anticipated results. This 

study is helpful to understand the load transfer due to physiological conditions through 

the pedicle screws based on stress-strain results. 

Chapter 3: This chapter deals with the development of the intact and implanted FE 

models of the lumbar vertebra using CT scan dataset. Firstly, strain and strain energy 

density (SED) distribution under physiological loads is presented. The variation of bone 

density around normal pedicle screws and expandable pedicle screws owing to bone 

remodelling is shown in the chapter. The bone remodelling algorithm was combined 

TH-3581_186106114



 

Introduction and Review of Literature 

 41 

with FE analysis for this purpose. 

Chapter 4: This chapter investigates the pullout strength of three newly designed 

expandable pedicle screws by varying the thread pitch. The pullout tests were 

conducted on synthetic polyurethane (PU) foam having properties of low osteoporotic 

bone. Further, the validation of the study was performed using FE analysis. 

Chapter 5: This chapter presents the bone growth around the three types of 

expandable pedicle screws. Two mechanoregulation algorithms based on (a) deviatoric 

strain with hydrostatic pressure and (b) deviatoric strain alone were utilized for two 

load cases around the expandable pedicle screws. This study helped assess the spatial 

distribution of the tissue phenotype for the two mechanoregulation models. This study 

emphasized the formation of new tissue for bone growth given the potential 

osseointegration capacity of the screws. 

Chapter 6: This is the ultimate chapter of the thesis providing the conclusion, 

major contribution, limitation and significance of the present study. Here, the overall 

findings of the thesis are presented based on the studies presented in the earlier chapters. 

The future scope of the study is also included in the final chapter. 
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Development of 3D FE models of lumbar spine instrumented with 

expandable pedicle screws: intact versus implanted cases 

(Comparison between intact and implanted models) 

2.1 Introduction 

A great number of people across the globe suffer from mild to severe lower back pain, 

the onset of which can sometimes be post-operative. The lower back pain was reported 

as the second most symptomatic reason and overall, the fifth most common reason for 

all physician visits (Atlas and Deyo 2001). The most common complaint of spine and 

hip for elderly people is osteoporosis with mortality rates ranging from 10 to 20 percent 

(Keramat et al. 2012). These osteoporotic fractures also cause extensive pain and, in 

certain cases, disability, depression and increased dependency leading to diminished 

quality of life (Keramat et al. 2012). Each year nearly 700,000 patients suffer from 

spinal fractures known as vertebral compression fractures. Lumbar surgeries are 

predominantly performed 3 times more for patients older than 60 years than 

younger ones (Zou et al. 2020, Sivasubramaniam et al. 2015).  It may be noted here 

that the lumbar spine helps in transferring weight to the pelvis and allows different 

bodily movements during day-to-day activities (Yoganandan et al. 2000, White and 

Panjabi 1978).  

During the pre-renaissance era and the two world wars, physicians tried different 

surgical techniques to treat lumbar spine fractures. Vertebral and pedicle screw 

fixations were introduced in the 1940s and have become popular ever since among 

spine surgeons (Kabins and Weinstein 1991). The first case of vertebral screw fixation 

started way back in 1944. However, the use of pedicle screws was well documented 

since the 1970s by Roy-Camille (Kabins and Weinstein 1991). The primary aim of the 

surgeons was to reduce fracture by achieving bony union, such that the spinal anatomy 

is restored while delivering stability to the posterior spinal devices (Li et al. 2014). 

Pedicle screws offer stability to the posterior side with rigid bony fixation by 

connecting the fractured bones (Wang et al. 2020). The primary advantage of pedicle 

screws over conventional bone screws is that they provide 3-column fixation, assist in 
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the instrumentation of short segments, and also maintain desired alignment (Moore et 

al. 1997, Wu et al. 2010). The success rate of pedicle screw fixation was found to be 

more than 80% in a 10-year follow-up study (Glaser et al. 2003). In the case of posterior 

fixation, however, it was estimated that the pedicle screw was the weakest link (Moran 

et al. 1989, Alizadeh et al. 2013). The primary failure of pedicle screw was found to 

occur either due to screw loosening or pedicle root breakage (Wang et al. 2020, Moran 

et al. 1989, Liao et al. 2017, Alanay et al. 2007, Qi et al. 2011, Viezens et al. 2021, 

Otsuki et al. 2021). Loosening of pedicle screw can be ascribed to increased load 

sharing, high-stress concentration caused by bending, frequent loading-unloading and 

prolonged bone fusion (Biswas et al. 2019, Chen et al. 2003, Pearson et al. 2017). 

Earlier studies suggested that bone mineral density, insertion technique and screw 

dimensions act as necessary factors for screw stability (Viezens et al. 2021, Cho et al. 

2010). Patients with osteoporosis have low bone mineral density and thus have lower 

pullout strength at the fixation points (Zou et al. 2020, Halvorson et al. 1994, Paxinos 

et al. 2010, Fu et al. 2017). The inferior bone quality in the osteoporotic spine may pose 

a challenge for surgeons to operate on as it may lead to complications in the neural 

structures owing to failure at the bone-screw interface (Gazzeri et al. 2016, 

Rahyussalim et al. 2019, Su et al. 2021). Earlier studies suggested that sagittal 

imbalance was the primary pathogenic cause of lower back pain and its correction was 

essential for degenerative spinal deformity. 

Expandable pedicle screws, on the other hand, have many advantages over 

traditional pedicle screws because of their capacity for better anchorage. Earlier studies 

indicated that expandable pedicle screws provide better fixation due to greater bone 

contact without any increase in diameter or screw length (Cook et al. 2001). The use of 

expandable pedicle screws increased by around 30% and 50% in pullout strength in the 

case of healthy and osteoporotic bone, respectively, as compared to conventional 

pedicle screws (Cook et al. 2000). This suggests that expandable pedicle screws tend 

to provide superior fixation strength in case of compromised bone. For osteoporotic 

patients, an expandable pedicle screw provides fewer complications, quick and 

surgically satisfactory postoperative effect, short operation time and less intraoperative 

bleeding (Weng et al.2018).  Breakage of expandable pedicle screws occurred for 

around 2.8% of patients and 2.6% in total number of screws that were placed (Cook et 

al. 2001). Another study on expandable pedicle screws with different designs showed 

7% related complications (Bokov et al. 2018). Despite the availability of clinical 
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studies, there remains a paucity of preclinical investigations on expandable pedicle 

screws used on lumbar vertebrae. Therefore, more rigorous investigations are warranted 

to evaluate its performance and to further ascertain its competitive edge over other 

techniques, if any. 

Over the last few decades, FEA (Finite Element Analysis) has attained much 

popularity as a preclinical tool in orthopaedics and courtesy of its non-invasive nature, 

novel designs of implants have been studied in silico (Chanda et al. 2016, Sahu and 

Kaviti 2016, Sanjay et al.  2018, Mondal and Ghosh 2019a, Talukdar et al. 2021, 

Biswas et al. 2022). It has been used extensively to solve many biomechanical problems 

owing primarily to low financial and computational cost, as well as high precision 

simulation (Sanjay et al. 2018, Dreischarf et al. 2014). It further reduces the complexity 

of clinical or in vitro tests. In studies involving lumbar spine biomechanics, FE helped 

gain insights at crucial sites, e.g. bone-screw interfaces under different physiological 

conditions of spinal loads (Ayturk and Puttlitz 2011, Kiapour et al. 2012, Rohlmann et 

al. 2013, Xu et al. 2019). Thus, evaluation of different spinal implants and development 

of subject-specific implants have been attempted using FE (Talukdar et al. 2021, 

Dreischarf et al. 2014, Ayturk and Puttlitz 2011, Kiapour et al. 2012, Xu et al. 2016, 

Goel et al. 2007). Nonetheless, a realistic FE model of spinal osteotomies is paramount 

in this regard, which may successfully allude to more detailed preclinical insights and 

thereby help clinicians choose the right implant (Talukdar et al. 2021, Zander et al. 

2006, Rohlmann et al. 2007). 

It was estimated that failure was greatest (33% for single-level fusion) at the L4-

L5 level among all vertebral screw fixation (Kabins and Weinstein 1991). By 

employing anatomically viable FE models, the present study intended to estimate 

stress-strain fields of a functional spinal unit (FSU) of intact L4-L5 vertebra and to 

further compare the same with FSUs instrumented with normal and expandable pedicle 

screws under various physiological loading conditions. Stress and strain results for 

intact and implanted models, corresponding to various physiological movements, were 

derived and subsequently used to compare the normal and expandable pedicle screws. 

It is hypothesized here that an expandable pedicle screw may result in improved 

stability and more anatomic load transfer as opposed to a normal pedicle screw. 
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2.2 Materials and Methods 

An elaborate description of materials and methods, starting from the development of 

virtual osteotomies to the in silico biomechanical investigations has been systematically 

presented under the following subcategories. 

2.2.1 Development of the intact model 

The Fig.2.1a shows the CAD model of intact L4-L5 vertebrae.  All different parts of 

the FSU, i.e. the intact L4-L5 vertebrae, are illustrated in Fig. 2.2. The virtual FSU was 

generated using the CAD models of L4 (model #3902) and L5 (model #3901) vertebrae, 

procured from the manufacturer (Sawbones, Europe AB, Malmo, Sweden). The FSU 

was anatomically positioned by aligning it with standardized anatomical reference 

planes (sagittal, coronal and transverse) and key anatomical landmarks using 

Rhinoceros CAD software (Rhinoceros v7.0, Robert McNeel & Associates Seattle, 

USA) and the modifications such as the boolean operations were carried out for the 

digital separation of cortical and cancellous bone. The average thickness of the cortical 

bone was considered to be 1.0 mm (Boccaccio et al. 2008, Zhang et al. 2018). 

Thereafter, annulus fibrosus and nucleus pulposus comprising the IVD were curated. 

Around 43% of the whole disc volume was occupied by the nucleus pulposus (Kim et 

al. 2010). The bony endplates and cartilaginous endplates were given a thickness of 0.5 

mm (Talukdar et al. 2021). Further, the facet cartilage was developed based on an initial 

gap of 0.1 mm (Talukdar et al. 2021). 

 

 

 

 

 

 

  

 

 

 

  

Fig. 2.1: 3D CAD models of the L4-L5 FSU: (a) intact, (b) implanted with normal pedicle 

screw, (c) implanted with expandable pedicle screw. 
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2.2.2 Development of the implanted models 

Fig. 2.1b and Fig. 2.1c presented the CAD models of implanted L4-L5 vertebrae with 

normal pedicle screws and expandable pedicle screws respectively. Lumbar loading 

reconstruction is generally performed using posterior pedicle screw-rod fixation due to 

the high loading condition in that region (Song et al. 2021). Various parts of implanted 

L4-L5 vertebrae are displayed in Fig. 2.3. Transforaminal lumbar interbody fusion 

(TLIF) has been reported to be a popular choice for the treatment of degenerated lumbar 

spine and against premature pedicle screw loosening (Ambati et al. 2014, Kim et al. 

2010). As such, a one-sided total facetectomy was performed to virtually place the TLIF 

cage (ArdisTM, Zimmer Biomet, Warsaw, IN, USA, 26 x 11 x 12 mm) inside the FSU 

(Fig. 2.3). The TLIF was virtually implanted by simulating the surgical steps in a 

computational environment. For all the implanted models, the removal of nucleus 

pulposus, cartilaginous endplates and left facet cartilage was performed as per the 

surgical guidelines.  A TLIF cage was inserted into the L4-L5 disc space through a 

postero-lateral annular window and secured with pedicle screws.  It was estimated that 

the enlarged screw diameter that optimally fits the pedicle leads to a better screw 

stability (Viezens et al. 2021, Otsuki et al. 2021). Cylindrical screws of 60.0 mm length 

(body length: 26.5 mm; thread length: 33.5 mm), 6.0 mm shaft diameter and 3.0 mm 

pitch having triangular threads (angles: 900, 36.70 and 53.30) were considered for both 

normal and expandable pedicle models (Fig. 2.3). The normal pedicle screw design was 

based on EXPEDIUM 5.5 system (Depuy Synthes Spine, Inc, Raynham, MA) and 

expandable pedicle screw design was adopted from Tai et al. (2015). The expandable 

pedicle screw had an extension of around 2.0 mm in diameter after the expansion (Wu 

et al. 2010). Two rods each 50.0 mm long having a diameter of 4.0 mm were inserted 

through the screw head for securing the implants properly. Surgeons need to place the 

pedicle screws properly to have correct placement as well as to minimize the risk of 

revision surgery (Fisher et al. 2022). The screws were guided by anatomical landmarks 

and aligned parallel or slightly convergent to the midline axially and angle cephalad in 

the sagittal plane. The screws were inserted with traditional trajectory, with entry points 

at the intersection of the transverse process and superior articular facet after consulting 

with an experienced orthopaedic registrar (Max Hospital, Mohali, India). 
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2.2.3 FE model generation and analysis 

The FE models of both intact and implanted L4-L5 vertebrae were generated using 

HyperMesh 2021.1 (Altair Engineering Inc., Troy, Michigan, United States) (Figs. 2.2, 

2.3).  The solid models of bones and the implants were discretized into 4-noded 

unstructured tetrahedral mesh. However, the six ligaments, namely anterior 

longitudinal ligament (ALL), posterior longitudinal ligament (PLL), ligamentum 

flavum (LF), intertransverse ligament (ITL), interspinous ligament (ISL) and 

supraspinous ligament (ISL), were modelled using 1D tension-only spring elements, 

termed as CGAP elements (Figs. 2.2, 2.4a). The ligaments are placed at anatomically 

precise positions, connecting the specific bony landmarks to replicate the physiological 

roles to provide stability as well as restricted motion. These elements can mimic the 

soft tissue properties since they impart stiffness only under tension (Biswas et al. 2022), 

whereas in compression the stiffness becomes zero. Both LF and PLL were removed 

for all implanted models as per surgical guidelines (Figs. 2.3, 2.4b, 2.4c). 

A mesh convergence study of the intact L4-L5 FE model was performed to 

optimize the element size for a trade-off between accuracy and solution speed. Three 

FE models of different element sizes were generated to estimate the dependency on 

mesh density. Equivalent (von Mises) stress of cortical and cancellous bone under pure 

compression was chosen for the mesh convergence study. The first model used an 

element size of 1.0 mm to 3.0 mm, the second model used 0.5 mm to 2.5 mm and the 

third model used 0.25 mm to 2.0 mm. The von Mises stress varied between 4-6% for 

the first two FE models whereas ~1-2% deviation was observed for the second and third 

models (Biswas et al. 2022). Thus, the second model which consisted of 647,837 

elements with element sizes 0.5 mm to 2.5 mm was selected for further analyses. The 

average edge length was considered to be ~1.0 mm (Fig.2.2 and Fig.2.3). 

All analyses were performed using the ‘OptiStruct’ solver of HyperMesh 2021.1. 

To account for stiffness as a function of displacement, a nonlinear analysis was 

performed using a piecewise linear approach, dividing the load into small incremental 

steps for accurate computation. Thus, the stiffness matrix was restructured after each 

increment of applied load. Newton-Raphson method was used to solve the equations 

iteratively (Gokhale et al. 2008). 
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   Fig. 2.2: The curated models of different parts of an intact L4-L5 FSU. 

 

TH-3581_186106114



 

Chapter 2 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  The contact analysis was solved using the Augmented Lagrangian method, where 

L4 cartilage was considered as the slave (contact) and L5 cartilage as the master body 

(target) in the contact pair (Sanjay et al. 2021). The reason behind the use of the 

Augmented Lagrangian Method for contact formulation is its balanced accuracy and 

computational efficiency.  It is important to note that surface-to-surface contact 

    

Fig. 2.3: The curated models representing different parts of the two implanted 

L4-L5 FSUs. 
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elements were used (coefficient of friction, µ = 0.2) (Zhou et al. 2020) on both the left 

and right side of the facet cartilage interface of L4-L5 vertebrae. 

2.2.4 Material properties 

 

 

 

 

 

 

 

 

 

 

The material properties of cortical bone, cancellous bone and end plates were 

assumed to be linear, elastic and isotropic (Alanay et al. 2007, Wong et al. 2022). For 

nucleus pulposus, low elastic modulus (E=0.1 MPa) was applied with the aim of 

simulating incompressible fluid-like behaviour (Li et al. 2015). The implant material 

was considered to be titanium alloy (Ti-alloy) having Young’s modulus of 110 GPa and 

Poisson’s ratio of 0.3. All material properties are tabulated in Table 2.1. 

The lengths of the ligaments were obtained from data available in the literature 

(Yoganandan et al. 2000). The stiffness values of the ligaments, as shown in Table 2.2, 

were estimated based on the length, anatomical cross-section and Young’s moduli 

(Boccaccio et al. 2008, Li et al. 2015, Vena et al. 2005). For calculating the ligament 

stiffness, the axial stiffness formula, i.e. 𝐾 =  𝐴𝐸/𝐿 was used, where K is the 

geometric stiffness, A is the cross-sectional area, E is Young’s modulus and L is the 

length of the ligament. The calculated values were found to corroborate well with the 

literature (Yoganandan et al. 2000). 

 

 

 

 
Components Young’s 

modulus 

(MPa) 

Poisson’s ratio Reference 

Cortical bone 12000 0.3 Li et al. 2014, Goel et al. 

2007 

Cancellous bone 100 0.3 Li et al. 2014, Goel et al. 

2007 

Bony endplates 12000 0.29 Li et al. 2014 

Cartilaginous 

endplates 

23.8 0.4 Xu et al. 2016 

Nucleus pulposus 0.1 0.49 Li et al. 2014 

Annulus fibrosus 9 0.4 Li et al. 2014 

Cage 110000 0.3 Su et al. 2021 

Pedicle screw 110000 0.3 Wong et al. 2022 

Ti Rod 110000 0.3 Wong et al. 2022 

 
 

Table 2.1: Material properties corresponding to various components of the FSU. 
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2.2.5 Loading and boundary conditions 

The analyses were performed for five loading conditions, i.e. compression, flexion, 

extension, lateral bending and torsion, and all load values loosely correspond to the 

body weight of an adult person (Sanjay et al. 2021, Xiao et al. 2011). A rigid body 

element (RBE3) was created for the application of load (Figs. 2.4a, b, c). Roughly at 

the centre of the top surface of L4 cortical bone, a ‘dependent’ node was selected 

whereas all surface nodes of L4 cortical bone were selected as ‘independent’ nodes. 

The loads were applied at the central node of RBE3 and calculated based on the  

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2: Ligament properties 

 Ligaments Stiffness (N/mm) 

Anterior longitudinal 45.20 

Posterior longitudinal 26.49 

Flavum 43.71 

Intertransverse 2.77 

Interspinous 35.50 

Supraspinous 12.72 

 

 

Fig. 2.4: The various physiological loading and boundary conditions for (a) intact FE model, 

(b) implanted FE model for normal pedicle screw and (c) implanted FE model for expandable 

pedicle screw. ‘RBE3’ denotes the rigid body element surrounding the L4 vertebra, whereas 

‘CGAP’ elements were defined to simulate ligament properties. 
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weighted average of motions for all the surface nodes of L4 cortical (Fig. 2.4) (Sanjay 

et al. 2021). Thus, the loads were assumed to be acting through the centre of gravity of 

L4. For axial compression loading conditions, a load of 500N was applied vertically 

downward. However, for flexion, extension, lateral bending and torsion, a 10 Nm 

moment plus an axial load of 500N acted upon simultaneously on the FSU (Sanjay et 

al. 2021, Xiao et al. 2011, Markolf 1972). For FE analysis, all interfaces in the FSU – 

intact and implanted models were assumed to be bonded under all conditions (Sanjay 

et al. 2021). The bonded approach using a non-manifold assembly allows seamless load 

transfer between components, with bonded contacts used for bone-implant and internal 

interfaces to ensure proper integration without gap or overlap. All the bottom surface 

nodes of the L5 cortical of the FSU were constrained for all six degrees of freedom 

(Sanjay et al. 2021).  

2.3 Result 

2.3.1 L4-L5 FSU: model validation based on ROM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5: Comparison of ROM values of the current intact FE model with those obtained 

from the literature: (a) Flexion, (b) Extension, (c) Torsion, (d) Lateral bending and (e) Axial 

compression. 
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The validation of the L4-L5 FSU (intact model) was performed by comparing results 

of range of motion (ROM) vis-à-vis various loading regimes, both based on 

experimental data (Markolf 1972) as well as FE analysis reported erstwhile (Xiao et al. 

2011) (Fig. 2.5). Under axial compression, the experimental study by Markolf (1972) 

reported a maximum relative displacement of 0.38 mm, while the FE study by Xiao et 

al. (2011) predicted a displacement of 0.88 mm. In our study, the predicted linear 

displacement (in mm) under axial compression (Fig. 2.5e) was found to lie midway 

between the earlier two findings (~0.65 mm). In the case of flexion, extension, torsion 

and lateral bending, the ROM (calculated as angular displacements having unit in 

degrees) versus load graphs were found to follow similar trends and to agree reasonably 

with the literature (Fig. 2.5a-d). All ROM values (in degrees) are shown in Table 2.3 

for direct comparison with data from the literature. 

 

 

 

 

 

 

 

 

 

2.3.2 ROM of the implanted models 

ROM was reported to be the highest in the intact spine (Jain and Khan 2022) and hence, 

for all ROM deviations in the implanted models, the intact spine was considered as the 

reference (i.e. 100%). Considerable reductions in ROM were predicted for the 

implanted models while subjected to different loading regimes (Zhong et al. 2006, 

Coombs et al. 2013, Talukdar et al. 2021). For normal pedicle screw models, the 

reductions were 74%, 75%, 63% and 50% under flexion, extension, torsion and lateral 

bending, respectively. In the case of expandable pedicle screws, the respective 

reductions were predicted in the order of 75%, 62%, 48% and 39%. 

 

Table 2.3: ROM (in degrees) of the intact model during different physiological movements. 

   

Flexion 
 

Extension 
 

Torsion 
 

Lateral 

Bending 

Present study 3.0 2.7 2.1 1.9 

Talukdar et al. 2021 3.2 3.1 2.3 3.1 

Xiao et al. 2011 1.6 3.7 3.8 1.6 

Zhong et al. 2006 2.4 2.3 3.2 3.7 

Chen et al. 2001 4.5 3.9 2.0 2.0 

Yamamoto et al. 1989 7.1 4.0 2.4 3.8 
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2.3.3 Stress (von Mises) for cortical and cancellous bone 

The equivalent (von Mises) stress contours for the cortical and cancellous bone of L4-

L5 vertebrae, subjected to the five physiological loading regimes, are presented in Fig. 

2.6 and Fig. 2.7, respectively. Fig. 2.8 depicts the stress contour for cancellous bone in 

a sectional view. While subjected to torsion, high-stress magnitudes in the order of ~50 

MPa (Fig. 2.6a) and ~1.6 MPa (Fig. 2.7a) were predicted in cortical and cancellous 

bone, respectively, in the case of intact FSU. Under extension, peak stress was close to 

50 MPa for cortical bone albeit at a localized region, whereas for cancellous bone, the 

peak stress was ~0.9 MPa. Under compression loading, however, the peak stresses were 

predicted to be the least, i.e. ~15 MPa (Fig. 2.6a) for cortical bone and ~0.7 MPa (Fig. 

2.7a) for cancellous bone. The peak stresses were found towards the posterior side of 

the FSU in all loading conditions except for the lateral bending condition where the 

peak stress was observed towards the anterior side (Figs. 2.6a, 2.7a). 

For the implanted vertebrae with normal pedicle screw, peak stresses of ~10 MPa 

for cortical and ~1.6 MPa for cancellous bone were predicted under compression, 

whereas the same were found to be ~50 MPa and 1.6 MPa, respectively, under 

extension (Fig. 2.6b and Fig. 2.7b). These higher stress magnitudes were found at the 

site of screw insertion for cortical bone and near the cage insertion area for cancellous 

bone. Under lateral bending, the peak stress area was found to be shifted towards the 

anterior side, more predominantly on the L5 vertebra compared to the L4 vertebra (Figs. 

2.6b, 2.7b). 

In the case of the expandable pedicle screw model, the highest stress of ~1.6 MPa 

(Fig. 2.7c) for cancellous bone was predicted under all the loading scenarios near the 

cage insertion area. However, scattered regions of comparable stress concentration 

were also observed at the posterior side of the L4 vertebra. In cortical bone, peak 

stresses (~50 MPa) (Fig. 2.6c) were found near the posterior top side of the L5 vertebra 

and also near the screw insertion area under extension. Relatively moderate peak stress 

values (~45 MPa) were found under torsion and lateral bending for cortical bone 

towards the anterior side of the L5 vertebra. The least amount of peak stress values for 

both cortical (~30 MPa) and cancellous bone (~1.4 MPa) were found under 

compression (Figs. 2.6c, 2.7c). 
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Stress in MPa 

 

Fig. 2.6: Von Mises stress contours (in MPa) in cortical bone for (a) intact FSU and FSUs 

corresponding to (b) normal and (c) expandable pedicle screw, respectively. 
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(a)                            (b)                                 (c) 

 

 

 

 

 

 

Stress in MPa 

Fig. 2.7: Von Mises stress contours (in MPa) in cancellous bone for (a) intact FSU and 

FSUs corresponding to (b) normal and (c) expandable pedicle screw, respectively. 
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Stress in MPa 

Fig. 2.8: Von Mises stress contours (in MPa) in cancellous bone (sectional view)  

(a) intact FSU and FSUs corresponding to (b) normal and (c) expandable pedicle screws, 

respectively. 
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2.3.4 Strain (von Mises) for cortical and cancellous bone 

The equivalent (von Mises) strain contour for the L4-L5 vertebra for both cortical bone 

(Fig. 2.9) and cancellous bone (Fig. 2.10) under five physiological loading conditions 

are presented. Fig 2.11 portrays the strain contour for cancellous bone in a sectional 

view. In the case of intact FSU, peak strains of ~0.0015 (Fig. 2.9a) for cortical bone 

and ~0.005 (Fig. 2.10a) for cancellous bone were observed under torsion. Under 

compression loading, peak strain was below 0.0005 for cortical bone (Fig. 2.9a) and 

under 0.003 (Fig. 2.10a) for cancellous bone in the case of intact FSU. The peak strain 

for cortical bone (Fig.2. 9a) and cancellous bone (Fig. 2.10a) was found near the 

posterior side of the FSU under all loading conditions except for lateral bending. 

For implanted L4-L5 vertebra with normal pedicle screw, peak strains of ~0.002 

for cortical bone (Fig. 2.9b) and ~0.007 for cancellous bone (Fig. 2.10b) were observed. 

However, peak strains were predicted to prevail over relatively greater areas while 

subjected to extension load (Figs. 2.9b, 2.10b). High strain area was predominantly 

found near screw insertion in the case of cortical bone and near cage area for cancellous 

bone. For various loading cases, the peak strain was estimated to be higher in the L5 

than in the L4 vertebra (Figs. 2.9b, 2.10b). Following trends from stress results, the 

peak strain area corresponding to expandable pedicle screws was found to be greater 

than that in normal pedicle screws (Figs. 2.9c, 2.10c). 
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Strain 

Fig. 2.9: Von Mises strain contours in cortical bone for (a) intact FSU and FSUs 

corresponding to (b) normal and (c) expandable pedicle screw, respectively. 
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Fig. 2.10: Von Mises strain contours in cancellous bne for (a) intact FSU and FSUs 

corresponding to (b) normal and (c) expandable pedicle screw, respectively. 
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Fig. 2.11: Von Mises strain contours in cancellous bone (sectional view) for (a) intact FSU and 

FSUs corresponding to (b) normal and (c) expandable pedicle screws, respectively. 
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2.3.5 Stress-strain within the intervertebral disc 

Fig. 2.12 highlights the impact of implantation on IVD stress-strain behaviour. As 

shown in Fig. 2.12, the stress-strain response remained similar across models, closely 

aligning with an earlier study by Biswas et al. (2018). However, Biswas et al. (2018) 

reported a maximum stress of 1.86 MPa, compared to 1.53 MPa in our study. This 

alteration was likely due to differences in loading conditions and material property 

assumptions. In implanted models, the stress in the IVD decreased (0.9 MPa for normal 

screws, 0.5 MPa for expandable screws) due to greater load transfer through the cage. 

Clinically, the reduced stress in the expandable screw model suggests increased stress 

shielding on the IVD, potentially influencing long-term disc health and adjacent 

segment degeneration. 

 

 

 

 

 

 

 

 

 

 

 

2.4 Discussion 

The present study aimed at carrying out a comparative analysis between normal pedicle 

screws and expandable pedicle screws about their post-operative performance in 

lumber vertebrae fixation. The implanted models were preclinically assessed vis-à-vis 

intact L4-L5 FSU under different physiological movements to gain insights into their 

biomechanical behaviour. This study is specifically helpful in understanding any 

deviation in load transfer and stability occurring in the implanted bones regarding the 

intact condition. 

      

Fig. 2.12: Stress-strain diagram for intervertebral disc (IVD) for intact FSU under 

compression. 
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Previous studies suggested that proper loading and boundary conditions play a 

significant role in biomechanical analysis in lumbar FSU (Talukdar et al. 2021). The 

model was validated considering the ROM under various loading conditions (Xiao et 

al. 2011, Markolf 1972). The loading conditions were obtained from the available 

literature (Boccaccio et al. 2008, Xiao et al. 2011, Markolf 1972). Axial compression 

loading of 500 N was applied vertically downward at the top surface of cortical L4. 

This type of loading may arise while standing. In all the other four loading conditions, 

the axial force of 500 N was considered together with the moment of 10 Nm. The 

magnitude of the moment was kept the same in all four cases of physiological 

movements though it differed in direction depending on the load case (Fig. 2.4). 

The ROM of the intact L4-L5 model was validated with previous studies and found 

to be in good agreement with earlier reported literature (Talukdar et al. 2021, Xiao et 

al. 2011, Yamamoto et al. 1989, Zhong et al. 2006, Chen et al. 2001). Implantation led 

to a discernible reduction in ROM in most cases (Talukdar et al. 2021). The ROM 

reduction was found to be the highest in the case of flexion extension, and the least in 

the case of lateral bending. The reductions in ROM were lesser in the case of the 

expandable pedicle screw model as compared to those for normal pedicle screws. The 

lesser ROM reduction with expandable pedicle screws suggests greater flexibility, 

potentially aiding primary stability and reducing stress on surrounding bones, especially 

in osteoporosis (Gazzeri et al. 2020). Balancing stability with controlled motion may 

lower the risk of screw loosening and improve clinical outcomes (Witek et al. 2023). 

Furthermore, the ROM values for the former were found to be relatively identical to the 

intact case, suggesting a more anatomic functioning of the implanted FSU. 

Different loading and boundary conditions used in FE models were found to have 

a notable influence on stress variations in lumber vertebrae. Earlier studies with 

implants (pedicle screw) (Gokhale et al. 2008) reported stress concentration in the neck 

region of the screw for loading conditions, e.g. flexion, extension, lateral bending and 

torsion. The stress distribution pattern in the case of intact FSU corroborated well with 

the predictions from Talukdar et al. (2021). In contrast, the value of the highest 

maximum stress in cancellous bone was quite in agreement with Xu et al. (2019). 

However, the peak stress was predicted across different locations, depending on the 

type of load. 
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While subjected to torsion, the peak stress was predicted on the posterior side of 

the L5 vertebra though under lateral bending, it was found on the anterior side (Fig. 

2.6a). It can, therefore, be inferred that under lateral bending, stress might be 

concentrated towards the anterior side of the vertebrae. Under torsion, regions with 

high-stress concentration were found to be less pronounced in L4 when compared to 

those under flexion or extension (Figs. 2.6a, 2.7a). This could be because the loading 

was more concentrated on L5 during torsion. Moreover, the stress concentration was 

more towards the right side of L4 under flexion but on the left side under extension 

(Figs. 2.6a, 2.7a). This can be attributed to the direction of loading (moment). 

The implantation of normal pedicle screws, expandable pedicle screws and cage 

resulted in a significant change of stress contours (around 30-100%) for different 

loading conditions. Marginally greater stress shielding was predicted in the case of the 

normal pedicle screw as opposed to the expandable pedicle screw under all loading 

scenarios (Figs. 2.6b,c, 2.7b,c). The peak stress was found to be near the base of the 

pedicle screw in cortical bone for all load cases. The reason was supposed to be due to 

high-stress concentration near the pedicle area. Apart from the peak stress region, the 

overall stress values were below 30 MPa for cases other than compression. It could also 

be noted that for cancellous bone the stress was higher near the cage insertion area for 

both normal and expandable pedicle screws (Figs. 2.7b,c, 2.8b,c). 

Like stress, the strain distribution patterns for both cortical and cancellous bone 

were found to be influenced by the application of various loading conditions. The 

equivalent (von Mises) strain under compression corroborated well with previous 

literature (Talukdar et al. 2021, Morgan et al. 2003). The peak strain was the least under 

compression and the highest under torsion for the intact L4-L5 vertebra (Fig. 2.9a). For 

the intact model, the peak strain area was predicted towards the posterior side of the L5 

vertebra under torsion (Fig. 2.9a). However, the peak strain was found more towards 

the anterior side under lateral bending (Fig. 2.9a, 2.10a). The peak strain area in the L4 

vertebra was more in flexion and extension than torsion (Fig. 2.9a, 2.10a). Following 

the stress concentration pattern, the strain was high towards the right side under flexion 

but on the left side of L4 under extension (Figs. 2.9a, 2.10a) due to loading direction. 

Under various physiological loading conditions, the instrumentation of both 

normal and expandable pedicle screws resulted in around 40-100% increase in peak 

strain field. The peak strain was found near the screw insertion area in cortical bone 
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(Figs. 2.9b,c) and near the cage insertion area in cancellous bone (Fig. 2.10b,c, 2.11b.c). 

The peak strain was predicted to be the least under compression and the highest under 

lateral bending in the implanted bones (Figs. 2.9b,c, 2.10b,c). Nonetheless, the peak 

strain values in the bone were found to be considerably higher in the case of expandable 

pedicle screws. 

It was estimated that fixation with an expandable pedicle screw provided greater 

fixation strength in case of compromised bone. The compromised situation arises 

during osteoporosis or revision surgery, and it was found that during those situations 

expandable pedicle screws showed improved results in clinical studies (Cook et al. 

2001). Wu et al. (2010) reported no failure/breakage of expandable pedicle screws. It 

was further concluded that an expandable pedicle screw might have acted as a valued 

tool for growth in the armamentarium for spinal fixation (Gokhale et al. 2008). Vertebra 

instrumented with expandable pedicle screws for patients with degenerative spinal 

deformity showed improved results in clinical as well as radiological outcomes with 

only 2.1% cases of screw pullout on larger stress sites (Qi et al. 2011). The authors 

attributed this to the design of the expandable pedicle screw (Qi et al. 2011). Marginally 

greater area (15-80%) with peak stresses at the bone-screw interfaces, as predicted in 

our present study, may elevate the risk of such pullout instances in expandable screws. 

It appears from the stress-strain contours that the expandable pedicle screw may result 

in a lower loosening rate as compared to a normal pedicle screw. The pullout force of 

expandable screws is enhanced by increased surface area and better mechanical 

interlock with the bone due to expansion, distributing stress over a larger volume and 

improving frictional resistance. However, greater stress concentration predicted at the 

screw insertion area may also increase the risk of pullout due to interfacial debonding. 

Studies link pullout force to thread engagement, insertion depth, and stress distribution, 

all of which influence implant stability (Qi et al. 2011, Jendoubi et al. 2018). 

The stress-strain curve of IVD of the intact model for the present study was closely 

associated with the values reported in the literature (Biswas et al. 2018) (Fig. 2.12). 

However, the maximum stress in the IVD was reported to be 1.86 MPa by Biswas et 

al. (2018), as opposed to 1.53 MPa in our study. This deviation may be attributed to the 

difference in loading conditions. Further, Biswas et al. (2018) used a stress-strain curve 

as an input criterion for material properties.  The reduced stress in the IVD in the case 

of implanted models could be due to more load transfer in the cage. The maximum 
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stress in IVD was found to be the lowest in the case of FSU instrumented with an 

expandable pedicle screw. This suggests that the expandable pedicle screw exerted 

more stress shielding on IVD than the normal pedicle screws. 

There were, however, certain limitations and assumptions made in the current 

study. Firstly, cancellous bone was considered as linear, elastic and isotropic though 

cancellous bone is typically anisotropic (Wolfram et al. 2010). Moreover, muscles were 

not included in this study though muscle plays a significant role in lumbar spine stability 

(Biswas et al.  2019, Zhang et al. 2018, Chiang et al. 2006). The ligaments were 

considered to be tension-only elements for static load transfer (Talukdar et al. 2021, 

Zhang et al. 2018, Zhong et al. 2009). The capsular ligament was not included 

(Talukdar et al. 2021). It may further be noted that the load values may vary 

significantly depending on the body weight. Though the study provided useful insight 

into stress-strain comparison among the three models, experimental validation would 

have provided the accuracy of the prediction. The study did not consider potential 

cancellous bone damage after expandable pedicle screw insertion and thus over-

estimate the bone strength and implant stability. 

Although the study has limitations, e.g. simplified bone-implant interactions, it 

still provides key insights into the performance of expandable screws vis-à-vis normal 

pedicles thus helping clinicians choose one over another. The model helps compare 

stress, and strain, with results aligning with existing literature. Future studies with 

detailed bone properties and experimental validation can further improve on these 

findings. 

2.5 Summary of the findings 

The study highlighted the biomechanical advantages of the expandable pedicle screws 

and predicted marginally improved anchorage due to greater contact area with the bones 

as compared to the normal pedicle screws. The greater contact area with the bone 

resulted in higher stresses at the bone-screw interface, indicative of better stability and 

load transfer. Nevertheless, the increased stress might lead to a marginally greater risk 

of screw pullout. A greater area (15-80 %) with peak stresses at the bone-screw 

interfaces also indicated reduced stress shielding, which could lower the likelihood of 

screw loosening over time. The analysis revealed various physiological loading 

conditions influenced overall load distribution in the L4-L5 vertebrae. However, peak 
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stresses in cortical and cancellous bone remained within clinically admissible limits, 

supporting the feasibility of expandable pedicle screws for enhanced spinal fixation. 
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Bone remodelling comparison between normal pedicle screw and 

expandable pedicle screw instrumented L4-L5 vertebrae 

  

3.1 Introduction 

The contemporary medical system has made remarkable advancements, enabling the 

treatment of diseases like cancer through surgery, radiotherapy, and chemotherapy 

(Xiong et al. 2022). Despite these successes in medical science, effective management 

of spinal diseases remains a significant challenge. The seriousness of the situation can 

be inferred from the fact that lower back pain is recognized as the second most 

indicative reason for individuals to seek medical attention (Atlas and Deyo 2001). Even 

in the context of significant technical advancements, enhancements in perioperative 

optimization and medical care, it remains a sobering fact that spinal complications are 

predominantly linked to functional deterioration, loss of independence, severe pain and 

even mortality (Xiong et al. 2022, Farshad et al. 2020, Lange et al. 2022). Osteoporosis 

is the most common skeletal complaint for the ageing population, affecting roughly 

around 200 million people worldwide. The condition is typically characterised by 

decreased bone strength, low bone mass, microstructure deterioration of bone mass and 

increased skeletal fragility (Aghajanloo et al. 2023, Gazzeri et al. 2020, Homminga et 

al. 2012). Zou et al. (2020) estimated ~200 million osteoporotic patients in China alone 

by the year 2050 while the majority of them are expected to be elderly females. 

Clinical decisions are taken by considering the problems associated with the spine 

treatment, to get maximum benefit from surgery or non-operative care by minimizing 

potential complications and reducing functional disability. The pedicle screw system 

fixes the spinal fusion and offers adequate stability (Miyanshita et al. 2019). In the 

clinical and radiographic 10-year follow-up, the pedicle screw fixation showed pain and 

functional improvement, lesser complication and relatively high patient satisfaction 

(Glaser et al. 2003).  However, in the case of osteoporotic patients, maintaining lumbar 

spine stability with pedicle screws is quite challenging. The chief reason for pedicle 

screw failure is known to be screw loosening or screw root breakage (Viezens et al. 

2021, Otsuki et al. 2021, Alanay et al. 2007). The scenario becomes more serious for 
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osteoporotic patients as the risk becomes twice that of non-osteoporotic patients and 

that ultimately might lead to revision surgery (Zou et al. 2020). The Norwegian 

Arthroplasty Register reported that 2% of revision surgeries for lumbar disc 

replacement were conducted between 2000 and 2020. The primary reason for revision 

lumbar surgery is pedicle screw loosening, and osteoporosis is the most frequent risk 

factor associated with the loosening of screws and greater surgical complications (Zou 

et al. 2020, Goldstein et al. 2015). To minimise the problems and improve fixation, 

several techniques like bigger/longer screws, screw fit optimisation and optimal 

trajectory are used. Alternative methods such as expandable pedicle screws were 

introduced to provide better anchorage capacity through an increase in screw 

diameter/length and an improved screw-bone interface (Gazzeri et al. 2020). 

Wolff’s law suggested that loading condition alterations resulted in bone density 

and architecture change (van Rijsbergen et al. 2018). The process of bone apposition 

(i.e. bone density increase) and resorption (i.e. bone density reduction) is influenced 

directly by the amount of stress exerted on the bone. To predict implant-based bone 

remodelling and evaluate implant design, the FEA is combined with an adaptive bone 

remodelling algorithm (Ghosh et al. 2013, Huiskes et al. 1987, Weinans et al. 1993). 

According to adaptive bone remodelling theory, bone can adapt to mechanical stimulus 

where external remodelling alters the outer shape of the body and internal remodelling 

alters bone density. For internal remodelling, strain energy density (SED) serves as a 

feedback control variable that governs bone density adaptations to alternate functional 

requirements. Additionally, SED is assumed to be the initial indication of bone density 

change owing to bone remodelling. In recent times, the integration of strain-based 

adaptive bone remodelling theory with FE analysis has attained immense traction to 

accurately predict peri-prosthetic bone remodelling (Ghosh et al. 2013, Huiskes et al. 

1987, Talukdar et al. 2022, Mathai et al. 2021a, Chanda et al. 2020, Mondal and Ghosh 

2021). 

The majority of the FE studies concerning clinical issues related to the lumbar 

vertebra were predominantly focused on immediate post-operative conditions. This gap 

was addressed using a SED-based bone remodelling algorithm and eventually estimated 

that change in vertebral structure and alteration in Young’s modulus occurred in 

cancellous bone post-surgery attributed to applied load (Goel et al. 1994, Goel et al. 

1995). The study investigated the influence of fixation screw on cancellous bone, based 

TH-3581_186106114



 

      Bone remodelling comparison between normal pedicle screw and expandable pedicle screw  

 71 

on voxel-based FE models of trabecular surface remodelling for long-term fixation 

(Tsubota et al. 2003). In a detailed study on anterior cervical fusion, intact and 

implanted models having bone graft with or without cages were investigated based on 

bone remodelling (Espinha et al. 2010). A study conducted by Homminga et al. (2012) 

aimed to estimate the influence of disc degeneration based on bone density variation.  

A large-scale microstructural load adaptive bone remodelling study was conducted for 

the whole vertebra by rotating the loading directions adapting to new loading conditions 

(Badilatti et al. 2016). Calvo-Echenique et al. (2019) conducted a tissue-based bone 

remodelling study following nucleotomy. An FE study comparing healthy and having 

lower back pain (LBP) models showed that for LBP models an increase in stress 

indicates potential stress allocation bias in areas and finally leads to stress shielding 

(Newell and Driscoll 2021). Favier et al. (2021) used a bone remodelling study to check 

the amount of physical activity to maintain bone health in the lumbar spine. The study 

by Talukdar et al. (2022) focused on bone density variation study owing to the alteration 

of the porosity of the interbody cage. 

It was numerically estimated in Chapter 2 that the use of expandable pedicle 

screws would be beneficial over normal pedicle screws in terms of reduced loosening, 

and greater anchorage capacity. In the clinical follow-up study of patients with 

osteoporosis, it was found that multiaxial expandable pedicle screws would be a safer 

tool (Gazzeri et al. 2016). However, to the author’s knowledge, no bone remodelling 

study was conducted based on expandable pedicle screws. Therefore, the primary 

objective of the current study was to comprehensively compare and analyse the 

influence of SED-based bone remodelling between normal and expandable pedicle 

screw instrumented L4-L5 vertebrae, utilizing a patient-specific dataset. 

3.2 Materials and Methods 

Three-dimensional (3D) FE models of intact and implanted lumbar spine to be precise 

L4-L5 vertebrae with both normal as well as expandable pedicle screws were developed 

using computed tomography (CT) data sets. The process of creating intact and 

implanted vertebrae, FE model generation, assignment of material properties, loading 

and boundary conditions, contact simulation, and bone remodelling algorithm are 

described in the following subsections. The intact and implanted L4-L5 vertebras are 

shown in Figures 3.1a and 3.2a, respectively. 
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3.2.1 Development of 3D FE model of the intact model and implanted models 

The CT scan images of a 27-year-old female patient were stored in DICOM format in 

a resolution of 512×512 pixels. Each pixel had a size of 0.582 mm and each slice 

thickness was 1.0 mm. To obtain the 3D solid model of the lumbar vertebra, the stored 

dataset was imported to MIMICS software version 19.1 (Materialise, Leuven, 

Belgium). The FE models of the L4-L5 vertebra were generated by segmenting the 

cortical and cancellous bone based on thresholding of the CT grey value ranging from 

0 to 1526 Hounsfield Units (HU). A manual threshold CT grey value of 1140 HU 

corresponding to 1.3 g/cm3 density was applied to separate cancellous and cortical bone. 

This threshold was considered to address and minimize the partial volume effect 

(Sanjay et al. 2018, Ghosh et al. 2014). The cortical bone was modelled by selecting 

the region starting from the external contour of the segmented vertebra, with an average 

thickness of 1.0 mm (Zhang et al. 2018). Subsequently, IVD consisting of the annulus 

fibrous and nucleus pulposus were carefully curated. It was estimated that around 43% 

of the total volume of the intervertebral disc was accounted for by the nucleus pulposus 

(Kim et al. 2010). Further, bony and cartilaginous endplates of 0.5 mm thickness were 

generated (Talukdar et al. 2021). The bony and cartilaginous endplates were generated 

above and below the annulus fibrosus and nucleus pulposus respectively.   The facet 

cartilage thickness was taken to be 0.5 mm and an initial gap of 0.1 mm between facet 

cartilage was developed (Talukdar et al. 2021). 

To investigate bone remodelling, CAD models of the L4-L5 vertebra were 

generated with normal pedicle screws and expandable pedicle screws respectively. It 

was achieved by posterior pedicle screw-rod fixation system (Song et al. 2021) as 

shown in Figures 3.2a, 3.2b, and 3.2c. Appropriate insertion of the pedicle screws was 

essential for the surgeons to minimise the risk of revision surgery (Fisher et al. 2022). 

The pedicle screws were inserted following traditional trajectory by identifying the 

entry point at the intersection of the transverse process and superior articular facet, 

guided by anatomical landmarks and imaging. The screws were aligned parallel or 

slightly convergent to the midline to the axial plane and angled slightly cephalad in the 

sagittal plane. It was to be taken care that the screw remains within the pedicle without 

breaching the cortical wall. The IVD and the endplates were virtually reamed 

performing one-sided facetectomy. The discectomy with unilateral total facetectomy 
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was performed for cage insertion as shown in figure 3.2e to insert the TLIF cage 

(ArdisTM, Zimmer Biomet, Warsaw, IN, USA,22x13x 9 mm) (figure 3.2d) in FSU. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The disc, endplates, left facets, and ligamentum flavum were removed. The TLIF 

cage was placed at the L4-L5 disc space through a postero-lateral window of the 

annulus fibrosus and augmented with pedicle screws. The selection of the TLIF cage 

was based on its advantages over other cages in preventing premature pedicle screw 

loosening (Ambati et al. 2014, Kim et al. 2020). The dimension of both types of screws 

was 50 mm in length, 5 mm in shaft diameter, and 3 mm pitch having triangular threads 

(with angles 900, 36.70 and 53.30) placed inward in the mid-sagittal plane. Earlier 

studies suggested improved screw stability by using enlarged screw diameters to fit the 

pedicle properly (Viezens et al. 2021, Otsuki et al. 2021). The normal pedicle screw 

design was derived from the EXPEDIUM 5.5 system (DepuySynthes Spine, Inc, 

Raynham, MA), while the expandable pedicle screw design was adopted from Tai et 

                     

 

 

    
    

    
    

Fig. 3.1: The curated models of different parts of an intact L4-L5 FSU -(a) with ligament ALL, 

ITL (b) with ligament PLL, FCL, LF, ISL, SSL (c) Intervertebral disc (d) Loading and 

Boundary Condition. 
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al. (2015). Following the expansion, the expandable pedicle screw exhibited around 2.0 

mm in diameter extension i.e. the newly expanded screw diameter was 7.0 mm (Wu et 

al. 2010). To secure the implants, two rods having 40.0 mm length and 3.0 mm diameter 

were inserted through screw heads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2 FE model generation and analysis 

Both intact and implanted L4-L5 vertebrae were meshed using HyperMesh 

2021.1(Altair Engineering Inc., Troy, Michigan, United States) (Figs 3.1a, 3.2a) and 

the simulation was carried out in Ansys FE software v 19 (ANSYS Inc., PA, USA). The 

mesh was generated using 4-noded tetrahedral elements and the average edge length 

was ~1.0 mm (Figures 3.1, 3.2). To enhance the accuracy, a mesh convergence study 

of the intact L4-L5 FE model was carried out using varying element sizes. The von 

Mises stress variation was 5% for the first two models and 2% for the second-third 

models. Finally, the second model with element size 0.5 mm-1.5 mm was chosen for 

               
(d)

(a) (c)

(e) (f)

(b)

 

Fig 3.2: The curated models of different parts of an implanted L4-L5 FSU-(a) with ligament 

ALL, ITL, ISL, SSL (b) normal pedicle screw-rod system (c) expandable pedicle screw-rod 

system (d) cage (e) Intervertebral disc (f) Loading and boundary condition. 
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further investigation. The intact model comprised 261,425 elements and the implanted 

models comprised ~7,50,000 elements. In the intact FE model, seven types of ligaments 

were represented as tension-only node-to-node link elements that mimic soft tissue 

properties (Talukdar et al. 2021). These ligaments were namely anterior longitudinal 

ligament (ALL), posterior longitudinal ligament (PLL), ligamentum flavum (LF), 

intertransverse ligament (ITL), interspinous ligament (ISL), facet capsular ligaments 

(FCL) and supraspinous ligament (SSL), (Figs.3.1a,3.2b). Nevertheless, LF, FCL and 

PLL were removed following surgical guidelines for the implanted FE models (Figure 

3.2a). 

3.2.3 Material properties 

A location-based linear relationship between apparent bone density and CT grey value 

was used for cancellous bone material properties given by, 

                                        𝜌 = 0.022 + 0.001121 × 𝐻𝑈                                               (3.1) 

In this relationship, the lowest CT value was zero considered as water with a 

density of 0.022 g/cm3 and the highest CT number 1526 corresponding to be highest 

cortical bone density 1.73 g/cm3. Cancellous bone was considered as heterogenous, 

linear, elastic, and isotropic and followed apparent density-elastic modulus power law 

relation 𝐸 = 4730𝜌1.56 (Talukdar et al. 2023, Morgan et al. 2003). The resulting 

Young’s modulus of cancellous bone varied from 31.1943 to 5521.28 MPa. 

 

Components Young’s 

modulus (MPa) 

Poisson’s r tio Reference  

Cortical bone 12000 0.3 Talukdar et al. 2021  

Cancellous bone Location 

dependent (from 

CT scan data) 

0.33 Talukdar et al. 2021  

Bony endplates 12000 0.29 Talukdar et al. 2021, Wong et al. 

2022 

 

Cartilaginous 

endplates 

23.8 0.4 Xu et al. 2016  

Nucleus pulposus 0.1 0.49 Li et al. 2014  

Annulus fibrosus 9 0.4 Li et al. 2014  

Cage 110000 0.3 Su et al. 2021  

Pedicle screw 110000 0.3 Wong et al. 2022  

Ti Rod 110000 0.3 Wong et al. 2022  

Table 3.1: Material properties corresponding to various components of the FSU. 
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Cortical bone and endplates were anticipated to be homogenous, linear, elastic 

and isotropic (Alanay et al. 2007, Talukdar et al. 2021). The nucleus pulposus was 

assumed to be an incompressible fluid with a low elastic modulus (Huang et al. 2022b). 

All the implants were considered to be made of Titanium alloy. The material properties 

are described in tabular form in Table 3.1. The ligament properties used for the study 

are adopted from earlier literature by Talukdar et al. (2021), given in Table 3.2. 

 

3.2.4 Applied Loading and Boundary Conditions 

The applied loading condition for the current study included four physiological load 

cases flexion, extension, lateral bending and torsion. For both the intact and the 

implanted FSUs, the nodes situated at the superior surface of L4 were designated as 

slave nodes and a master node was created on the superior surface of the L4 vertebra. 

The slave nodes and the master node were rigidly coupled to have similar deformation 

(Talukdar et al. 2023). The rotational degree of freedom was offered to the master node 

by assigning a massless element MASS21 to it. A follower load technique was used 

creating point element FOLLOW21 with master node to apply force and moment. The 

follower load technique realistically simulates in vivo spinal loading by aligning the 

load vector with the spine's natural curvature, minimizing unnatural forces and 

preserving stability. This method enhanced the accuracy of SED and bone remodelling 

predictions, providing a reliable evaluation of pedicle screw performance under 

physiological conditions (Rohlmann et al. 2009, Kim et al. 2007). The loading 

condition was achieved in two subsequent steps, where first, a compressive axial load 

of 300 N was applied and thereafter 7.5 Nm moment was applied on the master node to 

simulate various movements (Huang et al. 2022b). The nodes located on the inferior 

Ligaments Young’s mo ulus 

(MPa) 

Poisson’s r tio Cross-sectional area (mm2) 

Anterior longitudinal 20 0.4 63.7 

Posterior longitudinal 20 0.4 20 

Flavum 19.5 0.4 40 

Intertransverse 58.7 0.4 3.6 

Interspinous 11.6 0.4 40 

Supraspinous 15 0.4 30 

Capsular 32.9 0.4 60 

Table 3.2: Ligament properties taken from Talukdar et al. 2021. 
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surface of L5 were constrained for all degrees of freedom (Talukdar et al. 2022, Huang 

et al. 2022b). (Figs. 3.1d,3.2f). 

3.2.5 Contact simulation 

3D non-linear surface-to-surface contact element was chosen at articulating facet joints 

for contact simulation. The interface between the cartilages was modelled as Coulomb 

friction with a friction coefficient of 0.2 (Zhou et al. 2020). The contact simulation 

utilized for the study was the Augmented Lagrange contact algorithm. To converge the 

non-linear solution, a penalty stiffness of 1 N/mm and penetration tolerance factor of 

0.25 were chosen between the facet cartilages. In the cases of intact and implanted 

bones, bonded contact was considered for all other components (Sanjay et al. 2021). 

3.2.6 Bone remodelling algorithm 

The adaptive bone remodelling theory was based on strain energy density and was 

inspired by earlier works (Huiskes et al. 1987, Huiskes and Rietbergan 1995). A site-

specific formulation was used (Huiskes and Rietbergan 1995, van Rietbergen et al. 

1993, Carter et al. 1982) for the study. For both intact and implanted FSU, the local 

(per element) elastic strain energy (S) per unit of bone mass averaged over a loading 

history served as the reference and actual stimulus. To allow some variations into 

account, an average strain energy density, Ua, for some loading cases was used to 

calculate the remodelling stimulus given by the following 

                                             𝑆 =  
1

𝑛
∑

𝑈𝑖

𝜌

𝑛
𝑖=1  =

𝑈𝑎

𝜌
                                                        (3.2) 

The dead zone (s) was quantified as ±0.75 of the reference stimulus (Talukdar et 

al. 2022, Huiskes et al. 1992, Pal et al. 2010, Ghosh and Gupta 2014, Mondal and 

Ghosh 2019b). The iterative method of computing the bone density changes due to 

prosthesis implantation was continued until a new equilibrium density pattern was 

achieved. The specific mathematical expression for the alteration of apparent density 

was defined as 

      ρ={
𝑎(𝜌){𝑆 − (1 ± 𝑠)𝑆𝑟𝑒𝑓}𝜏∆  if 𝑆 ≤ (1 − 𝑠)𝑆𝑟𝑒𝑓 or S ≥ (1 + s)𝑆𝑟𝑒𝑓  

0                                                         if 𝑆𝑟𝑒𝑓(1 − 𝑠) < 𝑆 < 𝑆𝑟𝑒𝑓(1 + 𝑠)
                       (3.3) 

Where a(ρ) represents free surface area per unit volume for bone (mm2/mm3) in 

internal bone structure. In his study, Martin established that bone apposition and 

resorption can occur at free bone surfaces (Martin 1972). The internal free surface per 

unit volume for bone was assessed as a function of bone apparent density is given by 
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(Martin 1991). 

𝑎(𝜌) = −0.0293 + 8.5124𝜌 − 4.887𝜌2 − 1.568𝜌3 + 3.7182𝜌4 − 1.6352𝜌5   (3.4)                                       

The intact FSU served as a reference for the remodelling stimulus of each bone 

element. This was compared with the remodelling stimulus of the bone element at an 

analogous position in the implanted FSU. The iterative bone remodelling algorithm was 

based on earlier investigations (Talukdar et al. 2022, Pal et al. 2014, Ghosh and Gupta 

2014). The integration in steps of ‘simulation time scale’ 𝞽∆t was executed likewise in 

previous literature (Talukdar et al. 2022, Suarez et al. 2012). For the calculation of ∆t, 

the adaptive rate (𝞽) was taken as 129.6 g/mm2 (J/g) (Huiskes et al. 1987, Ghosh and 

Gupta 2014). The upper and lower bounds of bone density were considered 1.73 and 

0.01 g/cm3 respectively (Huiskes et al. 1992, Ghosh and Gupta 2014). The remodelling 

algorithm continued until the bone density alteration did not exceed more than 0.005 

g/cm3 per element and per time increment (𝞽∆t). 

For simplification and improved understanding of bone remodelling patterns, both 

L4 and L5 vertebrae were bisected in the transverse plane and the inferior half was 

studied. Similarly, the L4-L5 vertebra was bisected along the sagittal plane, and one-

half of the vertebra was selected for further analysis. Subregional analyses were 

performed by dividing the selected region into specific areas of interest, particularly 

focusing on regions near the cage and screw implantation sites. The remodelling 

stimulus and density changes in these regions of interest were evaluated to identify 

localized effects of implant design and loading conditions. This approach allowed for a 

detailed analysis of bone remodelling behaviour maintaining computational efficiency. 

3.3 Result 

3.3.1 Verification and Validation of FE model 

The verification of a numerical model is associated with the accuracy along with the 

efficiency of the model to solve the governing equation by convergence with variation 

of resolution of the discrete model (Eremina et al. 2022). Generally, optimum discrete 

representation has less than 5% difference. Thus, by mesh convergence study, 

comparing von Mises stress of L4-L5 vertebra of the intact model with different 

element sizes, the element size 0.5 mm-1.5 mm was chosen for the investigation. 

One-to-one direct experimental validation of living objects was not feasible since 

the CT scan dataset belongs to a living object, so, the FE model validation was 
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performed indirectly (Talukdar et al. 2021). To achieve that, the ROM of the intact FSU 

model was subjected to applied loading and the ROM values were compared with 

earlier literature. The value of ROM of the L4-L5 vertebra was measured as: 8.820 for 

flexion, 6.360 for extension, 3.70 for torsion and 5.90 for lateral bending respectively. 

Fig. 3.3 showed the predicted ROM values compared with previous studies for different 

physiological movements and it was observed that individual ROMs were in the range 

of earlier literature, followed the same trend and thus validated the model. The ROM 

of the vertebrae decreases with age, continuous repeated movement of the spine, and 

injury (Norris 1995). A study conducted on 204 individual FSUs showed the ROM 

tended to increase down the vertebra and was higher for female spine segments (Cook 

et al. 2015). 

 

 

 

 

 

 

 

 

 

 

 

The ROM of the intact model was considered as 100% (Jain and Khan 2022), and 

thus by considering the intact bone as a reference, the ROM of the implanted models 

were compared. Implantation resulted in a reduction in ROM for various movements. 

Earlier experimental studies on cadaveric specimens using L4-L5 vertebra showed 

implantation reduced ROM for all loading conditions (Montanari et al. 2024). It was 

predicted that 83%, 90%, 80%, and 77% reduction for flexion, extension, torsion, and 

lateral bending occurred after the implantation of the normal pedicle screws 

respectively. However, after the implementation of expandable pedicle screws, the 

predicted reduction in the same order were 75%, 78%, 70%, and 66% respectively. 

 

  Fig. 3.3: Comparison of ROM values of the current intact FE model with those obtained 

from earlier literature: Flexion, Extension, Torsion, and Lateral bending. 
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3.3.2 Strain (von Mises) for cancellous bone 

The equivalent strain (von Mises) contour for the cancellous bone under various 

physiological movements is shown in Fig. 3.4. In the case of intact bone, the peak strain 

was ~0.0025 for cancellous bone under lateral bending. The peak strain was found in 

lateral bending near the posterior side in the intact FSU. The implantation of screws 

and cages in the FSU resulted in an increase in peak strain area mostly near the screw 

and cage insertion area. The highest peak strain achieved after implantation was near 

~0.01. The peak strain was predicted to be distributed over a relatively greater area 

when subjected to torsional load after implantation. It was observed from Fig. 3.4 that 

the peak strain was estimated to be greater in the case of L5 vertebra than L4 vertebra 

for intact and implanted FSU. In models with expandable pedicle screws, the peak von 

Mises strain area near the cage and screw insertion area was considerably higher than 

that of normal pedicle screws for all loading cases. 
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Fig. 3.4: Von Misses strain contours in cancellous bone for (a) intact FSU and FSUs 

corresponding to (b) normal and (c) expandable pedicle screw, respectively. 
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3.3.3 Strain energy density (SED) distribution for cancellous bone 

The current study chose the SED plot to predict bone density variations. The L4-L5 

vertebra was bisected equally in the sagittal plane and one-half was considered for 

further study (Fig. 3.5). In the case of intact bone, the least SED area was observed in 

extension and the highest SED area was seen in lateral bending with a peak value of 

0.01 J/g. Implantation of normal pedicle screw resulted in a significant increase of SED 

for all the movements. An increase of SED of 40-85% was observed for a large area 

near the cage on L5 for lateral bending. The SED increment for L5 was more than that 

of L4 for normal pedicle screws. When the L4-L5 vertebra was implanted with 

expandable pedicle screws, the increase of SED was highest (30-75%) in the case of 

flexion near the cage area in L5. The SED increase was comparatively greater in the L5 

than L4 vertebra for all the cases except lateral bending. In lateral bending, 10-20% 

SED reduction was seen in L5 vertebra. 
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Fig. 3.5: Strain Energy Density distribution (J/g) for cancellous bone in (a) intact FSU and 

FSUs corresponding to (b) normal and (c) expandable pedicle screw, respectively. 
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3.3.4 Bone remodelling for cancellous bone 

Both normal and expandable pedicle screws were inserted in the L4-L5 vertebra and 

after implantation, the alterations in the distribution of bone density following the 

achievement of equilibrium in bone remodelling are studied here. Two regions of 

interest (ROI) in the inferior ends of both the L4 and L5 vertebra for both types of 

implantations are shown in Fig. 3.6. The bone remodelling algorithm was calculated by 

taking the average of all four loading conditions. For convenience, the study used the 

reference to the flexion condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of the L4 vertebra, post equilibrium, implantation of the normal pedicle 

screw resulted in 60-80% bone apposition near the screw tip and screw insertion area 

but the bone apposition area was comparatively less (Fig. 3.6). Around 10-45% bone 

resorption was there near the screw length area, middle-posterior region of screw length 

and posterior side of the cancellous bone. For the expandable pedicle screw, 50-75% 

bone apposition occurred in the central to anterior region and screw insertion area. 

Some increase in bone density along the screw length was visible, but bone resorption 

was present near the screw area and posterior cancellous bone. 

  

A 
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B 
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    Density in g/cm3 

Fig. 3.6: Bone density distribution (g/cm3) for cancellous bone (L4-L5 vertebra separately) 

in implanted FSUs corresponding to (a) normal pedicle screw and (b)expandable pedicle 

screw, respectively. 
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For the L5 vertebra, normal screw implantation resulted in a 30-90% bone density 

increase in the screw tip, central-anterior left region and screw insertion area after 

attaining equilibrium. Bone resorption of 25-60% occurred in the central-anterior right 

region of the cancellous bone and central-posterior screw length area. Around 10-20% 

bone resorption was observed in posterior cancellous bone. In the case of expandable 

pedicle screw implantation, post equilibrium, around 40-75% bone density increase was 

evident in the central-left anterior region of cancellous bone and screw insertion area. 

Bone density of 20-50% was reduced in the central-right anterior region and posterior 

area of cancellous bone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A sectional view of the L4-L5 vertebra with both the implanted screws with post-

implantation as well as after bone remodelling was depicted in Fig. 3.7 for better 

understanding. In the area of the normal pedicle screw, an increase in bone density was 

observed in the anterior region of the cancellous bone with a 35-50% increase near the 

cage insertion area. Bone resorption was seen in the posterior region after remodelling. 

An increase in bone density post-equilibrium was observed near the cage insertion area. 

40-60% bone density reduction mostly in the mid-inferior side of the L5 vertebra as 

 

 
Density in g/cm3 

 

   

  

Fig. 3.7: Bone density distribution (g/cm3) for cancellous bone (sectional view) in 

sectional view in AA plane in implanted FSUs corresponding to normal pedicle screw and 

expandable pedicle screw, respectively. 
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well as a slight decrease in the posterior region was seen after remodelling. In the case 

of the expandable pedicle screw implanted model, a 70-90% bone density increase was 

observed in the anterior-central region of L4 specifically near the cage area 5-15% bone 

resorption was observed in the posterior side of the L4 vertebra. In the case of the L5 

vertebra, post-attainment of equilibrium with an expandable pedicle screw resulted in 

60-85% bone apposition in anterior, posterior area, cage insertion area and minute bone 

resorption near central region.  It was evident from the figure that the bone density post-

implantation was found to be more in expandable pedicle screws (Fig. 3.7). 

3.4 Discussion 

This study was conducted to estimate the bone density variation and compare the 

normal pedicle screws and the expandable pedicle screws post-implantation/attainment 

of equilibrium on lumbar vertebra L4-L5. Initially, from the CT scan dataset, detailed 

3D models of L4-L5 intact vertebrae, and implanted L4-L5 vertebrae with normal and 

expandable pedicle screws were created. Thereafter, those models were studied for four 

physiological loading conditions to understand their biomechanical behaviour under 

various loading conditions. SED was plotted to get an initial indication of bone 

remodelling as SED in intact and implanted bone is considered a reference stimulus for 

bone remodelling (Sanjay et al. 2018, Ghosh and Gupta 2014). To study the long-term 

bone remodelling pattern for both types of pedicle screws, the L4-L5 vertebra was 

divided into eight regions of interest. This study was precisely helpful to estimate the 

bone remodelling in cancellous bone with normal pedicle screw and expandable pedicle 

screw and compare between the two types with the help of previous computational as 

well as clinical studies. 

  

 

 

 

 

 

 

 

 

Table 3.3: Average Bone Density in g/cm3 of L4 vertebra and L5 vertebra: Immediate post-

operative and after equilibrium condition. 

 
 

Region of Interest 

 

Immediate 

post-

operative 

After Equilibrium 

 

Normal Pedicle Screw 

 

Expandable Pedicle 

Screw 

L4 vertebra 0.6198 0.6297(+1.59%) 0.7194(+16.07%) 

L5 vertebra 0.5302 0.5498 (+3.7%) 0.6807(+28.38%) 
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Differences in geometries would lead to variations in peri-prosthetic strain 

distribution and bone remodelling around implanted cancellous bone. More strain 

shielding would result in bone density loss suggesting potential failure that might lead 

to failure of the implant. A decrease in bone density post-implantation suggested that 

more load was transferred through the cortical bone than the cancellous bone (Ghosh et 

al. 2013, Saviour et al. 2023). Nonetheless, the localised increase in bone density 

adjacent to the fusion site was attributed to load transfer occurring at the fusion site 

(Van Rijsbergen et al. 2018, Talukdar et al. 2022).  In the current FE investigation, an 

axial compressive load of 300 N along with 7.5 Nm moment were applied to the master 

node of the L4 vertebra. Four physiological loading conditions were achieved by 

varying the moment application direction (Figs. 3.1d,3.2f). 

The trend and the numerical value of variation of ROM of the intact models went 

along with the findings of earlier literature (Huang et al. 2022b, Zhou et al. 2020, Wang 

et al. 2021). Implantation resulted in ~70-90% reduction of ROM for both models 

across all the loading cases. The highest and least reduction of ROM was achieved for 

extension and lateral bending respectively for both types of screws. As established in 

the previous study by Sanjay et al. (2022) the reduction of ROM of expandable pedicle 

screw implanted models was lesser than that of normal pedicle screw implanted models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4: Average Bone Density in g/cm3 for L4-L5 vertebra in ROI 1-8: Immediate post-

operative and after equilibrium condition. 

 
 

Region of 

Interest 

Immediate post-

operative 

After Equilibrium 

Normal Pedicle Screw Expandable Pedicle 

Screw 

ROI1 0.5010 0.5695 (+13.6%) 0.6989(+39.5%) 

ROI2 0.5802 0.5601 (-3.46%) 0.6297(+8.53%) 

ROI3 0.6000 0.7190(+19.83%) 0.8088(+34.8%) 

ROI4 0.6150 0.6695(+8.86%) 0.7589(+23.39%) 

ROI5 0.4800 0.6288(+31%) 0.7186(+49.7%) 

ROI6 0.5020 0.5794(+15.4%) 0.6443(+28.34%) 

ROI7 0.5198 0.6192(+19.12%) 0.6890(+32.55%) 

ROI8 0.5150 0.5030(-2.33%) 0.6691(+29.92%) 
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 It was observed that the implantation of a screw-rod system along with a TLIF 

cage significantly showed a variation in the strain contour during different loading 

conditions (Talukdar et al. 2021, Polokeit et al. 2003). The von Mises strain values 

were in accord with previous studies (Talukdar et al. 2022, Cristofolini et al. 2013). 

The strain concentration in cancellous bone increased significantly underneath the 

cages post-implantation (Polokeit et al. 2003). The peak strain for all the models was 

higher in the L5 vertebra than in the L4 vertebra (Talukdar et al. 2022, Talukdar et al. 

2021). However, the peak strain area varied with the application of load direction for 

intact and implanted cases (Fig. 3.4). The peak strain was found to be greatest in 

torsional loading cases with expandable pedicle screw instrumentation. SED acts as a 

stimulus for bone density variation (Huiskes et al. 1987, Jang et al. 2009). A decrease 

in SED post-implantation indicated bone density loss in that area after bone remodelling 

(Sanjay et al. 2018). It was estimated that cage implantation would result in bone 

apposition after equilibrium (Fig. 3.5). 

The implantation of both types of screws along with the cages led to the bone 

remodelling in the cancellous bone. It was estimated that after equilibrium, bone was 

densified near the cage insertion area, screw tip and screw insertion area (Figs. 3.6, 3.7).  

The implantation of both types of pedicle screws resulted in increased bone density, 

and as a result, the adverse effect of strain shielding was prevented (Talukdar et al. 

2022). It was observed that the average density increase in the L5 vertebra was found 

to be more than the L4 vertebra after equilibrium (Table 3.3). The study clearly showed 

that implantation of expandable pedicle screws (~16%-28%) along with the cage 

resulted in more bone apposition than the case of normal pedicle screws (~1.5%-4%) 

with cage implantation. The average bone density variation with time for normal 

pedicle screw and expandable pedicle screw for the lower halves of the L4 vertebra and 

L5 vertebra were shown in Fig. 3.8. For both vertebrae, the slope of expandable pedicle 

screws implanted models was steeper than the normal pedicle screws implanted models 

indicating bone apposition with different numerical values. Considering both types of 

screws the L4-L5 cancellous bone was divided into eight ROIs (ROI 1- ROI 8) to 

analyse the bone remodelling in a detailed manner (Fig. 3.9). ROI 1-ROI 4 were used 

to demonstrate the L4 vertebra and ROI 5-ROI 8 was to describe the L5 vertebra. Bone 

apposition was seen for both types of screws for all the ROIs except ROI 2 and ROI 8. 

In ROI 2 and ROI 8, in the case of a normal pedicle screw some bone resorption was 

seen (Figs. 3.9b, 3.9h).  It was observed that bone density in L4 was more than L5 in 
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immediate post-operative conditions. However, the increase in bone density after bone 

remodelling was greater in the L5 vertebra than in the L4 vertebra (Table 3.3, Table 

3.4). In rest ROIs, a ~9-30% increase in bone density was found after remodelling when 

implanted with normal pedicle screws. However, an increase of ~8-50% in bone density 

was observed for all the ROIs with expandable pedicle screws (Fig. 3.9). The bone 

density increases for both cases was more around the cage. This was justified by an 

earlier numerical study where bone apposition was seen in endplates, area above and 

below the bony bridge after remodelling (Calvo-Echineque et al. 2019). The study by 

Talukdar et al. (2022) showed an increase of 9-14% in bone density in the L4-L5 

vertebra and our study was in good agreement with the results in the case of normal 

pedicle screw implantation. 

The interaction between expandable pedicle screws and cancellous bone is 

supposed to increase the screw-bone fixation strength by allowing more contact area 

(Cook et al. 2001, Wan et al. 2010). Earlier studies suggested that the pedicle screw 

fixation strength was highly correlated with bone mineral density (Reinhold et al. 2006, 

Chen et al. 2014). Clinically, it was established that bone density decreases as the 

distance from the fusion site increases indicating localised bone remodelling (Singh et 

al. 2005). The study by Chen et al. (2014) suggested bone density increased around the 

fins of expandable pedicle screws and it was established in the current study. The 

cancellous bone that surrounded the expanded portion of the expandable pedicle screw 

was compressed to some extent post-expansion and thus became denser (Wan et al. 

2010). In the animal study by Wan et al. (2010), they established that newly formed 

bone tissues grew in the fins of expandable pedicle screws indicating greater screw-

bone contact and improved pullout strength.  Bone mass change during bone 

remodelling could be achieved by varying geometry, and expanded fins regulate bone 

remodelling by increasing bone density. The conventional pedicle screws generate 

higher localized SED values, the expandable screws create a more effective 

remodelling stimulus by engaging a larger bone volume and redistributing the 

mechanical loads during the remodelling phase. This explains the greater observed 

density changes for expandable screws, despite lower peak SED values 
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Fig. 3.8: Average bone density variation with time increments for cancellous bone 

ROI of (a) L4 vertebra, (b) L5 vertebra after implantation. 
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Fig. 3.9: Average bone density variation with time increments for cancellous bone for L4-

L5 vertebra in (a)ROI1, (b)ROI2, (c)ROI3, (d)ROI4, (e)ROI5, (f)ROI6, (g)ROI7, (h)ROI8. 
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Thus, by following Wolff’s law, the mechanical stability of expanded pedicle 

screws was maintained lowering the risk of loosening (Wan et al. 2010, Jovanoic et al. 

2004). In the clinical study by Wu et al. (2010), it was observed, six months post-

surgery with cemented expandable pedicle screws, spinal fusion was achieved without 

screw loosening. Earlier studies suggested the use of expandable pedicle screws as an 

alternative to normal and cannulated pedicle screws due to their good performance 

owing to higher pullout value after fusion (Aycan et al. 2017). Gazzeri et al. (2020) 

ensured in their clinical study the advantages of expandable pedicle screws for the 

elderly population with osteoporosis. In earlier clinical studies, there was a report of 

adjacent disc degeneration with an increase in bone density due to variation in loading 

condition at the disc because of increased stiffness (van Rijsbergen et al. 2018, Pye et 

al. 2006). The bone density decreases in the trabecular core and increases in the 

vertebral wall due to degenerated discs resulting from load shifting (Homminga et al. 

2012). In the large-scale microstructural load-based adaptive loading study, the rotation 

of axial load results in bone density resorption and adaptation to a new structure 

(Badilatti et al. 2016). However, to maintain good bone health, it is essential to pursue 

a demanding physical activity as moderate-intensity activities alone tend to cause bone 

degradation at all lumbar levels (Favier et al. 2021). Based on a review article by 

Maimoun et al. (2011) it was concluded that bone loss following spinal cord injury 

initiates after injury and reaches its peak within 1 to 4 months. Subsequently, after 6 

months, the bone loss decreases gradually. Interestingly, the review suggested that the 

intensity of bone loss is not correlated with the level of injury and health-related 

complications. 

Some limitations and assumptions made in the current study, nonetheless, are 

listed below. Firstly, the cancellous bone isotropic nature was justified by previous 

literature (Talukdar et al. 2022). Secondly, an adaptive rate (𝜏) 129.6 g/mm2 (J/g) 

months was considered for bone remodelling like the pelvis and femur (Chanda et al. 

2020, Ghosh and Gupta 2014). Due to unawareness of the exact adaptation rate, the 

results were presented using a simulation timescale that was 𝜏∆𝑡, and the total time was 

around 8 months (Talukdar et al. 2022). The adaptive rate was site-specific and could 

potentially vary from one patient to another. This study was grounded on patient-

specific CT scan data. Conduction of multiple spine-based studies based on age, and 

sex would be advantageous in terms of deriving a broader conclusion based on vertebral 

load transfer (Weinans et al. 1993). In the case of a young healthy spine, cage insertion 
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is not recommended clinically (Polokeit et al. 2003). Additionally, it needs to be 

mentioned that muscles were not included in the study even though they play a 

substantial role in maintaining lumbar spine stability (Newell and Driscoll 2021, Zhang 

et al. 2018, Biswas et al. 2019). One limitation of this study is the lack of modelling 

trabecular damage around the standard and expandable pedicle screws. Differences in 

damage, influenced by load distribution and screw expansion, could significantly affect 

remodelling patterns. Future studies should include cancellous bone damage modelling 

to better understand implant-bone interactions Moreover, the ligaments were treated to 

be tension-only elements for static load transfer (Zhang et al. 2018, Talukdar et al. 

2021). Further, the combination of the bone remodelling algorithm with bone ingrowth 

would be beneficial in terms of generalised conclusions. 

3.5 Summary of the findings 

In conclusion, this study, based on patient-specific CT- scan data, compared the bone 

density variation of normal pedicle screw and expandable pedicle screw instrumented 

FSUs. Both types of screws, along with TLIF cages, significantly increased bone 

density post-implantation, indicating no stress shielding after bone remodelling. 

However, quantitatively expandable pedicle screws demonstrated superior 

performance, with a more uniform and substantial bone apposition (16-28% increase) 

across the ROIs in the L4-L5 vertebra compared to normal pedicle screws (1.5-4% 

increase). This increase was particularly noticeable in the cancellous bone near the cage 

and screw insertion areas. Expandable pedicle screws promoted improved load 

distribution, enhanced anchorage, and more effective remodelling while reducing 

localized strain shielding. Despite their advantages, the increase in bone density may 

pose a potential risk of disc degeneration over time. Nevertheless, due to their ability 

to provide greater stability, mitigate strain shielding, and facilitate long-term 

remodelling, expandable pedicle screws are preferred over conventional normal pedicle 

screws for spinal fusion processes. 
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Pullout strength comparison among 

three novel expandable pedicle screws 

  

4.1 Introduction 

Lower back pain is a leading cause of chronic disability and affects a significant 

proportion of the global population at any point in their life (Adams 2004, Hartvigsen 

et al. 2018). Spinal instability is a key contributor to LBP and, the pedicle screw is used 

globally as a spinal fixation device for stabilisation of the posterior spine, and ensuring 

proper alignment (Cetin and Bircan 2021a, Bianco et al. 2017). However, achieving 

stable fixation, particularly in patients with weaker bone remains challenging (Varghese 

et al. 2018). 

Osteoporotic patients encounter significant complications with spinal fixation 

because of the low BMD, which weakens the bone-screw interface (Arslan et al. 2013, 

Sanjay et al. 2022). The interface strength is reliant on factors, like BMD, screw design, 

core diameter of the screw, and the tendency of osseointegration (Arslan et al. 2013). 

Screw pullout, loosening, breakage, misalignment, and pedicle fracture are common 

complications during or post-surgery (Cetin and Bircan 2021a), with screw loosening 

delaying recovery in 0.6-11% of spinal fusion cases (Hsu et al. 2005, Amaritsakul et 

al. 2014, Varghese et al. 2017). 

In severe osteoporosis, most pedicle screws are embedded within the weakened 

bone (Arslan et al. 2013). Expandable pedicle screws, which feature design 

enhancements like fins, improve pullout force (POF) and fixation stability (Kiyak et al. 

2018). These screws increase bone contact area without significantly enhancing the 

diameter, reducing the risk of pedicle fractures (Lei et al. 2006, Esenkaya et al. 2006).  

Biomechanical studies including FEA, are cost-effective and provide detailed insights 

into screw performance (Sanjay et al. 2022, Sanjay et al. 2018, Driescharf et al. 2014, 

Kim et al. 2010). Bone (foam) was modelled using the Johnson-Cook material model 

in numerical studies to simulate its behaviour (Cetin and Bircan 2021b). 
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Pullout strength is a key metric for assessing the stability of spinal implants under 

various conditions (Shen et al. 2019). The maximum POF can be defined as the load at 

which the pedicle screw dislodges its anchorage with the bone (Jendoubi et al. 2018).  

Numerous studies have conducted pullout experiments of bone screws either using 

synthetic bones (Hashemi et al. 2009, Seng et al. 2018, Cetin and Bircan 2021a, 

Weildling et al. 2022) or human cadavers (Zhang et al. 2006, Tai et al. 2022, Krishnan 

et al. 2020), or animal samples (Inceoglu et al. 2004, Cann et al. 2015). Synthetic bone 

foam is widely preferred due to its homogeneity, reproducibility and similarity to 

human cancellous bone (Hsieh et al. 2019). However, its friction coefficients with 

screws differ from natural bone due to variations in composition, porosity, and moisture 

content (Cristofolini et al. 1996). While natural bone’s hydration and trabecular 

structure enhance screw fixation, synthetic models often misestimate friction and 

pullout strength (Heiner 2008). Advances like adding porosity and hydrophilic coatings 

improve synthetic bone models, but validation with natural bone remains essential. 

Foam with a density of 240 kg/m3 (grade 15) is commonly used in studies targeting 

osteoporotic conditions (Cetin and Bircan 2021a, Damisih et al. 2023). While physical 

pullout tests provide direct measurements of screw performance, FEA complements 

these experiments by enabling the evaluation of additional virtual designs and 

simulating realistic bone properties beyond synthetic foam. FEA provides detailed 

insights into stress distribution, deformation, and other biomechanical factors that 

might be difficult or impossible to measure experimentally. This dual approach delivers 

deeper insights into screw behaviour under various conditions, allowing for more 

informed design optimization. 

The pedicle screw design plays a vital role in the success rate of surgery 

specifically for osteoporotic patients (Aycan et al. 2017). Studies showed standard 

screws often lack sufficient stability in osteoporotic bones (Christodoulou et al. 2015), 

leading to the development of expandable pedicle screws. These screws offer greater 

pullout strength and load-bearing capacity than standard designs (Rassi-Neto et al. 

2002, Lei et al. 2006, Vishnubotla et al. 2011). Fins in expandable screws further 

enhance performance, with 4-fin outperforming 2-fin configuration (Kiyak et al. 2018). 

Clinically, expandable pedicle screws combined with cement augmentation have 

shown effective results in osteoporotic patients and revision surgeries, delivering 

outcomes comparable to surgeries in healthy bone (Wu et al. 2012, Cook et al. 2001). 
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The ability to increase contact area while minimising the risk of pedicle fractures makes 

expandable screws a promising solution for challenging cases (Esenkaya et al. 2006). 

This study investigates the pullout performance of 4-fin expandable pedicle screws 

using ASTM F 543-13 standards on synthetic foam mimicking osteoporotic bone. The 

objectives of the study have been further subdivided as: (a) performing a pullout test 

for three types of expandable pedicle screws with various threads, and (b) estimating 

pullout performance numerically considering the elastoplastic behaviour of foam. 

4.2 Material and Methods 

4.2.1 Expandable Pedicle screw designs 

The expandable pedicle screws for testing were fabricated following the specifications 

of the American Society of Testing and Materials (ASTM) F136-02a. They were 

designed to have cylindrical cores having poly-axial screw heads. The screws were  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Fig. 4.1: Non-expanded (2D and 3D) and expanded pedicle screws (L-R) of (a) type 1 (b) type 

2 (c) type 3. 
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designated as type 1, type 2 and type 3 for simplification based on thread patterns using 

the software Autodesk Fusion 360 as shown in Fig 4.1. The overall thread portion is 30 

mm in length. The type 1 are single thread screws having a constant core and thread 

diameter and uniform pitch of 1.5 mm (Fig. 4.1a). However, Type 2 (Fig. 4.1b) features 

a dual-thread design, with a 1.5 mm pitch in the proximal region and a 2 mm pitch in 

the distal region, both of equal length. In contrast, Type 3 (Fig. 4.1c) has a dual-thread 

design where the pitch is 2 mm in the proximal region and 1.5 mm in the distal region. 

The concept of using a dual-thread design was based on a previous study that explored 

the combination of different pitch lengths in the proximal, middle, and distal regions 

(Shen et al. 2019).  All dimensions of the screws are provided in Table 4.1. For 

expansion of the tips of the screws, pins are inserted at the screw head. Stainless steel 

implants have comparable or superior biomechanical properties to titanium. Stainless 

steel is often preferred for spinal implants, including screws, due to its higher strength, 

fatigue resistance, and cost-effectiveness, especially when large quantities of screws 

are needed. Moreover, in applications where bending or torsional load is present, 

titanium may not be an ideal choice owing to its subpar shear resistance. The screws 

were made of stainless steel (SS 304L) using CNC turning and wear-cut machining 

using a CAD model, a technique commonly used for implant fixation (Zhang et al. 

2006). The expandable pedicle screws were fabricated locally (Tool Room and Training 

Centre, North Guwahati, Assam, India). 

 

 

 

 

 

 

 

 4.2.2 Synthetic Bone 

Rigid polyurethane (PU) foam acts as an alternative to cadaveric bone due to its 

comparable mechanical behaviour, uniform structural properties and extensive 

availability (Seng et al. 2018). To generalise findings despite PU foam’s differences 

Table 4.1: Design specifications of expandable pedicle screw. 

 
Screw 

type 

Design Thread 

shape  

Outer 

diameter 

(mm) 

Inner 

diameter 

(mm) 

Thread 

width 

(mm) 

    

Pitch(mm) 

Proximal 

(1/2) Distal 

(1/2) 

Type 1 Cylindrical V 6 4.6 1 1.5 1.5 

Type 2 Cylindrical V 6 4.6 1 1.5 2 

Type 3 Cylindrical V 6 4.6 1 2 1.5 
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from real bone, the study relies on consistent comparisons between screw designs. FEA 

models real bone properties, and trends are validated with prior cadaveric or clinical 

data. PU foam is a reliable tool for initial testing, with further validation needed for real 

bone applications. In our study, we used cellular PU foam block samples of size 40 

mm× 40 mm× 40 mm following ASTM F1839-08 protocols from Sawbones Europe 

AB, Malmo, Sweden. The selected foam was of Grade 15 (compressive strength of 4.9 

MPa, compressive modulus of 123 MPa) designated specifically for low osteoporotic 

trabecular bone (compressive strength of 3.9MPa) (Cetin and Bianco 2021a, Giesen et 

al. 2001). Each of the test samples was drilled without pre-tapping (30 mm deep) in the 

centre of the surface (40 mm × 40 mm) along the longitudinal axis of the pedicle screws 

perpendicular to the foam. The drilling and screw insertion into the foams (up to full 

length without pre-tapping) was performed by an experienced surgeon (Fig. 4.2a). 

4.2.3 Pullout Test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2: Pre-pullout set up: (a) screw inserted on foam (b) Loading and boundary condition of the 

meshed model (c) Schematic diagram of test set up (d) test set up. 
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The screw-inserted foam block was placed into a custom-made fixture that had the 

provision to hold the screw head on the top surface (Fig. 4.2). The fixture was made of 

mild steel to ensure minimum deflection during testing. The screw pullout was 

performed following ASTM F543-13 standards using a 5 kN electromechanical 

universal testing machine (Zwick Roell, Z005TN) (Fig. 4.2d) following displacement 

control mode at a rate of 5 mm/min (Weildling et al. 2022). The termination of the tests 

was designed at the point of screw failure or detachment from the block. 

During the screw extraction process, the load initially increased sharply, followed 

by a rapid drop. A data acquisition system was used to record the load-displacement 

curve. The ultimate POF was defined as the maximum load (pullout strength) sustained 

by the screw before the failure. Failure was distinct at the point at which the load 

reached its peak and then experienced a sudden decrease (Aycan et al. 2017). Samples 

of each screw type were tested thrice for reproducibility. 

4.2.4 Statistical analysis 

Parametric tests like ANOVA assume the data is normally distributed and with 3 sets 

of screws, the normality assumptions cannot be confidently checked. For the three sets 

of screws, non-parametric methods are more robust and do not rely on assumptions 

about the underlying data distribution. Non-parametric tests like the Kruskal-Wallis test 

is more appropriate for small sample sizes. The biomechanical performance of the three 

groups of expandable pedicle screws was assessed by statistically comparing the 

ultimate POF. For the three sets of screws (580 N, 567 N, and 596 N for first screw, 

683 N, 703 N, 691 N for the second screw, and 841 N, 825 N, 810N for the third screw), 

non-parametric analysis using Kruskal-Wallis test was conducted using manual 

calculation. For this, first, the data are ranked, calculated the rank sum of each group. 

This followed by the calculation of Krushkal Wallis H statistics, p-value calculation 

and finally Dunn’s test to compare significant differences among groups. 

4.2.5 FE modelling and model geometry 

Three-dimensional (3D) FE models were employed to analyze the stress distribution 

during the pullout test using ABAQUS/explicit software (ABAQUS/explicit version 

2022). The foam blocks were created using 3-matic software 11.0 with dimensions of 

40 mm × 40 mm × 40 mm, and the screws were inserted at the centre up to a depth of 

30 mm from the top surface. The mesh element type selected for the study for both 

screw and foam was C3D4 (4-noded tetrahedral). Meshing was carried out in 
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Hypermesh 2021, and the meshed geometry was subsequently imported to ABAQUS 

for simulation. A mesh refinement study was performed to ensure the accuracy and 

reliability of the FE models. The mesh density was systematically varied, and numerical 

convergence was confirmed when successive analyses showed less than a 3% variation 

in results across three different mesh sizes. The optimal mesh, with element sizes 

ranging from 0.25 mm to 1.5 mm, was selected for the numerical analysis of screw 

pullout performance. The foam model contains approximately 80,000 volume elements, 

while the screw model comprises around 15,000 elements each. The material properties 

of both foam blocks and screws were assumed as homogenous, elastic and isotropic 

based on the literature (Varghese et al. 2016b, Zhang et al. 2006). The simulated 

material properties of the foam and screw are given in Table 4.2. Previous studies have 

indicated that interface modelling significantly affects the local stress-strain 

distribution in the bone surrounding the screws (Macleod et al. 2012). Therefore, a finer 

mesh density was applied at the screw-bone interface to capture these localized effects 

more accurately. 

 

 

 

 

 

 

Foam is often modelled considering the Johnson-Cook material model to predict 

the elastoplastic behaviour of cancellous bone (Cetin and Bircan 2021b, Remache et al. 

2020, Prasannavenkadesan and Pandithevan 2021, O’Neill and Vaughan 2021). The 

Johnson-Cook material model is given by the following equation (Demirbas et al. 

2022). 

       𝜎 = (𝐴 + 𝐵(Ԑ𝑃)𝑛(1 + 𝐶𝑙𝑛
ἐ

ἐ0
)  × (1 − (

𝑇−𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑜𝑜𝑚
)𝑚)                    (4.1) 

where A, B, n, C, Ԑp, ἐ, ἐ0 and m are yield stress, the hardening modulus, the 

hardening exponent, the strain rate coefficient, the equivalent plastic strain, the 

reference strain rate and thermal softening respectively. Troom and Tmelt are room and 

melt temperature respectively. The values are tabulated in Table 4.3. 

Table 4.2: Material properties of foam and screws. 

  Density, ρ 

(kg/m3) 

Young’s modulus 

(MPa) 

Poisson’s 

ratio 

Reference 

Foam 240 173 0.3 Varghese et al. 2016a 

Screw 7850 193,000 0.3 Zhang et al. 2006 
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Previous studies (Xu et al. 2019, Cetin and Bircan 2021b) established that screw-

bone contact conditions have a substantial influence on the loading at the screw-bone 

interface compared to the bonded condition. The screw-bone interface had a general 

contact algorithm (contact action-all with self) with a penalty coefficient of friction of 

0.61 (Cetin and Bircan 2021b). The base nodes of the foam were inhibited from moving 

in any direction. In the pullout loading condition, an axial force of 5.0 mm/min was 

applied to the screw head (Lee et al. 2019) (Fig. 4.2b). 

4.3 Result 

4.3.1 Experimental Validation of Pullout Test 

The ultimate loads sustained before the failure of the expandable pedicle screws were 

identified. The experimentally calculated POFs for three sample sets of type 1, type 2, 

and type 3 were 580±15N (1A, 1B, 1C), 690±15N (2A, 2B, 2C) and 825±15N (3A, 3B, 

3C) respectively. The highest value of the separation force signifies the screw’s pullout 

force and the corresponding displacement is known as the pullout displacement. The 

abrupt decrease in pullout force with continuous axial movements through the test was 

considered inadequate (Esenkaya et al. 2006). The Krushkal Hallis H statistics value 

was 7.2 and the p-value using Chi-squared distribution was found to be 0.0273. Dunn’s  

 

 

 

 

 

Table 4.3: Johnson-Cook plasticity model constants for cancellous bone adapted from 

Demirbas et al. 2022. 

 Yield 

stress, 

A(MPa) 

Hardening 

modulus,B 

(MPa) 

hardening 

exponent,  

n 

thermal 

softening 

coefficient(m) 

strain rate 

coefficient,C 

reference 

strain 

rate, ἐ0 

Tmelt  

(K) 

Troom 

(K) 

28 0.1 0.1 0.02 0.015 0.001 1573 293 

 

Table 4.4: Comparison of pullout results for three types of expandable pedicle screws. 

 Screw set z value z vs zcritical Significance 

(z>zcritical) 

Type 1 vs Type2 1.34 1.34<2.39 Not significant 

Type 1 vs Type 3 2.68 2.68>2.39 Significant 

Type 2 vs Type 3 1.34 1.34<2.39 Not significant 
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test was manually performed to determine the significant difference. The zcritical value 

was found to be 2.39 and comparing it for each pair, the statistical significance was 

achieved. 

Numerically calculated maximum POF for the three screw types were 602.31 N, 

705.77 N and 838.27 N, respectively and found to be in the range of experimental 

maximum POF. The characteristic POF vs displacement curves for both experimental 

and FEA for the three types of expandable pedicle screws were shown in Fig. 4.3, and 

they showed similar trends. Thus, the corroboration of the numerical results with the 

experimental findings gave sufficient confidence to the results of the pullout tests 

performed in the present study. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3: Axial pullout test validated with FE studies for (a) type 1(b) type2 (c) type 3 screws. 

4.3.2 Pullout FE simulation of foam 

Fig. 4.4 depicts a clear outline of the pullout simulation process. The cross-sectional 

view of the bone and pedicle screw interface was shown and the progress of the pullout 

simulation was presented in three steps for better understanding. Initially (Fig. 4.4a), 

high stress was visible at the bottom portion of the screw thread region (marked in the 

dotted circle in Fig.4.4a). Further, the bone fracture was initiated after reaching 

maximum POF, thus shifting the high-stress region upwards throughout the screw-foam 
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interface (Fig. 4.4b). Thereafter, (Fig. 4.4c), the complete separation of the expandable 

pedicle screws from the foam occurred by debonding of neighboring elements. From 

the stress contour, it was visible that the region of peak stress was highest in type 3, 

followed by type 2 and type 1 respectively. The average von Mises stress distribution 

of the foam was calculated for the three types of screws and was found to be 17.85 

MPa, 21.11 MPa and 25.83 MPa, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4 Discussion 

This study compared the pullout strength of three types of expandable pedicle screws 

with various thread patterns to optimize the distribution of forces along the screw and 

improve its anchorage within the bone. By incorporating different pitch lengths, the 

designs aimed to enhance stability, reduce the risk of screw loosening, and minimize 

stress concentrations, particularly in osteoporotic bone, where weakened density poses 

significant challenges. The pedicle screw fixation technique is a globally accepted 

surgical technique (Gao et al. 2011). However, challenges persist in patients with 

 

 

 

Fig. 4.4: Axial pullout simulation results for type 1, type 2, and type 3 screws (a)starting of 

the simulation, (b) Foam fracture started (c)pullout completed. 
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osteoporosis due to screw loosening and failure, which compromises stability and 

clinical outcomes (Wu et al. 2012, Chen et al. 2009). Enhancing the biomechanical 

performance of pedicle screws is, therefore, essential for achieving improved clinical 

results (Kubaik et al. 2019). 

 Experimental pullout tests revealed significant differences among the three screw 

designs. Type 1 screws exhibited the lowest maximum pullout force (580±15 N), while 

type 3 screws achieved the highest (825±15 N). Stress distribution analysis indicated 

that stress concentration varied by screw type: near the shank for type 1, the mid-shank 

for type 2, and the threaded tip for type 3 screws. Dual-threaded screws (i.e. screws 

with two pitches) showed superior pullout strength than the conventional pedicle screws 

(Yaman et al. 2015, Wu et al. 2023). The improvement in dual-threaded screws is likely 

due to increased surface contact at the bone-screw interface, which enhances anchorage 

(Wu et al. 2023, Seng et al. 2018). Contrarily Guftason et al. (2019) showed that 

constant-pitch threads possess more pullout strength than the screws with variable 

pitch. 

Notably, type 3 screws outperformed type 2 screws, possibly due to their coarse-

pitch threads at the proximal end providing better primary stability by increasing 

contact area and distributing the load more effectively (Daud et al. 2021). Post-pullout 

observations showed foam debris covering the screw threads, although the screws 

themselves remained intact (Cetin and Bircan 2021b, Wu et al. 2023).  Pullout failure 

typically occurred within a displacement of 2 mm (Guftason et al. 2019), and statistical 

analysis confirmed significant differences (z < zcritical) for group 2 (type 1 screw vs type 

3 screw). On average, type 3 screws demonstrated 42.05% greater pullout strength than 

type 1, while type 3 screws showed a 19.16% more pullout than type 2. 

FEA provided additional insights into pullout mechanics. The foam was modelled 

using the Johnson-Cook material model to capture its elastoplastic behaviour. 

Simulations showed high initial stress at the proximal threads of the screw-foam 

interface (Bianco et al. 2017, Cetin and Bircan 2021b), where failure first occurred, 

followed by fracture near the screw tip (Chatzitergos et al. 2010). Stress redistribution 

and debonding near the proximal threads were consistent with experimental findings as 

well as previous studies (Chatzistergos et al. 2014) (Fig 4.4). 

The observed variation in pullout forces reported in the literature (200–3000 N) 

(Cetin and Bircan 2021a) can be attributed to differences in bone density, screw design, 
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diameter, and insertion depth (Cetin and Bircan 2021b, Hsu et al. 2005). In this study, 

the use of low-density foam (grade 15) to simulate osteoporotic bone resulted in a 

maximum pullout force of approximately 1000 N, aligning with previous research (Gao 

et al. 2011, Kim et al. 2012a, Damisih et al. 2023). The average von Mises stress around 

the screw thread for the study (l9-57 MPa) was consistent with prior studies (Cetin and 

Bircan 2021b). The force-displacement curve profiles obtained from the FE simulation 

closely matched the experimental results and trends reported in the literature. Dual-

threaded screws showed higher pullout resistance due to increased bone volume 

between threads, enhancing mechanical interlocking (Wu et al. 2023, Seng et al. 2018). 

The finding highlights the potential of optimized thread designs for improved screw 

fixation strength, predominantly in osteoporotic patients. 

Despite these findings, the study has several limitations. The use of synthetic foam 

blocks does not replicate the morphological and material heterogeneity of human bone. 

Moreover, the Johnson-Cook material model parameter was not varied, and only low-

density osteoporotic foam was tested. Similar tests on high-density synthetic foams  

would be beneficial (Kiyak et al. 2018). Future studies should consider mechanical 

forces, such as bending, cyclic loading, and shear stress, to better simulate in vivo 

conditions (Seng et al. 2018). Human errors during screw insertion, such as torque 

variability, should also be investigated (Lee et al. 2019). Further, the potential risk of 

pedicle fracture during insertion and the probable benefits of cement augmentation, 

which significantly improves fixation strength for severely osteoporotic patients, 

warrant additional exploration (Wu et al. 2012, Amaritsakul et al. 2014). 

4.5 Summary of the findings 

This study demonstrates the biomechanical advantages of dual-threaded expandable 

pedicle screws, particularly type 3, in enhancing pullout strength. Using synthetic PU 

foam mimicking osteoporotic bone, experimental and numerical analyses were 

conducted to evaluate the screw designs. The Johnson-Cook material model was 

applied in finite element simulations to predict pullout performance. Dual-threaded 

screws outperformed constant-pitch screws due to increased surface contact at the bone-

screw interface, with type 3 showing the highest pullout strength. While promising, 

these findings require further validation through cadaveric or clinical studies. This 

research provides a foundation for improving pedicle screw designs, especially for 

patients with poor bone quality. 
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Influence of three novel expandable pedicle screws on 

osseointegration: An FE study based on mechanoregulation 

algorithms 

  

5.1 Introduction 

The spine, a complex load-bearing structure, endures significant stress during daily 

activities and eventually degrades with age. The degeneration reduces the mineral 

content of cancellous bone, leading to osteoporosis (Krishnan et al. 2020) and a 

diminished load-sharing capacity, ultimately results in spinal instability. Surgeons have 

employed several fusion and non-fusion techniques for the lumbar spine (Pradeep and 

Pal 2024). The long-term success of such procedures depends on achieving stable bone-

implant integration with surrounding tissues and ensuring the longevity of the 

orthopaedic implants (Causay et al. 2021). 

The uncemented implants attain stability through osseointegration, where bone 

grows into or onto the implant’s surface, providing mechanical stability by interlocking. 

Osseointegration is the percentage of the surface of the implant in direct contact with 

bone (D’lima et al. 1998). Besides, successful integration requires proper biological 

fixation of bone with intermediate soft tissues surrounding the implant (Ghosh et al. 

2020). Though pedicle screws have become a popular choice for spinal fixation, 

complications like screw bending, breakage, and aseptic loosening often lead to 

revision surgery (Okuda et al. 2006, Chatzigtergos et al. 2010). The primary reason for 

aseptic loosening is insufficient initial fixation associated with mid and longstanding 

instability (Sun et al. 2024). 

The expandable pedicle screws offer superior anchorage capacity and have shown 

advantages over conventional pedicle screws (Cook et al. 2001, Sanjay et al. 2022). 

Design innovations, such as dual-thread cylindrical configurations, aim to improve the 

implant success rate by enhancing mechanical stability and osseointegration 

(Amaritsakul et al. 2014, Ghosh et al. 2020, Sun et al. 2024). Osseointegration occurs 

through two processes: bone ingrowth, where bone penetrates the implant’s porous 
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surface, and bone on-growth, where bone attaches through a textured surface (Kim et 

al. 2016, Ghosh et al. 2020). The surface modification techniques at macroscopic 

(length scale in order of millimetres or higher) and microscopic (dimension from 

submicron to microns) scales are employed to enhance these processes, improving the 

mechanical interlocking between the implant and the bone (Andrekiv et al. 2008b, 

Ghosh et al. 2020). 

The mechanical loading significantly influences the peri-implant bone adaptation 

(Duyck et al. 2007, Mathieu et al. 2014). Force or displacement-controlled mechanical 

loading enhances bone formation around rough implant surfaces (Mathieu et al. 2014, 

Tarlochan et al. 2018). Previous studies have extensively analysed bone growth under 

force-controlled (Mukherjee and Gupta 2015, Mathai and Gupta 2021b, Ghosh et al. 

2022a) and displacement-controlled (Andrekiv et al. 2008b, Mukherjee and Gupta 

2014, Ghosh et al. 2020) conditions. The process of bone growth around the implants 

resembles bone fracture healing (Davies 1996, Isaksson 2012, Ghosh et al. 2020, 

Mohendas et al. 2021). Here MSC differentiate into fibrous tissue, cartilage and bone 

under favorable loading conditions (Mathai and Gupta 2021b). The MSCs are derived 

from bone marrow stroma and differentiate into cells of mesodermal lineages (Barry 

2003). 

  Several mechanoregulation theories have been extensively employed to simulate 

FE models to predict bone formation (Lacroix and Prendergast 2002a, Viceconti et al. 

2004, Tarlochan et al. 2018, Mehboob et al. 2020), particularly in indirect fracture 

healing (Isaksson et al. 2006a). However, no single mechanoregulation algorithm has 

proven universally superior for predicting osteogenesis (Ghosh et al. 2022b). Boccaccio 

et al. (2011) and Postigo et al. (2014) had investigated bone regeneration and tissue 

differentiation in spinal fusion, primarily focusing on cages and intervertebral discs.  

An earlier study by van Rijsbergan et al. (2018) and Calvo Echenique et al. (2019) 

combined tissue differentiation with bone remodelling to understand bone growth post-

disc degeneration and nucleotomy.  A recent study was performed considering various 

types of lumbar interbody fusion to estimate the best technique for the favourable 

biomechanical environment for osteogenesis by developing a mechanoregulation 

algorithm iteratively evaluating MSC and their differentiated cells (Lu et al. 2024). 

These studies considered mechanoregulation-based studies on lumbar fusion 

considering cages and intervertebral discs. Integrating high-resolution micro-computed 
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tomography (micro-CT) datasets into FE models improves accuracy. Micro-CT 

provides detailed bone microstructure, including trabecular architecture, damage 

mechanisms and bone-implant heterogeneity (Wu et al. 2015, Guha et al. 2022). 

Despite the advancements, no prior studies have evaluated tissue differentiation 

around distinct expandable pedicle screws. The study aims to address this gap by (1) 

developing and comparing two FE-based mechanoregulation algorithms for three types 

of expandable pedicle screws with various thread designs (single, dual-thread) under 

two force-controlled loading conditions and (2) observing the influence of the local 

mechanical conditions on peri-prosthetic osseointegration. Since the study is a 

preliminary study on the various designs of homogenised expandable pedicle screws, 

bone structure in a simplified cube is used for further investigation with physiological 

loading conditions (axial compression load combined with extension moment). 

5.2 Materials and Methods 

To assess how design variations in three types of expandable pedicle screws affect their 

osseointegration capabilities, we simulated two independent mechanoregulation-based 

adaptive tissue differentiation algorithms using a FE model of the bone-implant 

interface. The bone-implant interfaces were developed mimicking the experimental set-

up that measured the pullout strengths of the expandable pedicle screws inserted in a 

cubical foam specimen (40 mm x 40 mm x 40mm) in the previous chapter. However, 

recognizing that the mechanical properties of foam do not accurately represent the 

mechanical properties of an actual human bone, we modelled a similar cubic structure 

(40 mm x 40 mm x 40mm) representing the homogenized cancellous bone of a vertebral 

body. This simplified representation of the vertebra was conceptualized from studies 

representing foam as a vertebra for pullout tests (Cetin and Bircan 2021a) (Fig. 5.1a). 

By employing two independent mechanoregulation algorithms, it is aimed to assess the 

sensitivity of each mechanical stimulus and their magnitude in predicting tissue growth 

at the bone-implant interface, aligning the simulations with the clinical results. 

5.2.1 Development of expandable pedicle screw implanted 3D FE model 

Three bone-implant interface models with distinct expandable pedicle screws (type 1, 

type 2, type 3) were developed. Autodesk Fusion 360 software was used to create the 

expandable pedicle screws with cylindrical cores and poly-axial screw heads, following 

the American Society of Testing and Materials (ASTM) F136-02a specifications. Fig. 

5.1b represents the longitudinal section of the expandable pedicle screw implanted bone 
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with the granulation tissue in between them. The type 1 expandable pedicle screw has 

a uniform pitch of 1.5 mm. However, type 2 has a dual thread (1.5 mm in proximal and 

2.0 mm in distal) pitch in equal length. The type 3 expandable pedicle screws were 

designed just the opposite of type 2 in the order of pitch (2.0 mm in proximal and 1.5  
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Fig. 5.1: (a) Implanted vertebra equivalence to screw-foam system (b) Representative CAD model 

of the bone-implant system with (top to bottom) foam, tissue, and implant (Type 1, Type 2, Type 

3) (c) Loading and Boundary Condition.  
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mm in distal). In the current study, the implants (expandable pedicle screws) were 

inserted up to 30.0 mm (depth of threaded portion) into the bone. The gap of 1.0 mm 

between the bone-implant throughout was assumed to be the layer of granulation tissue. 

The bone and the granulation tissue were developed using 3-matic software 11.0. 

The meshing was created using 4-noded tetrahedral elements in Hypermesh 2021.1 

(Altair Engineering Inc., Troy, Michigan, United States) and finally, simulation was 

conducted using Ansys FE software v 19.0(ANSYS Inc., PA, USA). A mesh 

convergence study was conducted for the FE models to achieve consistent mesh results 

based on peak von Mises stress developed when subjected to force-controlled loading 

(150N load, 10 Nm moment) with variations of edge length. The convergence was 

achieved with the second model, which had an edge length of 0.5 mm and a variation 

of less than 3% with the other two models. However, the tissue and the bone element 

size ranged from 0.5 mm to 1.5 mm. The bone was considered linear, elastic, and 

transversely isotropic (Kim et al. 2015) whereas, the granulation tissue and the implants 

were assumed to be linear, elastic, and isotropic. The material properties are provided 

in Table 5.1. The implant-tissue and tissue-bone interfaces for all three models were 

considered perfectly bonded (Ghosh et al. 2021b, Mukherjee and Gupta 2016). 

 

 

 

 

 

 

 

 

5.2.2 Applied loading and boundary conditions 

In the FE model, the top surface nodes of the bone were considered slave nodes, with a 

master node positioned centrally above the surface. The slave nodes and master nodes 

were rigidly coupled to maintain uniform deformation, as suggested by Talukdar et al. 

(2021). A massless element, MASS 21 was assigned to the master node to facilitate 

rotational degree of freedom. To assess loading effects, two scenarios were applied at 

Table 5.1: Material properties of bone, tissue and screw 

 

 

Young’s modulus(MPa) Poisson’s ratio Reference 

Bone Ex=200,Ey=140,Ez=140 

Gxy=Gxz=Gyz=48.3 

ʋxy=0.45, ʋxz=0.315, 

ʋyz=0.315 

Kim et al. 2015, Zhou 

et al. 2019 

Tissue 1 0.3 Ghosh et al. 2020 

Screw 1100000  0.3 Sanjay et al. 2022, 

Kim et al. 2010 
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the master node. Load case 1 comprises 150 N axial load (negative Z direction) 

combined with 10 Nm extension moment (negative Y direction) while load case 2 of 

150 N axial load with 5 Nm extension respectively. These loading conditions aligned 

with earlier studies on vertebrae (Chen et al. 2005, Liao et al. 2017, Wang et al. 2020). 

The loading was applied at the master node (Talukdar et al.  2021). All the nodes in the 

bottom surface were constrained for movements following earlier studies (Talukdar et 

al. 2021, Sanjay et al. 2022). Fig. 5.1c illustrates this setup. 

5.2.3 Mechanobiological Tissue Differentiation Algorithm 

The numerical framework of the mechanoregulation-based tissue differentiation 

algorithm utilized in the current study incorporates two principal features namely 

mechanical and biological presented in Fig. 5.2. The mechanical aspect of the algorithm 

integrates the mechanical stimulus. Osteocytes detect the mechanical stimuli and 

respond by releasing biochemical signals that promote MSC to differentiate into bone-

forming cells and enhance bone formation. In contrast, the biological aspect deliberates 

the MSC migration, proliferation, tissue deposition, differentiation and replacement 

from the host bone interface to the implant interface (Andreykiv et al. 2008b, Ghosh et 

al. 2022a). In the beginning, only granulation tissue was present between the bone and 

the implant indicating other cells’ concentration to be zero (Andreykiv et al. 2008b). 

The regularised concentration of the MSCs at the bone-granulation tissue interface was 

estimated to be unity (Andreykiv et al. 2008b, Ghosh et al. 2020). A transient-diffusion 

model was used to evaluate the migration of MSCs within the interfacial tissue region 

(Lacroix and Prendergast 2002a, Lacroix and Prendergast 2002b, Lacroix et al. 2002, 

Ghosh et al. 2020) given by the equation 

                                                 k 2c=
𝑑𝑐

𝑑𝑡
                                                           (5.1) 

where k is the diffusion constant (0.1 mm3/day) (Ghosh et al. 2021a) and c represents 

the element-specific concentration of undifferentiated stem cells (Lacroix and 

Prendergast 2002a, Mukherjee and Gupta 2015).  The diffusion constant selection was 

based on the assumption that the MSC migration inside the granulation tissue would be 

complete within 42 days (6 weeks) equivalent to 42 iterations i.e., one iteration would 

signify one day of healing. The logic behind considering 42 iterations was that bone 

healing/growth usually takes place within 6-8 weeks (Mukherjee and Gupta 2016, 

Ghosh et al. 2022a, Mathai and Gupta 2021b). On the incidental edges of the 

granulation tissue, a zero-diffusion boundary condition was implemented considering 
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no cell loss from the granulation tissue towards the impermeable implant. To repair the 

bone defects, the antecedent cells from the bone-granulation tissue interface migrate 

towards the healing region and differentiate into various cellular phenotypes depending 

on local mechanical stimuli (Barry 2003, Isaksson et al. 2006a, Ghosh et al. 2020). 

    

 

 

 

 

 

 

 

 

 

 

 

The spatial estimation of the mechanoregulated tissue phenotype would instigate 

the existence of granulation tissue along with newly differentiated tissue at any instance 

in time (Ghosh et al. 2020). The effective tissue material properties (Young’s modulus, 

E and Poisson’s ratio, ν) were estimated numerically following a rule of mixture given 

by Eqs. 5.2 and 5.3: 

                   En+1=(
𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥
)n Egranulation+(

𝐶𝑡𝑖𝑠𝑠𝑢𝑒

𝐶𝑚𝑎𝑥
)n Etissue                                             (5.2) 

                     νn+1=(
𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥
)n νgranulation+(

𝐶𝑡𝑖𝑠𝑠𝑢𝑒

𝐶𝑚𝑎𝑥
)n νtissue                                             (5.3) 

where, En+1 and νn+1 are the resulting Young’s modulus and Poisson’s ratio of the 

newly formed tissue after nth iteration; Egranulation (also νgranulation) and Etissue (also νtissue) 

are the material properties of the granulation tissue and the newly formed tissue 

phenotype respectively; cmax and ctissue are the maximum cell concentration assumed to 

be unity and the actual element-specific cell concentration. The temporal smoothening 

method was introduced to reduce numerical uncertainty due to abrupt variation in 

 

Fig. 5.2: Schematic overview of mechanoregulation based tissue differentiation algorithm. 
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material properties following each iteration (Lacroix and Prendergast 2002a, Lacroix 

and Prendergast 2002b). This method updates the material properties of the newly 

formed tissue by averaging local material properties over the previous 10 estimated 

material property values given by Equations. 5.4 and 5.5 (Dickinson et al. 2012, 

Mukherjee and Gupta 2016, Ghosh et al. 2020): 

                                    En+1, smoothened=
1

10
∑ 𝐸𝑖
𝑛−9
𝑖=𝑛                                           (5.4) 

                                     νn+1, smoothened=
1

10
∑ ν𝑖
𝑛−9
𝑖=𝑛                                             (5.5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Claes and Heigele (1999) reported that local mechanical signals at the granulation 

tissue computed as hydrostatic pressure and deviatoric strain are responsible for the 

differentiation of MSCs into fibroblasts, chondrocytes, osteoblasts (Barry 2003, 

Isaksson et al. 2006a, Ghosh et al. 2022a). On reaching maturity, the new phenotypes 

would convert into fibrous tissue, cartilage and bone (Claes and Heigele 1999, Ghosh 

et al. 2020). This study investigated two mechanoregulation theories (Table 5.2). The 

first category was the theory used in earlier literature incorporating deviatoric strain and 

Table 5.2: Predicted tissue phenotype material properties and the mechanical stimulus based on 

different mechanoregulation algorithm (Carter et al. 1988, Claes and Heigele 1999, Lacroix and 

Prendergrast 2002a, Isaksson et al. 2006, Mehboob et al. 2017, Mehboob et al. 2020, Ghosh et 

al. 2020, Mohendas et al. 2021). 

  

Tissue 

phenotype 

Young’s 

modulus 

(MPa) 
Poisson’s 

ratio 

Deviatoric strain+ Hydrostatic 

pressure 

 

Deviatoric strain 

only 

Strain 

stimulus 

(in %) 

Hydrostatic 

Pressure 

stimulus (in 

MPa) 

Strain stimulus 

(in %) 

Granulation 

tissue 

1 0.167 - - - 

Fibrous tissue 2 0.167 - 

>5 

<-5 

>0.15 

>-0.15 

>-0.15 

>0.05 

Cartilage 10 0.167 >15 

<-15 

<-0.15 

<-0.15 

0.025 to 0.05 

Immature 

bone 

1000 0.3 -15 to +15 <-0.15 0.0005 to 0.025 

Mature bone 6000 0.3 -5 to +5 -0.15 to +0.15 0 to 0.00005 
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hydrostatic pressure (Claes and Heigele 1999, Dickinson et al. 2012, Mukherjee and 

Gupta 2016, Ghosh et al. 2020), hereafter named hydrostatic pressure-deviatoric strain 

theory (HPDST). The second category, hereafter named deviatoric strain theory (DST) 

considered deviatoric strain only (Isaksson et al. 2006a, Mehboob et al. 2017, Mehboob 

et al. 2020).  Previous literature suggested that deviatoric strain alone could be used for 

predictive modelling of tissue differentiation (Isaksson et al. 2006b, Isaksson 2012). 

   The mechanoregulatory tissue-differentiation algorithm applied in the study was 

developed using a custom MATLAB script (MATLAB 2017a, The MathWorks Inc., 

Natrick,MA,USA). A master-batch script (DOS) was developed to consecutively 

launch ANSYS module (structural analysis) and MATLAB module (tissue 

differentiation computation) in each iteration. The simulation was set for 42 iterations 

indicating 6-weeks post operation in a 64-bit Windows 2010 server with Intel® CoreTM 

i7-9700U 8-core CPU, 32GB RAM. 

5.3 Result 

5.3.1 Spatial distribution of tissue phenotype according to mechanoregulation-

based algorithm 

During the process of mechanoregulation-based tissue differentiation, various types of 

tissues were formed, ranging from fibrous tissue to bone. The mechanoregulation-based 

algorithms predicted the tissue phenotypes. The first approach (HPDST) combined 

hydrostatic pressure and deviatoric strain to predict peri-prosthetic tissue 

differentiation. The second mechanoregulation theory (DST) employed only deviatoric 

strain for predicting tissue phenotypes. Figs. 5.3 and 5.4 shows the spatial distribution 

of tissue phenotype considering the two types of mechanoregulation algorithms with 

two different loading scenarios for the three types of expandable pedicle screws over 6 

weeks. 

In the HPDST model (Fig. 5.3), immature bone tissue was formed towards the host 

bone site within the first week, with some traces of mature cartilage. Over time, 

immature bone is converted to intermediate bone tissue and some mature bone tissue. 

After 6 weeks, the mature bone formation was found to be most in type 3 and least in 

type 1 expandable pedicle screws for both loading cases. 
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The spatial plots obtained using DST (Fig. 5.4) showed a similar trend to HPDST, 

except for type 2 expandable pedicle screws. Unlike other screw designs, type 2 screw 

showed predominantly mature cartilage at the host bone site after the first week, 

followed by significant immature bone tissue and some traces of mature bone tissue 

after 6th week. However, in all the cases, predominantly fibrous tissue, undifferentiated 

stem cells and immature cartilage were observed towards the implant site.  

 

 

 

 

 

   

Fig. 5.3: Spatial distribution of tissue on-growth for three types of expandable pedicle 

screws for two loading cases considering deviatoric strain and hydrostatic pressure  after 

6 weeks of healing. 
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5.3.2 Temporal Distribution Around Tissue Phenotype 

It is crucial to estimate the tissue phenotype developed in percentage over the time of 

bone healing. Figs. 5.5 and 5.6 showed the progressive distribution of tissue 

phenotypes, week by week, starting from the initial day of simulation. Originally, 

undifferentiated MSCs were present in the granulation tissue. 

In Fig. 5.5, bone on growth was highest in type 3 (~28.79 %), followed by type 2 

(~19.73 %) and type 1 (~12.84 %) under load case 2. A similar trend in bone growth 

was observed in Fig. 5.6. When considering deviatoric strain, the maximum bone 

growth was predicted for type 3 screws (~21.63 %), with type 1 (~12.82%) and type 2 

(~12.91%) exhibiting almost identical growth under load case 2. Regarding cartilage 

formation, type 2 screws showed the highest chondrocyte (cartilage) formation 

(~57.87%), followed by type 1 (~55.47%) and type 3 (~54.04%) under load case 

1(DST). Bone formation percentages for load case 1 (DST) were ~12.82% for type 1, 

   

Fig. 5.4: Spatial distribution of tissue on-growth for three types of expandable pedicle 

screws for two loading cases considering deviatoric strain after 6 weeks of healing. 
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~11.21% for type 2, and ~21.05% for type 3. For load case 1 (HPDST), the bone 

formation was ~12.84%, ~18.81%, and ~28.22% for type 1, type 2, and type 3 screws, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

Fig. 5.5: Influence of mechanical stimulus (HPDST) on tissue growth for loading-

10Nm,150N (a)type 1 (b)type 2 (c) Type 3, 5Nm,150N (d)type 1 (e)type 2 (f) Type 3. 
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For both mechanoregulation algorithms, the formation of bone mesenchymal cells 

(BMSCs) and fibrous tissue was observed. Type 1 screws showed ~3.46 % BMSCs and 

~28.23 % fibrous tissue, type 2 showed ~7.18 % BMSCs and ~23.74% fibrous tissue 

Fig. 5.6: Influence of mechanical stimulus (DST) on tissue growth for loading -

10Nm,150N (a)type 1 (b)type 2 (c) Type 3, 5Nm,150N (d)type 1 (e)type 2 (f) Type 3. 
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and type 3 showed ~0.69 % BMSCs and ~24.22% fibrous tissue under load case 1. The 

cartilage formation after 6 weeks was highest for all screw types under load case 

1(HPDST), with ~55.47% for type 1, ~53.56% for type 2, and ~47.38% for type 3. In 

load case 2 (HPDST), cartilage formation remained relatively high at ~55.47%, 

~52.64%, and ~46.81% for the three screw types, respectively. 

This summary of tissue formation highlights the varying responses of the bone-

implant interface under different loading conditions, with notable differences in bone 

and cartilage formation depending on the screw type and the mechanoregulation 

approach. 

5.3.3 Average Young’s modulus of tissue phenotype 

The average Young’s modulus of the tissue phenotype over a time of 6 weeks is 

presented in Fig. 5.7 for the two load cases. The Young’s modulus for each tissue 

phenotype was calculated and then the average value was assessed to estimate the 

overall stiffness of the interfacial tissue. The tissue stiffness was found to be highest for 

type 3 expandable pedicle screws using both HPDST (~392 MPa) and DST for both 

loading cases (~304 MPa). The type 1 expandable pedicle screw had tissue stiffness of 

~174 MPa for both loading cases considering the two mechanoregulation-based 

algorithms. Considering type 2 screws with HPDST showed tissue stiffness of ~264 

MPa for the two load cases.   The least stiffness was seen for type 2 expandable pedicle 

screws with deviatoric strain only (~158 MPa) for load case 1. 

   

 

 

 

 

 

 

 

 

 

 

  

 

 
(a) (b)  

Fig. 5.7: Influence of tissue stiffness based on mechanical stimulus at the bone-implant 

interface for loading- (a)10Nm,150N (b)5Nm,150N. 
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5.4 Discussion 

The study aimed to evaluate the osteogenesis around three distinct expandable pedicle 

screws within a model that mimics the cancellous bone in a single vertebral body. Two 

mechanoregulation-based tissue differentiation algorithms were employed to predict 

tissue differentiation around the expandable pedicle screws. 

The first algorithm utilised two different mechanical stimuli viz.  deviatoric strain 

and hydrostatic pressure, that dictates the tissue differentiation (Carter et al. 1988, Claes 

and Heigele 1999, Lacroix and Prendergast 2002b, Mukherjee and Gupta 2017, Ghosh 

et al. 2020). The second algorithm was based on deviatoric strain only (Isaksson et al. 

2006a, Isaksson 2012, Kim et al. 2012b, Son et al. 2014). The magnitudes of each 

stimulus are chosen from the earlier models developed (Dickinson et al. 2012, Ghosh 

et al. 2020, Isaksson et al. 2006a). Both models applied identical loading conditions to 

the three types of screws to determine the optimal screw design for promoting 

osteogenesis and to assess the sensitivity of each differentiation algorithm in predicting 

bone growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

Fig. 5.8: Spatial distribution (cross-sectional view) of tissue on-growth for three types of 

expandable pedicle screws for two loading cases considering deviatoric strain+ hydrostatic 

pressure (HPDST) and deviatoric strain (DST) after 6 weeks of healing. 
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Figs. 5.3 and 5.4 illustrated the spatial tissue distribution over six weeks for both 

loading cases and mechanoregulation algorithms. Considering HPDST, immature bone 

tissue appeared after the 1st week, along with traces of intermediate bone tissue and 

mature cartilaginous tissue (Sulaiman et al. 2024). Although significant cartilaginous 

tissue formed over time, immature bone tissues differentiated slowly, eventually 

maturing as the healing was processed. The DST model also showed immature bone 

tissue and mature cartilage post-first week. The early formation of immature bone 

suggests that osteogenesis is governed by intramembranous ossification. However, the 

presence of substantial cartilaginous tissue indicates inhibition of endochondral 

ossification due to constant compressive load (150 N) applied at the bone’s top surface 

(Chao and Inoue 2003). Since the peri-prosthetic osteogenesis follows similar phases 

of bone fracture healing, i.e. both ossification processes endochondral and 

intramembranous ossification are feasible (Sulaiman et al. 2024, Ghosh et al. 2023).  

After 6 weeks, both type 1 and type 3 screws exhibited bone formation (mostly 

intermediate with some amount of mature and immature bone). However, type 2 screws 

showed a concentration of immature bone tissue with some intermediate bone under 

load case 2 and mature cartilage in case of load case 1. This indicated that similar 

loading scenarios with different magnitudes can lead to different tissue formation in the 

long-term healing period. Therefore, load-controlled optimally designed screws are 

essential for better osteogenesis. 

Fig. 5.8 presented the spatial distribution surrounding the implant site post 6 

weeks. The front end (1.5 mm pitch) of type 2 screws had less fibrous tissue and more 

cartilaginous tissue than the front end of type 3 screws (2 mm pitch). The granulation 

tissue in type 2 was more towards the back side (2mm pitch), indicating less 

differentiation to osteogenic cells due to higher pitch. The central portion of type 2 had 

more mature cartilage whereas the similar region in type 3 screw showed more fibrous 

tissue. This suggests that the areas with a 1.5 mm pitch are differentiated more than the 

area having a 2 mm pitch (Ghosh et al. 2020). These findings corroborate with the 

earlier studies that reported that screws with smaller pitch increase screw surface area 

and eventually improve bone-implant stability (Orisi et al. 2012). 

This might explain the reason behind the differentiation of most of the MSCs of 

type 3 expandable pedicle screws into fibrous tissue, cartilage and bone. However, type 

1 screw having a constant 1.5 mm pitch exhibited less differentiation compared to the 
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dual-threaded screws. Thus, dual-threaded screws might offer better anchorage than 

single-threaded screws (Wu et al. 2023). The increased bone growth around dual-pitch 

screws indicates a higher probability of cell adhesion (Anselme 2000). 

After 6 weeks of bone healing, for the three types of expandable pedicle screws, 

the predicted bone growth percentage varied from ~13 % to ~29 % and the cartilage 

percentage ranged from ~47 % to ~55 % considering the HPDST model. However, 

considering the DST model, the bone formation percentage ranged from ~11 % to ~22 

% and cartilage formation from ~53 % to ~58 %.  These results corroborate an earlier 

study by Ghosh et al. (2020) where the bone formation variation was 11-25 %. Another 

study predicted 20-50 % bone formation around an uncemented femoral implant 

(Mathai and Gupta 2021b). The bone percentage change of 5-15 % was observed for 

different kinds of loading in the case of normal walking for non-textured femoral stem 

(NTFS) (Ghosh et al. 2022a). The present study also observed that MSCs differentiated 

into fibrous tissue in the initial two weeks, with no further differentiation of both of 

these cells/tissues observed thereafter. The amount of MSC and fibrous tissue varied 

for the three types of expandable pedicle screws. The type 1 screw exhibited the highest 

volume of fibrous tissue, suggesting a greater probability of aseptic loosening (Ghosh 

et al. 2020).  Overall, the percentage of MSCs differentiated to both cartilage and bone 

for the three types of expandable pedicle screws are ~68 %, ~72 %, ~75 % (with 

HPDST) and ~68 %, ~70 %, ~75 % (with DST) for type 1, type 2 and type 3 

respectively. 

Fig. 5.7 showed the change in average tissue stiffness over the post-operative days 

for both the loading cases and mechanoregulation algorithms. There was a gradual 

increase in tissue stiffness with time, which indicated enhanced stability of the bone-

implant interface (Son et al. 2014, Mukherjee and Gupta 2017, Tarlochan et al. 2018, 

Mathai and Gupta 2021b, Sulaiman et al. 2024).  As bone formation progresses, the 

load-bearing capacity of the implant increases due to increased stiffness (Mori et al. 

2024).  Although HPDST showed better load-carrying capacity compared to DST for 

type 3 expandable pedicle screws, both mechanoregulation theories predicted type 3 

screw to be the most efficient design for promoting osteogenesis. The 

mechanoregulation algorithm with deviatoric strain only (DST) showed lower load-

bearing capacity. 
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The results indicated that the loading condition showed a slight impact on 

osseointegration at the implant surface (Mukherjee and Gupta 2017). Figs. 5.5 and 5.6 

demonstrated that increased load reduced osseointegration (Ghosh et al. 2022a). This 

might be because a higher load (moment) increases the probability of aseptic loosening, 

resulting in a lower rate of osteoblast formation (Ghosh et al. 2020).  The direct 

influence of moment application on bone growth was not reported earlier. However, 

shear and tensile load decreased bone healing thus indicating reduced osseointegration 

(Ma et al. 2023). 

The type of osteogenesis indicated the clinical significance. Contact osteogenesis 

involves bone formation on the implant surface moving towards the host bone, creating 

bone bridges and distant osteogenesis engrosses new bone formation on the existing 

bone surface progressing towards the implant surface (Kim et al. 2021). The present 

study showed the evolution towards the longstanding secondary stability of the 

prosthesis (Kuzyk and Schemitch 2011). A previous study by Choi et al. (2017) 

conveyed that contact and distance osteogenesis might occur concurrently and thus are 

not mutually exclusive. This was established in a previous study for non-textured 

femoral stem (NTFS) (Ghosh et al. 2022a). This study showed favourable conditions 

for osteogenesis at the edge of the host bone than in the locality of the implant surface 

and thus developed distance osteogenesis. The primary cause of the absence of contact 

osteogenesis was because of the non-existence of a micro-roughened surface over the 

smooth macro-textures of the expandable pedicle screws (Ghosh et al. 2020). Many of 

the preceding studies observed distant osteogenesis (Sennerby et al. 1993, Liu and 

Niebur 2008, Puthumanapully 2010, Ghosh et al. 2020, Causay et al. 2021, Ghosh et 

al. 2022a). 

There seems to have certain limitations while performing the study. The recent 

study is a simplified model that did not incorporate the full complexity of a realistic 

lumbar vertebra model, including elements like cage and ligaments (Postigo et al. 2014, 

Pradeep et al. 2024). The lack of a detailed micro-CT dataset would limit its ability to 

capture the complex interactions between screws and surrounding bones. This study 

was limited to axial loading and extension movement, without considering other forces 

like shear stress or cyclic loading (Seng et al. 2018). The reason behind this 

simplification was that the moment direction did not have any influence since it was 

considered a cube. Nevertheless, the full-scale expandable pedicle screw implanted 
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vertebra model would assess the mechano-biological algorithm in a better way. Yet, 

that would involve lots of complexity to run the arduous multi-scale assessment which 

might need parallel computing and thus would be expensive (Ghosh et al. 2020). 

Patient-specific models were not utilized, which could provide more personalized 

insights into implant performance (Ghosh et al. 2022a, Mathai and Gupta 2021b). The 

mechanoregulation-based tissue differentiation algorithm has considered a constant 

diffusion rate for the MSCs whereas, in reality, the diffusion rate varies throughout the 

bone-implant interface (Ghosh et al. 2022a). 

This model did not deliberate porous coating of the implant surface, bone density, 

cellular activities, osteogenic and chondrogenic growth factors (Ghosh et al. 2021b, 

Mathai and Gupta 2021b, Mohendas et al. 2021). Further, the combination of bone 

growth along bone remodelling would give better outcomes of connective tissue growth 

(Mukherjee and Gupta 2016, Chanda et al. 2020). The cell-phenotype-based 

mechanoregulation algorithm would be beneficial for exhaustive cellular response with 

subsequent tissue differentiation (Issakson et al. 2008a, Mukherjee and Gupta 2016). 

The use of another constant pitch-based screws would be helpful for comparison with 

type 1 screws. This study considered two mechanoregulation algorithms and for both 

the deviatoric strain values are different which might create variation in results. 

5.5 Summary of the findings 

The study provides valuable insights into the influence of pedicle screw design and 

loading conditions on osteogenesis at the bone-implant interface. The findings 

emphasize the importance of optimizing screw design, particularly thread pitch, and 

loading conditions to enhance the implant stability and promote effective bone healing. 

The results indicated the usefulness of dual-threaded expandable pedicle screws over 

conventional single-threaded ones under both HPDST and DST mechanoregulation 

algorithms. The percentage variation of bone growth for HPDST and DST are ~13-29 

% and ~11-22 % respectively, for the three types of expandable pedicle screws.  The 

results estimated comparatively higher bone growth for both loading cases considering 

HPDST. Nonetheless, a clinical assessment would be more beneficial to get more 

realistic insights. Future research incorporating more complex models using micro-CT 

data and additional mechanical forces is recommended to build upon these findings. 

Further, to diminish the failure associated with stress shielding and interfacial stresses, 
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future design optimization-based studies would be helpful, which might provide a route 

to minor modifications of the screw redesign for improved osteogenesis. 
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Conclusions and Future Scope of Work 

  

6.1 Introduction 

Spinal fusion is considered to be the gold standard and the most effective surgical 

treatment for various types of spine-related issues such as degenerative disc diseases, 

spondylolisthesis, spondylolysis, and spondylosis that cause chronic lower back pain. 

Pedicle screws are most commonly used for posterior spinal fixation, by providing 

stability, pain reduction, proper anatomical alignment and finally improving life 

quality. However, complications like failed bony fusion, aseptic loosening, screw 

pullout, screw breakage, dispositioning of screws, and pedicle fracture post-surgery 

lead to revision surgery. 

To diminish the issues specifically related to loosening, the expandable pedicle 

screws were introduced with improved anchorage capacity through an increase in screw 

diameter/length and an enhanced screw-bone interface. Clinical results showed 

improvement in biomechanical fixation strength in bone of specifically compromised 

quality with expandable pedicle screws than conventional pedicle screws.  The 

expandable pedicle screws are expected to facilitate bone growth around the fins and 

develop long-term stability by lowering post-operative complications, mitigating strain 

shielding and promoting bone remodelling. 

The development of a 3D model of a lumbar spine is a crucial step in analysing 

load transfer under various physiological loading conditions. Earlier, many numerical 

studies were carried out based on various factors for conventional pedicle screws but 

studies on expandable pedicle screws were limited. The current study aimed to 

investigate the immediate post-operative effect of lumbar interbody fusion 

instrumented with expandable pedicle screws and compared their biomechanical 

performance with normal pedicle screws without compromising the structural integrity. 

The primary goal of the study was to develop novel expandable pedicle screws 

with design variations for improved pullout resistance, better bone remodelling 

properties and enhanced osseointegration. In this study, stress-strain failure 
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mechanisms have been investigated using FE analyses combined with bone 

remodelling simulation and compared for both normal pedicle screws and expandable 

pedicle screws. Three types of expandable pedicle screws were developed with various 

thread designs and pullout tests were performed. The extent of osseointegration on the 

three types of expandable pedicle screws was investigated preclinically based on 

mechanorgulation algorithms (HPDST and DST). 

6.2 Significance and major contribution of the thesis 

The study was focused on the design and development of expandable pedicle screws 

for lumbar vertebra. To achieve the primary goal, an investigation of the load transfer 

during physiological movements for the intact and implanted models was conducted 

using FE analysis. The implanted models included both conventional normal pedicle 

screws and expandable pedicle screws and were compared based on stress-strain data. 

The applied physiological loading condition included flexion, extension, torsion and 

lateral bending. The following are the conclusions and major contributions of the thesis. 

▪ The FE models of intact and implanted (normal and expandable pedicle screw) 

FSUs of anatomically placed manufacturer-supplied CAD model of the L4-L5 

vertebra was developed. Cortical and cancellous bones were separated through 

Boolean operations in a clinically admissible manner. The physiological loads 

were applied on a central node of (rigid body element RBE3) L4 vertebra and 

the bottom nodes of L5 were constrained. The intact model was validated by 

comparing ROM and mesh convergence was achieved using von Mises stress. 

The results indicated that the loading and boundary conditions has a substantial 

influence on stress-strain distribution within FSU. The implantation of both 

types of screws and the cage resulted in a significant (~30-100 %) change in 

stress distribution. The peak strain was predicted to be greater for expandable 

pedicle screw implanted models. 

▪ An improved FE model of intact and instrumented with normal and expandable 

pedicle screw implanted L4-L5 FSU was developed from CT scan data. 

Heterogeneous material property based on power-law was used for cancellous 

bone. The influence of ligaments, and physiological loading condition on strain 

and strain energy density were studied for all the models. A strain energy-based 

bone remodelling algorithm was employed to investigate the evolutionary 

alteration in bone density distribution around normal and expandable pedicle 
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screws. In case of normal pedicle screws, 60-80 % bone apposition was seen in 

the L4 vertebra and 30-90 % in the L5 vertebra near the screw tip, screw 

insertion region in a less area and bone resorption in some other regions. 

Expandable pedicle screw insertion resulted in 50-75 % bone apposition in the 

L4 vertebra and 40-75 % in the L5 vertebra in the central anterior region, screw 

insertion site in a huge area. Bone apposition was substantial near the cage 

insertion area for both types of screws. Quantitatively huge bone apposition was 

observed for all regions of interest (ROIs) of the L4-L5 vertebra implanted with 

expandable pedicle screws. 

▪ Three different types of expandable pedicle screws were designed with various 

threads and a pullout test was performed using ASTM standards on 15-grade 

PU foam. The results from the pullout test predicted that dual-threaded 

expandable pedicle screws have higher pullout strength than conventional 

single-threaded expandable pedicle screws. The statistical calculation using 

non-parametric tests (Kruskal-Wallis test) indicated significant differences 

between type 1 and type 3 screw groups only among the three groups of 

expandable pedicle screws (z < zcritical). The tests were validated by analysing 

stress distribution during the pullout test using ABAQUS/ explicit software. The 

average von Mises stress distribution of the foam for the three types of screws 

was found to be 17.85 MPa, 21.11 MPa, 25.83 MPa respectively. The 

numerically projected maximum pullout strengths of three expandable pedicle 

screws were 602.31 N, 705.77 N and 838.27 N respectively. 

▪ The study further explored the spatial distribution of evolutionary bone growth 

around the three types of expandable pedicle screws using mechanoregulation 

algorithms (HPDST and DST). The results indicated that for the three types of 

expandable pedicle screws, the percentage bone growth prediction was varying 

from around 13 to 29 % and cartilage percentage change was between 47 to 55 

% while considering HPDST. However, considering DST, the percentage 

deviation of bone and cartilage formation was found to be in the range of around 

11 to 22 % and 53 to 58 % respectively. It was observed that the area having 

1.5 mm pitch is differentiated more than the area having 2 mm pitch, thus 

indicating screws with smaller pitch increases screw surface area and eventually 

improve bone-implant stability. 
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The loading conditions bore marginal influence on the extent of osseointegration 

on the implant surface. The results from both the algorithms indicated the usefulness of 

dual-threaded expandable pedicle screws over conventional single-threaded ones. 

6.3 Limitations of the study 

The study focused on the design and development of expandable pedicle screws as an 

alternative to conventional pedicle screws using preclinical analysis and some pullout 

tests. However, some limitations remain during the study. 

▪ The study used FE models of L4-L5 vertebra conducted based on patient-specific 

data. It’s crucial to acknowledge that there is substantial variety in bone 

morphometric boundaries around diverse ethical groups. A multi-spine analysis 

could provide better insights into the variation of load transfer. 

▪ The bones and intervertebral disc (IVD) were anticipated to possess linear elastic 

and isotropic material properties. However, they are both anisotropic and 

viscoelastic. The time-dependent simulations were absent and could limit the 

understanding of long-term biomechanical behaviour. 

▪ The study did not consider dynamic loading and muscle forces that would 

significantly influence spinal biomechanics. Muscle force and dynamic simulation 

incorporation would have enhanced the accuracy of load transfer predictions. 

▪ The potential cancellous bone damage due to the insertion of pedicle screws 

specifically expandable pedicle screws were not analysed. However, investigation 

of damage impact on bone mechanical properties and fracture risk are essential. 

▪ During pullout tests, high-density synthetic foam blocks were not analysed. The 

synthetic foam blocks do not replicate the morphological and material heterogeneity 

of human bone. 

▪ The lack of a detailed micro-CT dataset would limit the ability to capture the 

complex interactions between expandable pedicle screws and surrounding bones. 

6.4 Scope for Future Research 

Refinement of future design and clinical applicability of expandable pedicle screws 

should be incorporated in multiple directions. 
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▪ Future studies should incorporate complex loading cases like cyclic 

loading, stair climbing, running and jogging to get better insights. 

▪ The future scope of the study includes integrating local bone property 

variation due to insertion-induced damage for a more comprehensive 

investigation. The long-term effects of expandable pedicle screws on 

bone integrity and implant stability under different physiological loading 

conditions can be explored. 

▪ Including external bone remodelling might offer an additional impression 

of implant-induced bone adaptation. To gain an idea of the degree of 

osseointegration with the implant-bone interface and its subsequent 

outcome on load transfer and bone remodelling around the implant, a 

separate study on evolutionary bone ingrowth simulation would be 

essential. 

▪ Future research should expand to include models with varying bone 

densities, particularly osteoporotic conditions and validate the findings 

with data from older or trauma patients. Personalised, patient-specific 

models and simulations of fractured vertebrae could improve clinical 

applicability. 

▪ The inclusion of insertion techniques of the pedicle screws would help in 

assessing the risks associated with pedicle fracture during insertion. 

Using different grades of PU foam for pullout tests can enhance 

understanding of pullout resistance under varying bone densities. 

▪ Integrating mechanoregulation models (HPDST and DST) with bone 

microstructural characteristics, such as porosity and trabecular thickness 

can enhance predictive accuracy. Advancements in computational power 

and imaging techniques, such as high-resolution three-dimensional 

imaging modalities, can facilitate the inclusion of these complex 

microstructural features into the models leading to improved orthopaedic 

implant design. 

▪ Machine learning (ML) in combination with FEA can facilitate a data-

driven optimization of expandable pedicle screw design. ML models 
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trained on FE results can predict biomechanical performance better, 

aiding in the development of optimized screw design,  

▪ Finally, in vivo evaluations and clinical trials would validate the safety 

and effectiveness of the proposed expandable pedicle screw designs 

before commercial implementations. 
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