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Abstract 
 

Surface topography on implant surface at different length-scales are known to provide 

either mechanical stability or promote bone growth. Macro-textured surfaces are 

primarily provided to enhance mechanical stability to the implant. However, there is 

a scarcity of studies investigating the influence of macro-textured implant surfaces on 

bone-growth. Combining finite element analysis (FEA) and a mechanoregulatory 

tissue differentiation algorithm, a study has been performed to investigate the 

influence of three distinct macro-textured implant surfaces on bone growth. Results 

indicate that higher levels of bone-implant tangential micromotion inhibits formation 

of bone and promotes formation of fibrous tissue and cartilage. Furthermore, it was 

observed that textures containing filleted and chamfered edges reduce the formation 

of fibrous tissue. Thereafter the combined influence of sliding and gap distances on 

bone growth considering two macro-textured implant surfaces has been studied. In 

addition, the influence of texture density on bone growth was also analysed. Results 

show that higher values of both gap and sliding distances promote fibrous tissue 

formation. Nevertheless, the directional component of micromotion with lower 

magnitude plays the deciding role in formation of tissue phenotypes. Additionally, 

the study indicates that there is no linear relationship between the texture density and 

amount of tissue formed at the bone-implant interface gap. Further, Neural Network 

(NN) schemes have been formulated to establish predictive models of bone growth 

with given surface topographical dimensions. In a follow-up study, an integrated 

approach combining the FEA, NN and genetic algorithm (GA) was attempted to find 

optimally designed macro-textures to enhance the formation of bone growth. Finally, 

a comparative study to investigate the influence of textured and non-textured implant 

surface on bone growth has been studied on femoral implants under routine activities 

and fibrous tissue is observed to have formed while climbing stairs compared to that 

in normal walking. This study suggests that climbing stairs just after a hip replacement 

surgery is detrimental to the patient compared to normal walking. Furthermore, non-

textured implants produce more fibrous tissue compared to textured implants under 

similar musculoskeletal loading conditions which might promote aseptic loosening of 

implant.  

Keywords: macro-texture, uncemented, tissue differentiation, mechanobiology, finite 

element analysis, optimization, genetic algorithm, neural network, femoral implant. 
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CHAPTER 

Introduction 

his chapter briefly introduces the broad area of the present work on influence 

of macroscopic surface morphology over commercial femoral implants on 

bone growth with a detailed discussion on hip anatomy and related musculoskeletal 

loading conditions at the hip joint. A quick note on total hip arthroplasty, tissue level 

mechanobiology involved during bone growth and remodelling have also been 

discussed. Based on those discussions, the motivation behind undertaking the 

present research is presented. At the end of this chapter, the chapterwise organization 

of the thesis is also presented. 

T 

1 
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1.1 Backdrop behind the research 

Twentieth and 21st centuries have been witnessing incredible advancements in 

biology and medicine. This generation and henceforth will have higher life 

expectancy than our predecessors. Development in healthcare integrated with core 

principles of science and state-of-the-art technology has made human life easier by 

improving its quality in various formats. One such advancement is the innovation in 

hip replacement procedure, as known as, Total Hip Arthroplasty (THA). THA is a 

conventional surgical hip reconstruction surgery that helps patients with 

degenerative bone diseases such as osteoarthritis (arthrosis), rheumatoid arthritis, 

congenital abnormalities, and post-traumatic disorders by improving joint function 

and thus relieving discomfort. The hip joint is a ball-and-socket synovial joint that 

consists of a ball-shaped femoral head that articulates in an acetabular cavity 

(acetabulum) of the pelvic girdle and rotates with regard to the acetabulum (Fig.1.1). 

A standard hip replacement surgical intervention involves replacing the proximal 

section of the femur with an implant (femoral stem), and attaching a hemispherical 

cup (acetabular component) to the acetabulum on the pelvic side. 

Figure 1.1 Anatomy of hip joint (https://tinyurl.com/rajdeep-thesis-1) 

Depending on the mode of fixation technique, any joint arthroplasty can 

be broadly classified into two major surgical procedures: cemented and uncemented 

joint arthroplasty. In cemented arthroplasty, a polymeric bone-cement is used to 

adhere the implant and the bone, whereas, in uncemented arthroplasty, a press-fit 

fixation combined with the utilization of friction between the bone and the implant 

helps in achieving the biologic bone-implant fixation through a sequential post-
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operative process of angiogenesis followed by bone growth in and around the 

implants that remain adhere to it. Most surgeons worldwide prefer uncemented 

prosthesis owing to its natural fixation with the host bone (Yamada et al., 2009) 

without recourse to the complications that arise with the bone cement. 

   The last few decades have witnessed an exponential growth in hip 

replacement surgeries worldwide. Between 2003 to 2014, almost 708,311 hip 

replacement procedures have been reported in England and Wales (National Joint 

Registry for England and Wales, 12th Annual Report, 2015) alone. This number in 

Sweden has increased from nominal 6 in 1976 to an exorbitant 16330 in 2013 (The 

Swedish National Hip Arthroplasty Register Annual Report. 2013). Australia saw a 

hike of 6.3% in hip replacements in the year 2015 (Australian Orthopaedic 

Association National Joint Replacement Registry 2015). However, the proportion of 

revision surgery has dwindled continuously from 12.9% in 2003 to 10.2% in 2014 

(Australian Orthopaedic Association National Joint Replacement Registry 2015). 

Scotland saw 80% increase in hip replacement procedures between 2001 and 2013 

(The Scottish Arthroplasty Project, Biennial Report 2014). Scientists predicted three 

times increase in the number of hip arthroplasties in US from 2005 to 2030 (Kurtz 

et al., 2007). The rise in hip arthroplasty almost tripled in 2014 back then 2013 in 

New Zealand (The New Zealand Joint Registry: Sixteen Year Report January 1999 

to December 2014, 2015). The number of hip replacements reported in 2013 was 

also double the number reported in 1999 (The New Zealand Joint Registry: Sixteen 

Year Report January 1999 to December 2014, 2015; The New Zealand Joint 

Registry: Thirteen Year Report January 1999 to December 2011, 2012). According 

to reports (National Joint Registry for England and Wales, 12th Annual Report, 

2015; The New Zealand Joint Registry: Sixteen Year Report January 1999 to 

December 2014, 2015), uncemented or cementless implant fixation procedure 

gained popularity over the cemented implant fixation. In Indian scenario, 

approximately 470,000 hip replacements are intervened annually (Source: The 

American National Institute of Arthritis and Musculoskeletal and Skin Diseases). 

Noteworthy, the annual rate of hip replacement surgeries in India is also expected to 

rise (Pachore et al., 2013). Unlike Swedish orthopaedic surgeons who prefer 

cemented joint surgeries for women and uncemented ones for men, a recent report 

(Vaidya et al., 2021) recorded a stellar 93% of the hip arthroplasties in India which 
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were performed using uncemented fixation procedure. Such modality of uncemented 

procedure has been replicated in similar other prominent joint registries known 

globally. Uncemented cup and femoral stem are used in almost 60% to 90% of 

arthroplasties performed in the United States each year (Dunbar, 2009; Lombardi et 

al., 2009). 

 Nevertheless, the success of hip replacement surgeries with around 75% of the hip 

replacements lasting for 15-20 years and 58% of such procedures last for 25 years 

(Evans et al., 2019), the global failure rate is still on the higher side. As a result of 

the continual increase in such occurrences, there has been a noticeable increase in 

the absolute number of joints that have failed despite the surgeons' best efforts, 

necessitating revision surgery. Although all such failures have been due to variety 

of controllable and uncontrollable reasons, the lion's share may be attributed to the 

biomechanical causes. 

 Failure of the femoral stems are found to be more common in initial decade of 

primary hip replacement as compared to the acetabular component (Crawford and 

Murray, 1997). Two important biomechanical failure mechanisms that may impair 

the longevity of uncemented implants are implant-induced unfavourable bone 

remodelling and inadequate osseointegration. The success of an uncemented 

prosthesis is also influenced by a lack of primary stability caused by excessive 

interfacial micromotion. Surgical protocols and bone quality of the patients play an 

important role on deciding long term success of hip implants. The lone or cumulative 

effect of all of these mechanisms may lead to aseptic loosening of the implant which 

require revision surgeries which in most of the cases are not successful due to 

physiological conditions of the patient and due to age related degradation of bone 

quality. Besides all these key aspects, the design of the femoral components through 

geometric or material changes also affects the success of hip arthroplasty to a major 

extent (Huiskes and Boeklagen, 1988; Viceconti et al., 2001). Despite the 

availability of a variety of commercially accessible uncemented femoral components 

with various porous coating designs, many of the design outcomes and their impact 

on osseointegration and bone adaptation remain unexplored, owing to a lack of 

clinical data, and thus need to be investigated. 
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1.2 Anatomy and biomechanics of hip joint 

Gross anatomy or simply, anatomy is the study of structure and function of the body 

at macroscopic level as revealed by dissection. There are two types of anatomical 

study to be done viz. 'clinical anatomy' that is mostly related to the practice of 

medicine and 'basic anatomy' that gives us a minimal idea about the structure and 

function of the body.  

1.2.1 Anatomical planes 

Any joint biomechanics requires an understanding of the basic human anatomy. All 

anatomic planes of the human body are based on the assumption that the person is 

standing erect, with the upper limbs by the sides of the body and the face and palms 

directed forward, which is also termed as 'anatomic position' (Snell, 2011). Fig. 1.2 

shows the typical orientations of different anatomical planes of a human body and 

are discussed as follows: 

• Median Sagittal Plane:  Vertical plane passing across the centre of the human body,

equally bifurcating into right and left halves is known as median sagittal plane. Any

section of the human body that lie towards proximal to the median plane is known

to be medial while that lies farther away from the median plane is known as lateral

section.

• Coronal Plane: The anatomic plane that is hypothetical vertical plane perpendicular

to the medial sagittal plane is the coronal plane.

• Transverse Plane: Horizontal plane that is mutually perpendicular to both the

median sagittal as well as the coronal planes is known as transverse plane.

The “anterior” and “posterior” terminologies are used to indicate the frontal and

backward of the body, respectively. To describe the positions of two different body

structures at different anatomic positions, one is said to be anterior or posterior to

the other considering their individual proximity to the anterior or posterior body

surface. “Proximal” and “distal” describe the relative distances from the torso. The

terms “superior” and “inferior” denote positions of structures with reference to the

upper and lower ends of the body. The term “ipsilateral” refers to same (from Latin

ipse) side of the body, whereas “contralateral” refers to opposite (from Latin contra)

sides. The “supine” position referenced to lying on one's back, whereas, “prone”

position means lying face downward.
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Figure 1.2 Anatomical Planes of reference along with the anatomic positions of a basic human 

anatomy (Snell, 2011) 

1.2.2 Anatomy of hip 

The hip joint, also known as the acetabulofemoral joint, is the principal connection 

between the pelvic girdle (hip bone) and the lower limb of the appendicular skeleton 

(Fig. 1.3a). The hip joint bears the weight of the body and distributes load from the 

axial and upper appendicular skeleton to the lower limb. The hip bone, also known 

as innominate bone or os coxae, is made up by synostosis of three bones – ilium, 

ischium and pubis (Fig. 1.3b). The ilium is large, flat with a subtle curvature, and 

pointed upwards. The pubis and ischium bones lie inferiorly. The pubis lies more 

anteromedially, whereas, the ischium resides more posterolaterally. 
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Figure 1.3 (a) Human Skeletal System differentiated into axial and appendicular system 

(https://tinyurl.com/rajdeep-thesis-2) (b) Major bones of pelvic girdle 

(https://tinyurl.com/rajdeep-thesis-3) 

1.2.2.1 Articulation at hip joint 

The joint between the femoral head and the acetabulum of the hip bone is known as 

the hip joint. The existence of a fibro cartilaginous rim called the "acetabular 

labrum" fills the acetabular cavity. The hyaline cartilage covers the articular 

surfaces. 

1.2.2.2 Hip Joint 

The hip joint is a synovial ball-and-socket joint with a synovial membrane that 

produces synovial fluid for lubrication and to reduce frictional resistance in a healthy 

hip joint. 

1.2.2.3 Hip capsule 

The hip capsule (Fig. 1.4a) is attached to the acetabular labrum medially and 

encloses the hip joint. It connects to the intertrochanteric line at the front and midway 

along the posterior aspect of the bone's neck behind.  

1.2.2.4 Hip ligaments 

Hip capsule is surrounded by three major hip ligaments viz. iliofemoral ligament, 

ischiofemoral ligament and pubofemoral ligament (Fig. 1.4b). The “iliofemoral 

ligament”, also known as ligament of Bigelow, is a strong, inverted Y-shaped 

ligament, which prevents overextension during standing. The triangular 
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“pubofemoral ligament” limits extension and abduction. The spiral-shaped 

"ischiofemoral ligament," which inhibits extension, is attached to the ischium's body 

near the acetabular edge. The ligament of the femoral head, which lies deep within 

the joint, is flat and triangular and is ensheathed by synovial membrane.  

1.2.2.5 Synovial membrane 

The hip capsule is lined by synovial membrane, which is linked to the margins of 

articular surfaces. It protects the part of the femur's neck that is inside the joint 

capsule. It encloses the femoral head ligament and covers the lipid-containing pad 

inside acetabular fossa (Fig. 1.4a).  

                                                                      

                             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 (a) Coronal Section of right hip joint anatomy (Snell, 2011) (b) Anterior and 

posterior view of hip joint showing major hip ligaments (https://tinyurl.com/rajdeep-thesis-4) 

 

 

1.2.3 Anatomy of femur 

The femur (thigh bone) is known to be the longest as well as strongest bone in the 

skeletal system of human. The femur (thigh bone) is the human skeleton's longest 

and strongest bone. It is divided into three sections viz. a middle femoral shaft, called 

diaphysis; two broader bulges, named epiphyses, at the two extreme ends (Fig. 1.5); 

and each epiphysis is joined to the diaphysis at metaphysis. The epiphysis comprises 
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of the epicondyles (medial and lateral) and finally ends with the condyles (medial 

and lateral). The proximal tibia articulates distally with the condyles. The diaphysis 

is generally made up of strong cortical bone with a little spongy core, whereas the 

epiphysis and metaphysis are mostly made up of cancellous bone with a thin cortical 

bone shell. There is a spherical head, a frustum-shaped neck, a greater trochanter, 

and a lesser trochanter on the proximal femoral portion (Fig. 1.5). The surface of the 

femoral head of a healthy femur is generally smooth and is coated with cartilaginous 

tissue, except over the pit on the head of the femur to attach the ligament of the head, 

clinically known as fovea capitis. The inclination angle of neck to the shaft in the 

frontal plane is known as “neck-shaft angle (NSA)”. While the angle of inclination 

of the femoral neck to the proximal metaphysis in transverse plane is known as the 

“femoral neck anteversion (FNA)”. Muscle attachment points can be found on the 

greater trochanter, which is located at the junction of the neck and the upper half of 

the central shaft. In a healthy adult, it is positioned laterally and backward about 10 

mm below the femoral head (Gray, 1918; Snell, 2011). On the other hand, the lesser 

trochanter has a conical anatomy and lies on the medial side of the femur. In 

addition, a ridge that runs longitudinally on the posterior aspect of a femur, clinically 

known as linea aspera acts as a muscle attachment site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Basic anatomy of human femur (https://tinyurl.com/rajdeep-thesis-5) 

 

TH-2978_166103104

https://tinyurl.com/rajdeep-thesis-5


        Chapter 1   

10 
 

1.2.4 Kinematics of human gait 

Gait cycle is a periodic sequence of locomotion of a single foot during forward 

propulsion of the body (Fig. 1.6) It follows a common pattern for any healthy human 

with no locomotor disability. Gait pattern also maintains the proper stability of the 

skeletal structure during movement. Implant biomechanics generally addresses this 

issue to stabilize the normal gait pattern of a human with any kind of locomotor 

disability. Human gait kinematics are bipedal and biphasic. The gait kinematics of 

the human body are divided into two distinct but interconnected phases viz. i) a 

stance phase that regulates about 60% of the normal gait cycle, and ii) a swing phase 

that regulates the remaining 40% of the cycle. Both the above-mentioned phases can 

be further split into eight distinct events (Fig.1.6). The stance phase comprises of the 

following movements of the same foot: 

a. Initial contact (heel strike): The stance phase is initiated by initial contact of the 

heel of the reference foot that strikes the ground. It is also a duration of initial double 

support period when both the feet remain in contact with the ground. 

b. Foot flat: This event is characterized by slow transfer of the body-weight to the 

reference foot. It completes the initial double support period and starts with the 

single support period. 

c. Mid stance: Only the reference foot touches the ground and the total body weight 

is stabilized on it. 

d. Terminal stance: This event is marked by the rising of the heel of the reference 

foot with its toe touching the ground. Terminal stance completes the end of single 

support period and marks the inception of the second double support period. 

e. Toe off: It marks the end of the stance phase with the toe of the reference foot is 

taken off the ground. It also completes the second double support duration. 

 

The swing phase contains three periodic movements of the reference foot viz. initial 

swing, mid swing and terminal swing all going through in sequence. The same 

pattern repeats itself for the other leg as well with a phase difference to provide 

support and propulsion during movement.  
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Figure 1.6 Gait cycle representing normal walking pattern (https://tinyurl.com/rajdeep-

thesis-6) 

 

1.2.5 Musculoskeletal loading of hip joint 

Musculoskeletal loading plays an important role in influencing the process of bone 

growth and bone adaptation. Twenty-one muscle forces facilitate the movement of 

hip joint. Depending upon the movement the muscles produce, they are grouped as: 

flexors, extensors, abductors, adductors and deep hip external rotators. The point of 

origin along with the insertion of the dominant hip joint muscles are listed in Table 

1.1. It is however to be noted that, not each and every muscle significantly influence 

in transfer of load from axial to appendicular skeleton (Nordin and Frankel, 2001). 

Besides these muscular forces, the hip contact force plays a significant role in load 

transfer to the lower extremities (Dalstra et al., 1995).  

Several researchers used force plate devices and kinematic data paired with 

electromyography (EMG) based on the theory of inverse dynamics (Crowninshield 

et al., 1978; van den Bogert et al., 1999) or instrumented hip implants to measure 

hip contact force (Bergmann et al., 1993; 2016; Taylor et al., 1997). Inter-patient 

variability was also accounted in these studies while measuring the hip joint reaction 

force. Bergmann et al. (2001) evaluated the hip joint forces in a cohort study using 

four patients while considering normal walking and stair climbing. The study 

reported a mean peak hip joint force around 238% of body weight (BW) during 
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normal walking. However, the same was reported to be 251% BW during stair 

climbing and 260% BW while going downstairs.  

Table 1.1 Principle actions of major hip muscles with their site of origin and insertion site. The 

abbreviation m. stands for muscle. (Source: Dowson et al., 1981) 

Movement Muscle Involved Site of Origin Insertion Site 

 

 

 

 

Flexion 

m. gracilis Pubic bone Anterior medial tibial 

condyle 

m. pectineus Pubic bone Pectineal line 

m. iliopsoas Iliac fossa, anterior 

lumbar spine 

Lesser Trochanter 

m. sartorius Anterior superior iliac 

spine 

Anterior medial tibial 

condyle 

m. rectus femoris Anterior superior iliac 

spine 

Tibial tuber via 

patellar tendon 

 

 

 

Extension 

m. gluteus maximus Posterior ilium, 

sacrum 

Iliotibial band and 

gluteal tuberosity 

m. biceps femoris Ischial tuberosity, 

linea aspera 

Fibular head 

m. semitendinosus Ischial tuberosity Anterior medial tibial 

condyle 

m. semimembranosus Ischial tuberosity Medial tibial condyle 

 

 

Abduction 

m. tensor fascia latae Lateral to anterior 

superior iliac spine 

Inserts into iliotibial 

band 

m. gluteus medius Gluteal lines on 

posterior ilium 

Greater Trochanter 

m. gluteus minimus Gluteal lines on 

posterior ilium 

Greater Trochanter 

 

Adduction 

m. adductor magnus Inferior pubis and 

ischium 

Adductor tuberosity, 

linea aspera 

m. adductor longus Pubic Bone Linea aspera 

m. adductor brevis Pubic Bone Upper linea aspera 

 

Deep Hip 

External 

Rotators 

m. piriformis  

 

Sacrum, Obturator 

membrane, Ischium 

 

 

Greater Trochanter 
m. gemellus inferior 

m. gemellus superior 

m. obturator externus 

m. obturator internus 

m. quadratus femoris 

 

To avoid the ethical issues that come with employing invasive procedures 

with instrumented hip prostheses, appropriately validated mathematical 

optimization algorithms were created to estimate the complicated distribution of in 

vivo muscle forces (Pedersen et al., 1997; Duda et al., 1998; Heller et al., 2001). 

Heller et al. (2001) computed the magnitude of muscle forces and the hip contact 

force, which agreed with the measured values (Bergmann et al. 2001). Throughout 

the gait cycle, however, there were considerable differences in measured and 

calculated values (Fig. 1.7). 
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Figure 1.7 Comparison between measured and calculated hip joint reaction force for a normal 

walking gait cycle (Bergmann et al. 2001; Heller et al. 2001) 

    

On six femoral specimens, a digitising method was used to identify the site of 

muscle attachment, the centroidal location of the attachment site, and the muscle 

volume for biomechanical assessments of long bones (Duda et al., 1996). Typical 

primary muscle attachment locations of the hip joint are shown in Fig. 1.8 

(Bergmann et al., 2001; Heller et al., 2001). Although hip joint reaction force and 

the forces from the abductor muscle plays a major role on the load distribution over 

the proximal femur, other subsidiary muscles also influence the load transfer 

significantly. Hip loading conditions during normal walking take into account the 

abductor, tensor fascia latae (proximal and distal), and vastus lateralis muscle forces, 

as well as the hip contact force (Bergmann et al., 2001; Heller et al., 2001). In 

representing the musculoskeletal loading conditions while climbing stairs, the 

iliotibial tract (proximal and distal) and vastus medialis muscle forces are also 

included. 
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Figure 1.8 Major hip muscles with their site of attachment and hip contact force (Bergmann et 

al., 2001; Heller et al., 2001) 

1.3 Bone  
Bone, a highly hierarchical composite connective tissue, is a structural element of 

the human skeletal system, which acts as a shield to the soft tissues, and other 

internal organs of the body. It helps in movement while keeping body shape by 

transmitting weight and muscle forces from one section of the body to another during 

daily activities. 

1.3.1 Bone histology 

From engineering point of view, bone is considered as an anisotropic, non-

homogeneous and viscoelastic composite material (Currey, 1984). Bones are 

adaptable tissue, which means they change shape and composition to meet the 

physiological demands of the body. Bone marrow inside the bone is the progenitor 

of different types of cells inside the human body like Red Blood Corpuscles (RBCs), 

White Blood Corpuscles (WBCs), adipocytes and fibroblasts, in medicos the process 

is known as 'Haematopoiesis'. Mineral homeostasis and triglyceride accumulation in 

adipocytes of the adipose tissue are also regulated by bone. 

  Macroscopically, bone is found in two primary architectures based on 

strength and volume fraction and thus are classified into compact or cortical and 

trabecular or cancellous (Gibson, 1985). The cortical bone is the extremely hard, 

dense lamellar outer shell. When compared to the inner spongy cancellous bone, 

cortical bone has a substantially higher volume fraction (Fig. 1.9a). Cancellous bone 
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reduces the stress by increasing the bearing area while still being a load bearing 

structural member of the skeletal system. The architectural distribution of these two 

types of bones depends on varied factors including anatomic-site, patient-variability 

and load transfer capability thus making it a highly anisotropic composite material. 

The mineral and organic composition of bone determines its mechanical properties. 

The tiny hydroxyapatite (HA) (chemical name: hydrated calcium phosphate, 

Ca10(PO4)6(OH)2) crystals (2-5 nm thick × 15 nm wide × 20-50 nm long plates) 

containing impurities such as potassium, magnesium, sodium, strontium, carbonate 

and chloride/fluoride contributes greatly to the cortical bone's stiffness, whilst the 

proteinaceous collagen determines its ductility (Guo, 2008). A distinctive cellular 

structure of interconnected network of low density, open cell rods and high density, 

closed cell plates is found in cancellous or trabecular bone (Gibson, 1985). Cortical 

bone, on the other hand, is a solid mass with only microscopic channels. 

 Bone is composed of 65% mineral, 35% organic matrix, water, and cells at the 

molecular level. The mineral content is largely impure HA, which is found inside 

and between the organic matrix in the form of small needles, plates, and rods. The 

organic matrix is composed of 90% collagen with 10% noncollagenous proteins such 

as osteocalcin, osteopontin, osteonectin, and bone sialoprotein (BSP). Bone can be 

further categorized into woven and lamellar bone. Woven bone is immature or 

pathologic bone and is a temporary phase of bone which is later resorbed and 

replaced by much stronger lamellar bone. It grows rapidly and typically form during 

embryogenesis, post-fetal fracture healing and ectopic ossification (Jee, 2001). The 

collagen fibres of woven bone are loosely packed and randomly oriented in 

comparison to lamellar bone. The growth rate of lamellar bone is not as high as in 

woven bone. Lamellar bone is divided into two types viz. primary and secondary 

lamellar bone. In certain chambers known as haversian canal, small cavities 

(lacunae) holding osteocytes are present throughout the woven and lamellar bone 

and are connected by tubular canals (canaliculi). Canaliculi houses the cell processes 

for the osteocytes. Volkmann's canal connects haversian canals. Fig 1.9b shows the 

histological sectional views of a human bone showing bone components. 
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Figure 1.9 (a) Coronal section of proximal region of an adult femur 

(https://tinyurl.com/rajdeep-thesis-7) (b) Cross-sectional view of bone microstructure showing 

compact and spongy bone (https://tinyurl.com/rajdeep-thesis-8) 

 

1.3.2 Types of bone 

Bones in human skeletal system are broadly classified as follows: 

• Long bone; 

• Short bone; 

• Flat bone; 

• Sesamoid bone; and 

• Irregular bone. 

1.3.2.1 Long bone 

Bones with longer length and shorter width are generally known as ‘long bones’. 

These bones have a long strong shaft with broad ends or epiphyses. Long bones have 

a subtle curvature to uniformly distribute the load through them so as to minimize 

the chance of fracture. Long bones are primarily cortical in diaphyses and cancellous 

at their epiphyses. Bones of the thigh (femur), lower legs (tibia and fibula), arm 

(humerus), forearm (radius and ulna) falls under the category of long bones. 
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1.3.2.2 Short bone 

Cube-shaped bones with almost equal length and breadth. They are primarily spongy 

at the core with a thin cortical layer at the surface. Bones of wrist (carpals) and ankles 

(tarsals) are short bones. 

1.3.2.3 Flat bone 

Generally thin, flat and parallel bones with oppositely faced cortical bone plates and 

a cancellous centre forming a sandwich like structure are known as flat bones. Apart 

from support, flat bones provide sufficient areas of attachment for muscles. 

Examples include bones of the brain (cranium), breastbone (sternum), ribs, and the 

shoulder blades (scapulae). 

1.3.2.4 Sesamoid bone 

Few bones are found embedded in certain tendons, which are generally the locations 

of considerable stress, wear and friction. The number of such bones are subject-

specific and not always observable in completely ossified form. The patellae and 

sesamoid bones of the quadriceps femoris tendon, which are found in every human, 

are exceptions. They not only preserve tendons against excessive wear and tear, but 

they also improve a joint's effective mechanical advantage (EMA) by shifting the 

direction of pull of the tendons.  

1.3.2.5 Irregular bone 

Bones that cannot be categorized in any of the above types of bones and are having 

complex morphology falls under irregular bone category. They serve different 

unique purposes of support like in pharynx and trachea, protection of nerve tissue 

(vertebrae) and attachment of bones (hyoid bone of tongue) and muscles (sacrum). 

1.3.2.6 Sutural bone 

Sutural bones or wormian bones are irregular, isolated, accessory bones that occur 

within the joints or sutures of certain cranial bones. They are most commonly 

observed in lambdoid sutures of the cranium. The factors that influence the 

development of such bones in human body is still controversial to the practitioners 

of medicine as well as researchers. 
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1.3.3 Mechanical characteristics of cortical bone 

Cortical bone accounts for around 80% of the body's bone mass but just 20% of the 

total bone volume in a normal adult human skeleton. Cortical bone has a higher 

ultimate strength and modulus in the longitudinal direction than those in the 

transverse direction demonstrating anisotropic material behaviour. Furthermore, it 

is stronger in compression than tension. The longitudinal elastic moduli of cortical 

bone were found to vary from 12-24 GPa (Ashman et. al., 1984; Carter et al., 1981; 

Dong and Guo, 2004) whereas, the radial moduli vary from 6-14 GPa (Ashman et 

al., 1984; Dong and Guo, 2004). This means that the cortical bone becomes 1.5–2 

times stronger in the longitudinal direction than in the radial orientations. Despite its 

inherent anisotropy, any orthotropic or transversely isotropic constitutive correlation 

accurately describes the cortical bone elastic properties (Guo, 2008). However, the 

reported elastic moduli and strengths (Carter et al. 1981) are only indicative, as they 

may change based on the subject characteristics. 

According to a study, the stiffness and strength of a bone specimen are affected by 

the strain rate it is subjected to, indicating the bone's viscoelastic nature (Özkaya and 

Nordin, 1999). Further inspection demonstrated that the orientation of the bone in 

regard to the loading direction affected its stress-strain behaviour.  

1.3.4 Mechanical characteristic of cancellous bone 

Depending on the mode of loading, the mechanical characteristics of cancellous or 

spongy bone varies significantly. Trabecular bone has a compressive behaviour 

comparable to that of cellular solids (Gibson, 1985). Under compressive load, the 

stress-strain diagram of cancellous bone shows an initial linearly elastic region up 

to a strain of about 5%, followed by a flat region of constant stress until the point of 

fracture (Özkaya et al., 2017). The yielding of material tends to occur as the fracture 

in the trabeculae has just incepted, marking a ductile behaviour of the material. 

Contrary to this, the trabeculae behave as a brittle material under tensile loads 

(Özkaya et al., 2017). However, the mechanical yield properties of trabeculae vary 

with anatomic site (Morgan and Keaveny, 2001; Morgan et al., 2003). Strain energy 

of trabecular bone is considerably higher under compressive loading regime than 

under tensile loading regime (Gibson, 1985; Özkaya et al., 2017).  

 The apparent or relative density (volume fraction of solid) of trabecular bone, as 

well as its manner of loading, influence its material properties and stress-strain 
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behaviour. The Young’s modulus of anisotropic heterogeneous cancellous bone 

varies with the power of the relative density (Gibson, 1985).  Keeping this 

proposition in mind, an empirically fitted power-law relationship between elastic 

modulus (E) with relative density (ρapp) has been proposed by a number of research 

groups each having their different values for constants (Morgan and Keaveny, 2001; 

Morgan et al., 2003) as follows:  

                                                               Q K appE =                                                                                       (1.1) 

Here, constant K (in MPa g-1 cc) values ranged from 3,000 to 30,000 depending on 

anatomic site, while constant Q values were determined to be between 1.14 and 2.62. 

(Morgan et al., 2003). (Table 1.2) However, differences in the yield strain results in 

different anatomical sites were found to be minimal. It clearly suggests that uniform 

strain criterion will be found to be useful to reproduce realistic density distributions 

in the proximal femur and was applicable to other bones. Morgan and Keaveny 

(2001) also suggested that strain-based criteria for human trabecular bone might be 

mathematically simpler and statistically powerful.  

 

Table.1.2 Mechanical properties of cancellous bone based on anatomic site and mode of loading 

C: Compression; T: Tension (Morgan and Keaveny 2001; Morgan et al. 2003) 

 

1.3.5 Bone Cells – Types, Structure and Functions  

1.3.5.1 Osteogenic cells 
Osteogenic or osteoprogenitor cells are unspecialized bone stem cells of 

mesenchymal origin. Due to their mesenchymal origin, they are also known as 

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

that undergo cellular differentiation upon acted by different mechanical signals 

Anatomic 

Site 

Apparent Density 

(ρapp) in g.cm-3 

Q K appE =  Yield Strain  

(%) 

Yield 

Stress 

(MPa) K  

(95% CI) 

Q 

(95% CI) 

Vertebra 

(T10-L5) 

Mean 0.18 4730 1.56 C 0.77±0.06 2.02±0.92 

Range 0.11-0.35 3050-7320 1.31-1.81 T 0.70±0.05 1.72±0.64 

Proximal 

Tibia 

Mean 0.23 15520 1.93 C 0.73±0.06 5.83±3.42 

Range 0.09-0.41 10830-22230 1.70-2.16 T 0.65±0.05 4.50±3.14 

Greater 

Trochanter 

Mean 0.22 15010 2.18 C 0.70±0.05 3.21±1.83 

Range 0.14-0.28 7590-29690 1.74-2.62 T 0.61±0.05 2.44±1.26 

Femoral 

Neck 

Mean 0.56 6850 1.49 C 0.85±0.10 17.45±6.15 

Range 0.26-0.75 5440-8630 1.14-1.84 T 0.61±0.03 10.93±3.08 

Pooled Mean 0.27 8920 1.83 ----------- ----------- 

Range 0.09-0.75 7540-10550 1.72-1.94 
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through the process of mechanotransduction. These cells are commonly available in 

the inner lining of periosteum, in the endosteum and inside the vascular regions of 

the bone canals (Snell 2011).   

1.3.5.2 Osteoblasts 
Osteoblasts are large, round, organelle-rich bone-forming cells that synthesis and 

produce collagen fibres and other organic material that are involved in the formation 

of extracellular matrix (ECM) (Puthumanapully 2010). Osteoblasts are found as 

contiguous cells with diverse morphology of diameter 20-50 µm (Snell 2011). 

1.3.5.3 Osteocytes  
Osteoblasts getting trapped in the ECM secreted by them differentiates and form 

mature stellate shaped bone cells called osteocytes. These cells making up the bulk 

of the bone tissue (around 90-95%) are long-lived and helps in maintaining the daily 

metabolic activities of the bone. Osteocytes coordinates the activities of other bone 

cells by releasing certain proteins that signal other cells to act to the environmental 

variations. They also help in maintaining mineral homeostasis, undergoing 

morphogenetic and restructuring processes (Snell 2011). Average size of osteocytes 

ranges from 5-20 µm in diameter. The premature death of osteocytes may present as 

osteoporosis, osteoarthritis and osteonecrosis to the subjects. 

1.3.5.4 Osteoclasts 
Bone resorbing large multi-nucleated cells that are formed from the fusion of 

precursor cells in the myeloid or monocyte lineage are generally referred to as 

osteoclasts (Snell 2011). They are primarily concentrated at the “Howship’s 

Lacunae” of the endosteum and appear foamy in appearance due to the large number 

of cellular organelles present on the surface of the cells (Jee 2008). Average size of 

osteoclasts ranges from 150-200 µm. To breakdown the protein and mineral 

components of the surrounding ECM, these cells secrete lysosomal enzymes and 

acids. Osteoclasts by the stimulation of parathyroid hormone (PTH) are also 

responsible to regulate blood calcium levels and are primarily used as target cells to 

treat diseases like osteoporosis (Puthumanapully 2010). 

1.3.6 Bone Formation 

Bone formation or ossification occurs through two processes: intramembranous 

ossification and endochondral ossification. 
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1.3.6.1 Intramembranous Ossification 

In this mode of bone formation, the bone is formed directly from a connective tissue 

membrane. This method is considerably simpler method in comparison to the mode 

of endochondral ossification. The process starts with the gathering of MSCs in 

ossification centres to form nidus which then differentiate into osteoblasts. ECM is 

secreted by the osteoblasts followed by calcification and hardening of the matrix 

(Martini and Bartholomew 2016). Osteoid or non-mineralized portion of the bone 

forms progressively along with angiogenesis to form trabecular or cancellous bone. 

Remodelling of cancellous bone into thin layer of compact bone occurs at the 

periphery of cancellous bone (Martini and Bartholomew 2016). The bones of the 

skull, the mandible and the clavicles are formed by the process of intramembranous 

ossification. 

1.3.6.2 Endochondral Ossification 

In this mode of bone formation, the bone is formed from hyaline cartilage. The long 

bones of the human limbs are developed by following the process of endochondral 

ossification. On contrary to intramembranous ossification, MSCs gather to form 

chondroblasts which secret cartilage matrix thus form a hyaline cartilage model 

(Puthumanapully 2010; Martini and Bartholomew 2016). A layer of perichondrium 

is formed around the cartilage model. Chondrocytes upon differentiation from 

chondroblasts are surrounded by the cartilaginous matrix. Continuous cellular 

division by the osteocytes help in further growth of the cartilage model which 

promotes hypertrophic growth of chondrocytes at the mid-region and burst. All these 

phenomena change the pH of the cartilage model that set off the process of 

calcification (Martini and Bartholomew 2016). Formation of a lacunae takes place 

with the death of chondrocytes. Thereafter, a primary centre of ossification is formed 

when a nutrient artery penetrating into the perichondrium at the mid-region 

stimulates the perichondrial osteogenic cells to differentiate into osteoblasts (Martini 

and Bartholomew 2016). Perichondrium thus develops into a periosteum. Periosteal 

capillaries develop into the disintegrating calcified cartilage at the core of the 

cartilage model, forming the primary ossification centre. Bone is replaced by the 

cartilage at this stage. Trabeculae are formed when bone matrix is deposited over 

the remaining cartilage (Martini and Bartholomew 2016). A medullary cavity is 

formed as the trabeculae is resorbed further by the osteoclasts. During the time of 
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birth in humans, a secondary ossification centre is formed at each of the end of the 

epiphysis. Meanwhile, ossification progresses from centre of the bone towards the 

outer surface. Articular cartilage is formed from the hyaline cartilage at the 

epiphysis, while epiphyseal growth plate is formed from the hyaline cartilage at the 

metaphysis that promotes longitudinal growth of the bone (Martini and 

Bartholomew 2016).           

1.4 Brief history of Total Hip Arthroplasty (THA) 

Hip arthroplasty has a clinical history of more than a century. The hip components 

as well as the procedure has however experienced incremental changes and 

adjustments throughout. Themistocles Gluck, a German surgeon, was the first to 

attempt hip replacement in 1891. Clinicians studied many paths for interpositional 

arthroplasty in the late nineteenth and early twentieth centuries, including adding 

various tissues (fascia lata, skin, pig bladder submucosa) between the articulating 

hip surfaces of an arthritic hip (Learmonth et. al., 2006). Surgeon Marius Smith-

Petersen is known for developing the first glass-made ‘mold arthroplasty’ in 1923. 

The prosthesis was made up of a hollow hemispherical cup that could be fitted over 

the femoral head to provide an additional smooth articulating surface. However, the 

success of the implant was limited as the articulated surface was unable to bear the 

extremely high hip joint forces and failed. Later, Marius Smith-Petersen as well as 

Philip Wiles individually studied the cobalt-chromium (Co-Cr) implant, which 

became a significant advancement of arthroplasty, during the first hip reconstruction 

surgery using fasteners (Smith-Petersen, 1948; Wiles, 1958). Despite its success, the 

actual resurfacing approach was discovered to be insufficient in the long run. 

Frederick R. Thompson and Austin T. Moore each produced reconstructive models 

for the entire femoral head to address the problem of femur fracture as well as 

arthritic femoral head (hemi-arthroplasty). Despite its widespread use in the 1950s, 

there was doubt about the effects and acetabulum injury. Moreover, until then, no 

convincing approach for attaching the component to the host bone had been 

discovered. 

By replacing the Thompson stem with a new one-piece Co-Cr socket as the 

new acetabular cavity in 1953, British surgeon George McKee became the first to 

use a metal-on-metal hip prosthesis. McKee and Watson-Farrar injected much more 

creativity to this design. According to a clinical trial, this prosthesis showed a 74 
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percent survival rate after a 28-year follow-up period (Brown et. al., 2002). The 

technique's popularity faded by the mid-1970s, owing to strong frictional resistance, 

which produces wear debris (McKellop et al., 1996), which can lead to 

osteonecrosis, osteosarcoma, and other complications. 

While working at the Manchester Royal Infirmary in 1962, surgeon Sir John 

Charnley invented the Charnley hip, the highest quality level of primary hip 

reconstruction. Following the unsuitability of Teflon cups (1959-62), Sir Charnley 

unveiled the earliest low friction arthroplasty (LFA) (Charnley, 1970), that was 

virtually identical to the prostheses used today on a fundamental basis. It was made 

up of three parts viz. a metal femoral stem, an acetabular portion made of very dense 

polyethylene, and acrylic bone cement. By the 1960s, this cutting-edge research had 

completely overtaken the available commercial designs. It was dubbed 'low friction 

arthroplasty' because Charnley campaigned for the adoption of a small femoral head, 

which resulted in a significant reduction in wear due to the smaller surface area. A 

35-year follow-up on Charnley LFA revealed a 78 percent chance of survival, 

despite the design's poor joint stability. Nonetheless, the Charnley hip was quite well 

acknowledged femoral stem for more than two decades. Moreover, the first Charnley 

prosthesis has experienced further design alterations since 1969 to additionally 

diminish the failures of the THA (Fig. 1.10). Due to the long-term contribution in 

the field of artificial hip, Sir Charnley is regarded as the father of the modern hip 

arthroplasty.               

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Components of the hip implant used in primary THA (Left); Assembled hip 

implant (Center); Implant after implantation (Right) (https://tinyurl.com/rajdeep-thesis-9) 
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1.4.1 Cemented THA versus Uncemented THA 

Until towards the end of 20th century, cement-based fixation technique (Fig. 1.11a) 

was the dominating surgical procedure utilized for THA. Despite the fact that the 

Charnley LFA had a successful cemented design and procedure, the other cemented 

THA methods performed poorly, with a high and premature loosening rate (Yamada 

et. al., 2009). Initially, infection was assumed to be the main reason of these failures 

(Charnley, 1970). Histological examinations of diseased tissue removed from these 

isolated foci of osteolysis, on the other hand, revealed the presence of 'polymethyl 

methacrylate (PMMA)' debris (Harris et. al., 1976). This led the researchers to 

believe that the premature loosening of the cemented prosthesis was caused by a 

pathologic condition known as "cement disease" (Jasty et al., 1986; Maloney et al., 

1990), in which PMMA particles induce a biologic response by osteoclasts, resulting 

in bone atrophy and progressive bone loss. These prompted scientists to look for 

alternative way of fixating in hip arthroplasty.  

 

 

 

 

                  

 

 

 

 

 

 

 

 

Figure 1.11 (a) Cemented THA (b) Uncemented THA (https://tinyurl.com/rajdeep-thesis-10) 
 

 Further investigations reported that cemented implants have certain cons; the most 

prominent among them being osteonecrosis (Mont et. al., 2006). Furthermore, 

cement is strong in compression but not in tension. Bone cement, however, does not 

adhere bone to cement or cement to implant; rather, it fills gaps during surgical 

interventions and comes with a slew of drawbacks. The implant-cement interface is 
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said to be the most vulnerable part of the implanted bone, causing debonding. All of 

these issues may have contributed to the development of uncemented intramedullary 

fixation systems that rely on implant press-fitting (Fig. 1.11b). The standards of 

uncemented fixation have advanced drastically over a recent period since the initial 

phases of outcomes were accounted for. The goal of the design was to achieve a 

balance of implant stability and biological anchoring at the bone-implant interface. 

However, a number of factors affect osseointegration like implant design, surface 

treatment, primary mechanical stability and quality of the bone. Thus, there is a wide 

range of area towards the research community to develop and improve the 

osseointegrity and osteoconductivity of the hip stems. The AML stem (anatomic 

medullary locking) was the first uncemented femoral prosthesis approved in the 

United States. Despite a 20-year survival rate of up to 98 percent (Belmont et al., 

2008), the implant was taken off the market due to proximal stress shielding and 

infrequent thigh inflammation related to distal cortical hypertrophy.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 A Brief History of Time-dependent use of each fixation procedure used in 

primary hip arthroplasty. 

Source: UK National Joint Registry 18th annual report, 2021 

Although the relative superiority between cemented and uncemented arthroplasty 

remained a concern for argument in the domain of THA, a recent trend of preference 

for surgeons towards uncemented and hybrid (cemented stem with uncemented 

acetabular component) hips in the UK National Joint Registry 18th annual report 

2021 (Fig. 1.12) still clearly shows the importance of uncemented fixations in the 

present scenario. Furthermore, current advances in computing power, micro-
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precision 3D printing technology, and image processing techniques have enabled 

researchers to delve deeper into the know-how of uncemented implant performance. 

1.4.2 Primary reasons for hip arthroplasty 
The major symptoms of a degenerative hip joint is pain, swelling, joint stiffness and 

reduced mobility, which, in initial stages can be prevented from further 

augmentation by lifestyle changes and other therapies but in extreme cases, calls for 

hip arthroplasty. Though arthroplasty cannot mimic the natural joint native to the 

patient but still it can improve mobility and reduce pain and inflammation to 

considerable extent. The most common reasons that in extreme cases can lead to 

surgical interventions in the hip are as follows:  

1.4.2.1 Osteoarthritis (OA) 

Osteoarthritis (OA) is the most often cause for undergoing hip arthroplasty. Osteo 

meaning "bone", arthr means "joint or articulation" and itis meaning "pain or 

inflammation", which means that OA is a degenerative bone joint inflammation and 

not restricted to hip. Almost 75% - 90% (Swedish Hip Arthroplasty Register, Annual 

Report, 2004; Finnish Arthroplasty Register, 2006; National Joint Registry for 

England and Wales, 2008) of the THAs performed worldwide is due to OA. 

Cartilage being soft and smooth act as a bearing and cushioning surface between 

bones in a joint. This cartilaginous layer wears off with age and increased mobility, 

exposing the bone surfaces to come into direct contact with one other, generating 

more frictional mobility. Exercises, analgesics and reduction of body weight (for 

obese patients) are some of the basic preventive cure for patients whose natural joints 

did not suffer much wearing out and can be kept as it is for longer period whereas, 

surgical intervention is a must for extreme cases of osteoarthritic hip. Fig. 1.13 

shows the difference between clinical condition in osteoarthritic and rheumatoid 

arthritis joint. 
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Figure 1.13 Difference between healthy, osteoarthritic and rheumatoid arthritis joint 

(https://tinyurl.com/rajdeep-thesis-11) 

1.4.2.2 Rheumatoid Arthritis (RA) 

Rheumatoid Arthritis (RA) (Fig. 1.10), also known as "inflammatory arthritis" is a 

chronic inflammatory autoimmune disease that affects not only joints but also other 

bodily systems like eyes, cardiovascular and respiratory systems etc. and so also 

known as "systemic disease" in medical fraternity. RA is believed to occur when 

self-immune system attacks the synovial membrane, which leads to thickening of 

the membrane with the formation of a fibrovascular tissue called pannus and thus 

eventually undergoes progressive bone and cartilage degeneration at the joints. RA 

in the long run can lead to osteoarthritis, due to loss of articular cartilage. 

"Rheumatoid factor" which is an antibody is found to be present in almost 80% of 

the patients suffering from RA. RA is an incurable disease but lifestyle changes 

along with medications and surgery in extreme cases may be beneficial. A 

population based study revealed that, about 4% of hip arthroplasties are performed 

due to RA (Swedish Hip Arthroplasty Register, Annual Report, 2004; Finnish 

Arthroplasty Register, 2006).   

                                             

1.4.2.3 Osteonecrosis (ON) 

Osteonecrosis (ON) (Fig. 1.14), also known as avascular necrosis (AVN), aseptic 

necrosis or ischemic bone necrosis, is a disorder where the bone cells die due to lack 

of oxygen supply and other essential nutrients. It occurs due to decreased blood flow 

in those bony areas. Although it can occur at any bony regions but it is generally 

found to occur at epiphysis of long bones like femur and upper humerus. ON can 

eventually lead to osteoarthritis at the joints, especially hip and knee joints. Early 
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stages of ON hardly come up with any symptoms but at later stages, patient suffers 

from mild to extreme joint pain. Imaging technologies like X-rays and MRIs are 

generally preferred to diagnose the disease at advanced stages though it is hard to 

detect ON at initial stages. Biopsy can be an option but still is not preferred. 

However, no acceptable preventive drugs or treatments for ON have yet been 

reached. Given the sex, age, and severity of ON, surgical intervention such as joint 

replacement, osteotomy, core decompression of the bone, and bone grafting become 

the primary course of ON treatment. 

 

 

 

 

 

 

 

 

 

Figure 1.14 Stages of Osteonecrosis at hip from a healthy joint to a collapsed joint                                         

(https://tinyurl.com/rajdeep-thesis-12)   

         In addition to the reasons mentioned above, traumatic femoral neck and 

inter-trochanteric fractures, dysplasia, poor bone quality, increasing loss of bone 

mineral density (BMD) leading to osteoporosis are also few reasons for hip 

surgery/arthroplasty. 

1.4.3 Failure scenarios in THA 

A hip prosthesis is said to fail when either patient is suffering from excessive pain 

and impaired function and need for a revision or radiological images show signs of 

implant loosening and migration (Huiskes, 1993). Although the failure of a hip 

prosthesis can be caused by a variety of factors, mechanical events can trigger the 

failure process. Major failure scenarios for restored hip joints are as follows: 

1. Accumulated damage failure scenario: Due to long-term repetitive dynamic 

loading, owing to daily physiological activities, mechanical damage gets 

progressively accumulated in the materials and bone-implant interfaces. These 

mechanical damages eventually escalate and leads to damage of implant-bone 
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interface, change in micromotion to unstable values, bone resorption, fibrogenesis 

and finally gross loosening of the implant (Huiskes,1993). Moreover, stresses 

generated at the implant-bone interface may exceed the implant-bone bonding and 

initiate failure. 

 

2. Particulate-reaction failure scenario: This is caused due to wear debris from 

implant parts or from any other parts of the body that get accumulated at the joint, 

thus activate macrophages which creates osteolysis or inflammatory response of 

local bone resorption. This process weakens the bone-implant interface and might 

lead to potential implant migration and gross loosening of the component. In 

addition, venous thromboembolism (VTE) which is a combined after-effect of deep 

vein thrombosis (DVT) and pulmonary embolism (PE) can also occur due to 

occlusion of wear debris in the veins and capillaries of the body. Blood clots due to 

VTE can not only damage heart and lungs of the body but also inhibit angiogenesis 

at the bone-implant interface leading to poor bone growth. Blood thinners are 

therefore prescribed after a successful THA to minimize the chance of VTE. 

 

3. Debonding due to poor osseous integration: The long-term stability of 

uncemented porous-coated femoral stem depends on biologic bonding through bone 

growth. A poor biologic bonding often enhances the chance of implant migration. 

Inadequate osseointegration and fibrous encapsulation at the bone-implant interface 

have often been associated with high bone-implant micromotion more than 150μm 

(Engh et al., 1992).  

 

4. Stress/Strain shielding and bone remodelling: The stress-shielding scenario 

occurs at the cortical part of the bone in any intermedullary reconstruction. For 

example, it primarily occurs at the femoral stem in THA where there is a sharing 

(Huiskes,1993) of load that takes place between the host bone and the implant. The 

stiffer implant carries a bulk of the load and changes the load sharing pattern across 

the implanted bone. Consequently, a significant portion of bone, which was exposed 

to loads in intact condition, is shielded from the load by the stiff prosthesis in 

implanted condition. This sudden stress/strain shielding in mechanical environment 

increases osteoclastic activities causing bone resorption or gradual decrease in bone 
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density (Huiskes et al., 1992). This long-term bone adaptation phenomenon is 

known as strain adaptive bone remodelling. Such adverse bone remodelling reduces 

the support to the implant eventually leading to the failure of the implant-bone 

construct. Moreover, such prolonged bone resorption also poses a challenge during 

the revision surgery. 

 

5. Stress bypass: The stiff implant transfers the joint reaction force to the bone via a 

novel pathway in the implanted bone. The surrounding bone reacts to this new 

pathway of stress transfer by apposition or an increase in bone density, according to 

Wolff's law (Wolff, 1892). This is a common case for uncoated press-fitted femoral 

implants, when distal load transmission is favoured over proximal load transfer due 

to proximal fit issues. As a result, the proximal femur continues to be understressed, 

resulting in adaptive bone resorption. The apposition of bone around the distal tip of 

the femoral implant, on the other hand, causes stem jamming in the distal canal (van 

Rietbergen et al., 1993). 

 

6. Destructive wear: The generation of wear particles is caused by continual fretting 

between modular prosthesis and abrasion of bearing surfaces, which may lead to a 

situation where the mechanical integrity of those components is no longer 

maintained. Despite the fact that the annual wear rate of the articular surface is rather 

low (Amstutz et al., 1992), it is unlikely that the prosthesis will be able to withstand 

heavy fatigue loading over a long time (at least 20 years) (Saikko, 1993).  

1.5 Tissue differentiation and bone formation around orthopaedic 

implants 

The biology of bone formation is a complicated biological process that resembles 

the well-defined sequential process of various cellular activity and tissue 

differentiation that occurs during primary bone fracture repair (Davies, 1996, 2003). 

Mesenchymal stem cells, or MSCs, are multipotent nonhaematopoetic stromal cells 

that play a crucial role in the repair of primary bone fractures. A phenomenon known 

as mechanotransduction occurs in the meantime. This phenomenon converts 

mechanical stimulus to corresponding biochemical responses by which MSCs can 

undergo their cellular activities like cell proliferation, differentiation, cellular 

maintenance, functioning, apoptosis etc. Cell is a visco-elastic material and ECM 
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that supports cells contains proteins collagen and elastin which provides tensile 

strength and stiffness to the cells as well as hinders strain due to compaction. Cells 

and their ECM give signals to each other by which they can manifest different 

cellular processes. Individual cells often receive many signals of different types 

simultaneously which they integrate into an information for a unified action plan. 

The type of signals cells receive may be biochemical like growth factors, hormones, 

neurotransmitters etc. or mechanical like hydrostatic pressure, deviatoric strain, fluid 

velocity due to interstitial fluid flow etc. The progenitor cells develop into various 

connective tissue cells based on the proper signalling, which leads to the formation 

of new tissue (Barry et al.,2003). MSCs from yellow bone marrow (Fig. 1.15) 

migrate to the site of bone healing and differentiate into fibroblasts (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 a cellular differentiation mechanism. An equilibrium between 

different types of stimuli (mechanical, biochemical like growth factors and 

physiological) is a need to facilitate growth and differentiation of a connective tissue 

(Matsuda et al., 1998). 

To study implant biomechanics, knowledge of mechanical stimulus influencing 

biological process of cell differentiation, also known as "bone adaptation" is 

paramount. Bone adaptation is characterized by a sequence of events (Weinbaum et 

al., 1994; Stoltz et al., 2018) as follows: 

a) Mechanocoupling: conversion of mechanical stimulus to biological input signals 

to act on the cells. 

b) Mechanotransduction: conversion of the biological input signals to electrical, 

chemical or biochemical signals. 

c) Transduction: Intracellular conversion of the mechanotransducted signals into 

final signals for the cells to act upon. 

d) Cell response: cell differentiation, proliferation etc.   
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Figure 1.15 Internal architecture of bone showing yellow bone marrow (Marieb and Hoehn, 

2013) 

 A model known as "mechanostat of bone adaptation"(Frost,1987) was proposed 

to get an idea to get the optimum level of bone strain for physiological growth of 

bone. It suggests that lower level of strains promote bone resorption by formation of 

osteoclasts whereas moderate level is considered physiological. Studies revealed 

that static loading prohibited bone formation and promoted bone resorption along 

with decreasing of RNA and synthesis of proteins, whereas, cyclic loading promotes 

osteogenesis (Stolz et al.,2018). Studies showed that mechanical stimuli itself could 

regulate cellular differentiation process in a cartilageneous medium and in dearth of 

any growth factor (Angele et al., 2003; Altman et al., 2002). One such example is 

the fact that differentiation of progenitor cells influenced by local mechanical 

environment such as deviatoric and hydrostatic stresses (Pauwels, 1960; Carter et 

al., 1988). However, both of these stimuli are heavily reliant on relative 

interfragmentary micromotion (Speirs et al., 2000). 

1.6 Bone remodelling around orthopaedic implants 

"Large animals need stronger and bigger and harder supports, especially those of 

them that are particularly violent in their habits” as written by Aristotle. This shows 

the relationships between size of an animal body and its activity level that were being 
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appreciated even in ancient years. Much later, scientists took interest in investigating 

any correlation of mechanical stimulus on tissue formation. Bone is capable to adapt 

its structure, both externally and internally, in response to change in mechanical 

loading by bone apposition (formation) and bone resorption (loss) through the 

activities of cells called osteoblasts and osteoclasts, respectively. This process is 

known as bone remodelling. Internal bone remodelling refers to changes in internal 

morphology, whereas external remodelling is described relative to periosteal 

geometry. Internal remodelling, thus, is expressed as a change of density or porosity 

of the cancellous bone (Carter et al., 1989; Huiskes et al., 1987), whereas the 

geometric (or shape) changes of the cortical bone are referred to as external 

remodelling (Hart et al., 1984). For an adult, the cancellous bone usually has a higher 

rate of metabolic activity and hence, appears to respond more rapidly to changes in 

mechanical loads than the cortical bone. Therefore, the geometry changes are 

considerably less in comparison to internal adaptation or internal remodelling of the 

bone. The combined effect of internal and external remodelling models has been 

investigated by several researchers (Beaupré et al., 1990; García et al., 2001; Huiskes 

et al., 1987; Weinans et al., 1993).  

No net changes in bone morphology was observed in the natural bone, since 

the rate of bone resorption and that of bone apposition remain in equilibrium (Frost, 

1964; Parfitt, 1984). However, any mechanical intervention disturbs the normal state 

of equilibrium between apposition and resorption processes, and subsequently, the 

bone tries to reach a new state of equilibrium. Surgical reconstruction of bone with 

prosthesis alters the mechanical environment within the bone by changing the load 

transfer mechanism. As a result, the prosthesis starts to share the joint load in the 

implanted situation, which was otherwise carried exclusively by the bone in the pre-

operative stage.  

Bone remodelling process is known to be regulated by external loading 

condition (Huiskes et al., 1989; Mullender et al., 2004). Way back in the 17th 

century, Galileo Galilei first observed a certain relationship between mechanical 

forces (body weight) and bone morphology (Carter, 1984). Considerable scientific 

interest developed thereafter to describe the relation between the bone structure and 

its function. A notable contribution came from Wolff (1892), who further developed 

the theory of functional adaptation originally conceived by Roux (Roux, 1881). 
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These studies concluded the combination of bone apposition and resorption to be a 

biological control process dependent on the local state of stress (Roux, 1881). 

According to Wolff’s hypothesis, every change in the form and the function of a 

bone is followed by certain definite changes in their internal architecture and equally 

definite secondary alterations in their external geometry, based on certain 

mathematical laws (Wolff, 1892). This ‘law of bone transformation’ by Wolff was 

later referred to as ‘Wolff’s Law’. A series of investigations followed to describe 

this law in terms of mathematical formulation and to further quantify the process of 

bone remodelling (Beaupré et al., 1990; Cowin and Hegedus, 1976; Doblaré and 

García, 2002; Fyhrie and Carter, 1986; Hart et al., 1984; García et al., 2001; Huiskes 

et al., 1987; Jacobs et al., 1997).  

1.7 Need for in silico simulations in mechanobiology 

Mechanobiology is an emerging highly interdisciplinary field that uses the 

knowledge of cell biology, developmental biology, bioengineering, biochemistry 

and biophysics (Jansen et al., 2015) to understand the influence of both internal and 

external mechanical signals (stress/strain) to cell growth, proliferation, migration, 

differentiation etc. It deals with an extremely important concept that both mechanics 

and biology are inter-dependent on each other at four levels of geometric scale viz. 

organ level, tissue level, cellular level and molecular level. Macro-scale loading 

history represents the mechanical signals at organ level that promotes cell 

differentiation at cellular level. Whereas stress and strain variants are treated as 

mechanical stimulus at tissue level for mechanotransduction. At the cellular scale, 

cell pressure, cell-matrix interactions, cellular morphology, temperatrure, nutrient 

supply, oxygenation etc. acts as mechanical cues for mechanobiological changes in 

cells. And finally, at the molecular level which is perhaps the most important level 

to look into the domain of mechanobiology, changes in cytoskeleton, growth factors, 

inflammatory cytokines, integrins, stretch activated ions etc. act as mechanical 

signals. 

   The human body including the skeletal bones and joints is a biomechanical 

formation. The pre-natal and post-natal skeletal development and joint 

morphogenesis in humans can be owed to the external mechanical loading that 

contributes to the change in structural and cellular phenotypes in the bones and joints 

within. The external macroscopic loading is transferred at a microscopic cellular 
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level through a mechanosensing mechanism. Local mechanical cues have a direct 

effect on the stimulation of cells and therefore dictates the type of tissue formation 

through cellular differentiation (Jansen et al., 2015; Mukherjee and Gupta, 2016).  

Different in vitro studies were performed to study the influence of different 

mechanical stimulus on tissue adaptation but still now there is no common 

agreement regarding the precise mechanism of mechanotransduction. However, the 

potential of experimental studies to provide solution to many problems regarding 

mechanoregulation is constrained due to the complexity of cellular behaviour and 

the application of different biochemical factors that governs the cell/matrix 

interaction. With the advent of advanced computational power, in silico methods 

came up as alternative approaches to the research community for scientific 

investigation. It has used tools like finite element method (FEM) that can explore 

domains and provide solutions to those scientific problems which were thought to 

be impossible to solve. It has provided the capability to analyse any structure through 

rigorous finite element (FE) simulations.  

Pre-clinical testing of a bone-implant system such as in THA which involves the 

use of both fundamental concepts of structural mechanics as well as mechanobiology 

of the biological system can be suitably addressed with the use of computer 

simulations. However, due to numerical limitations and incomplete information on 

loading and tissue properties, simplified assumptions are often made that have been 

found to provide fruitful solutions in the field of biomechanics and mechanobiology.  

1.8 Motivation of the present work 

Intramedullary implant fixation is a common surgical procedure for re-establishing 

fractured bones and joints, as well as for treating various joint illnesses like 

osteoarthritis (OA), rheumatoid arthritis (RA), and femoral fractures. Because of 

sedentary lifestyles among youngsters, a rise in road accidents, and an ageing 

population in wealthy countries, the global demand for joint replacements is 

skyrocketing. Bone cement used in cemented surgeries, is however less trustworthy 

due to its exothermic polymerization, high rigidity, and short-term reliability. On the 

other hand, long-term fixation of uncemented implants relies on biologic fixation of 

the bone with the prosthesis. However, due to higher safety and reliability, demand 

for uncemented implants continue to rise in the coming decades.  
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         Aseptic loosening of an uncemented implant is characterised by fibroplasia at 

the bone-implant interface, resulting in inadequate fixation and component mobility. 

According to clinical evidence, mechanical factors appear to have a significant 

impact on aseptic loosening of uncemented implants. Maintaining adequate implant-

to-bone fixation is critical for the long-term stability and success of intramedullary 

implant fixation. The implant design, the patient's bone quality, and the spatial 

orientation of the implant all have their role in the initial fixation of the uncemented 

prosthesis. The osseointegration or biologic fixation of the porous coated prosthesis 

with the host bone is required for long-term fixation. Although the failure 

mechanisms of uncemented implants are still unknown (Chanda et al., 2016), the 

most common reason is poor design of prosthesis (Huiskes and Boeklagen, 1988; 

Viceconti et al., 2001; Sánchez et al., 2021a). Surface roughness, which includes both 

micro- and macro-textures (Mukherjee and Gupta, 2016), has been shown to affect 

biologic attachment and mechanical interlocking between the implant and the host 

bone, respectively. 

Numerous mechanoregulation models were developed to assess the 

influence of different mechanical stimuli on tissue growth and morphogenesis. 

Some of these models were implemented with FE analysis to predict the amount of 

bone growth during fracture healing or bone-implant fixation. Furthermore, many 

bone-remodelling approaches were also developed to assess post-operative bone 

adaptation. With this motivation, a thorough literature review on currently 

developed mechanoregulatory models and bone-remodelling approaches has been 

done. Since bone growth around uncemented implants is primarily governed by 

design of implants, literature review on studies involving design optimization of 

orthopaedic implants has also been done to understand the state-of-the-art in the 

area of implant design. The inference from the literature helped to find suitable gaps 

in the existing knowledge as well as to decide the objectives of the present thesis. 

The literature review is broadly presented in the next chapter. 

1.9 Organization of the thesis 

This thesis contains 8 chapters.  

Chapter 1 briefly introduces the readers on backdrop behind the present study 

followed by basics of hip anatomy and functionality, anatomical planes and 

TH-2978_166103104



                                                                                                                        Introduction 

   

37 
 

directions, the anatomy of femur, gait kinematics while normal walking to 

musculoskeletal loading of hip joint. Additionally, structure, properties and 

functionalities of different types of bones and bone formation were also presented in 

brief. Thereafter, a brief history of THA with the reasons for performing the same 

has been mentioned with different failure scenarios involving THA. Moreover, an 

idea of mechanobiology at tissue level and bone remodelling that is responsible for 

bone growth and adaptation around orthopaedic implants is discussed briefly. 

Finally, the chapter ends with the organization of the thesis. 

 Chapter 2 presents a literature review on different mechanoregulation models, 

bone remodeling approaches and their applications in design optimization of 

orthopaedic implants. Subsequently, research motivation has been documented for 

carrying out this present study and based upon the voids in the literature, the 

objectives of the dissertation are outlined. 

Chapter 3 presents the methodology applied to assess bone growth at the 

macroscopic bone-implant interface. Thereafter, a generalized methodology that has 

been used to assess design optimization of implant macro-textures has been 

discussed. 

 Chapter 4 presents a study on the influence of three distinct macro-textured 

implant surfaces on formation of new tissue phenotypes with emphasis on bone 

growth. Combining FE based structural and diffusion analysis followed by 

mechanoregulatory tissue differentiation algorithm, a numerical framework has been 

formulated to predict the amount and spatial distribution of bone growth 

qualitatively.  

 Chapter 5 further presents a study on the combined influence of both tangential 

displacement (sliding distance) and radial displacement (gap distance) on bone 

growth over macro-textured surfaces. Additionally, effect of texture density on bone 

growth has also been studied as a part of the next objective of the study. 

 Chapter 6 initially presents a pilot study to assess the variation in amount of bone 

growth with the change in significant dimensions of a macro-textured surface. 

Subsequently, a neural network (NN) scheme has been developed to predict amount 

of bone growth with implant surface design parameters as inputs. 

TH-2978_166103104



        Chapter 1   

38 
 

 Following the work in the earlier chapter, Chapter 7 highlights an integrated 

approach combining the FE analysis, NN and genetic algorithm (GA) to find 

optimally designed macro-textures to enhance osteogenesis. Custom NN scripts 

have been trained and validated in MATLAB for each of the tested macro-textures 

and optimal NN architectures were developed based on pre-defined NN regulating 

parameters. 

Chapter 8 presents a study on the influence of textured and non-textured femoral 

implant on growth and distribution of bone and associated connective tissues. This 

study has been performed considering the musculoskeletal loading conditions under 

normal walking. Thereafter, a comparative analysis on the influence of different 

routine activities on formation and distribution of bone and other tissue type has 

been performed on the textured femoral stem. 

Chapter 9 concludes the present dissertation with the key conclusions drawn from 

this current research work. The recommendations for future studies that might be 

performed as possible extensions of this study are also presented. 
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echanoregulatory tissue-differentiation and adaptive bone remodelling 

approaches are presented in this chapter in a systematic way. First, 

popular tissue-differentiation models and their applications in few pre-clinical 

biomechanical problems are thoroughly reviewed and discussed. Then, a brief 

insight into the background of mathematical formulation of bone remodelling 

approaches is discussed and thereafter presented a state-of-the-art in the field of bone 

remodelling approaches along with few of their most recent applications in fracture 

healing and bone-implant systems. In addition, importance of shape-optimization 

methods towards development of optimal orthopaedic implants is discussed along 

with some relevant literature in the area. Finally, based on the presented literature, 

suitable research gaps have been highlighted and specific objectives and scope of 

the thesis have been presented.      
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2.1 Mechanoregulatory models and few of their applications  

 

Several attempts were undertaken from time to time to quantify the effect of 

different mechanical stimuli on tissue differentiation and bone adaptation (Carter et 

al., 1988; Claes and Heigele, 1999; Prendergast et al., 1997; Huiskes et al., 1997). 

In most of the models, fibrogenesis is more prominent by the tensile or shear stresses 

at their higher side (Fig. 2.1) whereas, formation of mature bone was considered 

where in the models have profound vascularity and lower magnitudes of stresses. 

 

              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Influence of biophysical stimuli on formed tissue phenotype (Weinans and 

Prendergast, 1996) 
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2.1.1 Mechanoregulation models of fracture healing and 

evolutionary tissue differentiation  

 

A handful of mechanoregulatory models have been proposed to quantify the 

cell/tissue differentiation phenomenon (Carter et al., 1988; Prendergast and Huiskes, 

1996; Prendergast et al., 1997; Huiskes et al., 1997; Claes and Heigele, 1999). 

Almost all these algorithms implemented two mechanoregulatory stimuli for 

assessment of bone growth: octahedral shear (S) and dilatational hydrostatic (D) 

stresses as: 

 

                                2 2 2

1 2 2 3 3 1S = (1/3) [( ) ( ) ( ) ]     − + − + −                              (2.1) 

 

                                  
1 2 3D = (1/3)[ ]  + +                                                               (2.2) 

where, σ1, σ2, σ3 are the cyclic principal stresses. 

 

2.1.1.1 Mechanoregulation model by Carter and co-workers 

 

Based on Pauwels' theory (Pauwels, 1960) of mechanoregulation, Carter et al. 

(1988) (Carter et al., 1988) were the first to integrate these two stress stimuli into a 

single quantitative measure called the "Osteogenic Index" to analyse endochondral 

growth and ossification (Carter et al., 1988) (Figure 2.2) as:   

                                      

1

I = n (S  + D )i i i

i




=


                                                          (2.3) 

where, i denotes the specific load case, λ denotes the total number of load cases, ni 

represents number of loading cycles in a specific load case, β is an empirical constant 

which is dependent upon two defined mathematical models (linear and bilinear). 

Intermittent compressive hydrostatic pressure limits cartilage development and 

ossification, but intermittent strain or shear stresses accelerate both the processes 

according to this mechanoregulation model. In addition, this model advocated the 

influence of blood supply or vascularization to the prediction of tissue phenotype. 

Poor vascularization promotes fibrocartilage at lower stresses. Conversely, a proper 

blood supply with similar mechanical environment promotes ossification. 
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 Although osteogenic index approach was formulated based on two-dimensional 

(2-D) FE-models, this formulation had been a success in prediction of early trends 

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

embryonic morphogenesis (Carter and Wong, 1988) and around implant-bone 

interfaces (Giori et al., 1995; Prendergast and Huiskes, 1996). However, subsequent 

research into the quantification of tissue differentiation suggests that as cell/tissue 

differentiation progresses, the osteogenic index-based technique fails to predict 

tissue differentiation (Gardner et al., 2004).  

 

 

 

 

 

 

 

 

                 

 

 

 

Figure 2.2 Mechanoregulatory tissue differentiation algorithm implemented by Carter et al., 

(1988) 

 

2.1.1.2 Mechanoregulation model by Claes and Heigele 

 

Although there may be many more mechanical stimuli affecting mechanobiological 

process of tissue differentiation, interestingly, Claes and Heigele (1999) developed 

a kind of a different mechanoregulatory model, wherein the local (longitudinal and 

radial) strains and hydrostatic stresses were considered as two mechanical stimuli 

governing the tissue differentiation process for a fracture healing study validated on 

an ovine model (Fig. 2.3). For strains less than 5% and hydrostatic pressures between 

±0.15 MPa, the theory predicted threshold limits for intramembranous bone 

formation. Furthermore, endochondral ossification is linked to compressive 

hydrostatic pressures greater than 0.15 MPa and strains less than ±15%. 
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Figure 2.3 Mechanoregulatory algorithm implemented by Claes and Heigele (1999) 

 

2.1.1.3 Mechanoregulation model by Prendargast and co-workers 

 

On the basis of push-out experiments of the bone-implant interface gap performed 

by Søballe et al. (1993) on canine model, a novel mechanoregulatory model was 

formulated by Prendergast et al. (1997) (Prendergast et al., 1997a) considering bone 

as a biphasic poroelastic tissue. The conceptualization of considering a biphasic 

model is attributed to the fact that, soft tissues at the bone-implant interface primary 

comprises of collagenous solid phase and a fluid media. This model was therefore 

postulated on the hypothesis that, biophysical stimuli experienced by the 

regenerative cells at the bone-implant interface were not only reliant on the stresses 

acting at the ECM but also on the drag forces experienced by the interstitial fluid 

flow.  Thus, a combined effect of octahedral strain of the solid phase of the tissue 
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and interstitial fluid velocity were studied in the model (Fig. 2.4). Similar to Claes 

and Heigele (1999) theory, the quantitative limits (Prendergast et al., 1997b) on the 

mechanical stimuli i.e. shear strain and interstitial fluid velocity in the biphasic 

model were also obtained through an empirical fit to a canine model (Huiskes et al., 

1997).  

 

     

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic diagram of mechanoregulatory tissue differentiation algorithm of 

Prendargast et al. (1997) 

 

According to this model (Fig. 2.5), a combined stimulus (Z) has been developed by 

combining magnitudes of shear strain (γ) and relative solid/fluid velocity (ν) that 

regulates the tissue differentiation as: 

                                                                
a b

 
 = +                                                                                 (2.4) 

where a (=0.0375) and b (= 3µm s-1) are constants (Huiskes et al., 1997). Woven 

bone is found to develop for Z < 1 whereas, any magnitude of Z > 3 promotes fibrous 

tissue formation. 

 

Figure 2.5 Influence of combined stimulus (Z) on tissue differentiation 
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2.1.1.4 Mechanoregulation model by Lacroix and co-workers 

considering cellular phenomenon  

 

The biphasic model was later on implemented in a computational framework to 

simulate fracture healing considering cell differentiation and dispersal, followed by 

a diffusion based poroelastic model (Eqn. 2.5) to study the cell migration (Lacroix 

et al., 2002; Lacroix and Prendergast, 2002a, 2002b): 

                                                  
2 dc

k c
dt

 =                                                                     (2.5) 

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

element at the fracture callus. However, considering diffusion model to simulate 

cellular dispersal is a simplified version of the biological phenomena of cellular 

migration. A homogeneity in the cellular migration is assumed to have been 

achieved by the cells at the interface. In addition, migration of intermediate 

regenerating cellular phenotypes which might interfere with the healing process was 

not modelled in the study. Furthermore, such a model does not take into account 

cellular mitosis and necrosis/apoptosis. However, such an adaptive model was found 

to satisfactorily mimic the periosteal bone formation, endochondral ossification, 

bone bridging at the callus followed by bone formation. 

 

2.1.2 Modifications and applications of primary mechanoregulatory 

algorithms  

 

A number of research groups across the globe have used these approaches of 

mechanoregulatory models to analyse fracture healing (Isaksson et al., 2006,2008a, 

2008b, 2009), osteochondral defect healing (Kelly and Prendergast, 2005; Kelly and 

Prendergast, 2006) and implant-bone interfacial tissue differentiation (Liu and 

Neibur, 2008; Chou and Müftü, 2013, Dickinson et al., 2012, Mukherjee and Gupta, 

2016; Li et al., 2020; Irandoust and Muftu, 2020) with subtle modifications such as 

in obtaining the influence of micro texture over implant surface on bone growth 

(Chou and Müftü, 2013; Mukherjee and Gupta, 2016; Mathai and Gupta, 2022). 

Inclusion of cellular events such as cell proliferation, cell necrosis/apoptosis (Kelly 

and Prendergast, 2005; Kelly and Prendergast, 2006; Isaksson et al., 2008a; 

Andreykiv et al.,2008a), formation of ECM and tissue degradation (Mukherjee et 
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al.,2017) were formulated based on this mechanobiological model. However, 

although the complexity of computational model increases for cell-phenotype 

specific algorithms they are found to provide almost similar results while predicting 

spatial distribution of new tissue (Mukherjee et al.,2017) when compared with the 

simpler diffusion-based phenomenological algorithms. The mechanoregulatory 

algorithm of Prendargast et al., 1997(Prendergast et al., 1997a) was further modified 

in various other problems such as by including angiogenesis (Checa and 

Prendargast,2009), understanding the influence of mechanical environment on the 

collagen architecture in regenerative soft-tissues (Nagel and Kelly, 2010) and also 

assessing the influence of mechanical stimuli in predicting tissue phenotype in a 

Calcium Phosphate (CaP) scaffold under compressive load and perfusion flow 

(Sandino and Lacroix, 2011).  

 

2.1.3 Mechanoregulatory models not used frequently 

 

Apart from the mechanoregulatory models mentioned above, a few other modelling 

algorithms were developed during the past decade. Gómez-Benito et al. (2005) 

(Gómez-Benito et al.,2005) developed a novel mathematical model to mimic the 

influence of mechanical stimuli on the majority of cellular events occuring during 

the healing process. They modelled bone healing as a response to a defined 

mechanical stimulus, Ψ(x,t) supposed to represent the deviatoric strain tensor's 

second invariant. Ambard and Swider (2006) (Ambard and Swider,2006) developed 

a predictive mechanobiological formulation through a multiphasic porous model 

focussing primarily on the bone formation by osteoblastic differentiation. However, 

this model did not take into account the initial inflammatory phase of the callus and 

proliferation and differentiation of the precursor cells. Puthumanapully and Browne 

(2010) (Puthumanapully and Browne, 2010) modified the mechanoregulatory model 

of Carter et al. (1988) (Carter et al., 1988) to study tissue differentiation around 

short-stemmed metaphyseal loading femoral prosthesis by incorporating an iterative 

time-stepping combined with a temporal smoothing method to simulate the 

progressive healing at bone-implant interface. The results of tissues differentiation 

were found to be consistent with prior animal studies thus providing confidence to 

their model. However, all these mechanoregulatory models are not used frequently 
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as they were modified specifically to the problems they address and have not been 

tested under different types of biomechanical problems. 

2.1.4 Studies on efficacy of primary mechanoregulatory models 

Later, the efficacy of few primary mechanoregulatory models to predict tissue 

adaptation were also studied by Isaksson et al. (2006) (Fig. 2.6) and they came to 

conclusion that all the algorithms were capable of predicting similar trends of tissue 

adaptation (Isaksson et al., 2006) under axial loading conditions. In addition, it was 

also predicted that deviatoric strain (Isaksson et al., 2006; Tarlochan et al,2018; 

Mehboob et al.,2020; Mohandes et al.,2021) at the bone-tissue interface region itself 

could predict similar trends of tissue differentiation and bone resorption than those 

predicted by other mechanoregulative stimuli (Lacroix et al., 2002) but in a different 

iterative pseudo-time scale. Under torsional loads, none of the modelling approaches 

could predict bone healing entirely similar to animal experiments (Isaksson et al., 

2005). Nevertheless, those were employed to predict qualitative assessment of 

fracture healing and bone growth considering a combination of deviatoric strain and 

interstitial fluid velocity growth (Mukherjee and Gupta, 2016; Tarlochan et al,2018; 

Mehboob et al.,2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Predicted tissue differentiation study with mechanoregulatory algorithms of (a) 

Carter et al., 1988 (b) Claes and Heigele, 1999 (c) Lacroix and Prendergast, 2002 (d) Deviatoric 

strain 

Source: Isaksson et al.,2006 
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2.2 Different modelling approaches on bone remodelling 

The mathematical formulations of bone remodelling were based on the common 

assumption that bone has certain sensing capability to measure the change in internal 

mechanical conditions (stimulus) within it and respond to that change (combined 

with other biological factors) by the action of osteoblasts and osteoclasts. Although 

most of these models considered apparent density (ρapp) as variable to represent the 

remodelling state, the choice of mechanical stimulus varied depending on the model. 

Several diverse mechanical stimuli have been defined as a function of strain (Cowin 

and Hegedus, 1976; Turner et al., 1997; Fernandes et al., 1999; Wang et al., 2016), 

stress (Beaupré et al., 1990; Goda et al.,2016), strain energy density (SED) (Huiskes 

et al., 1987; Weinans et al., 1992; Waizy et al., 2017 ), mechanical tissue damage 

(McNamara et al., 1992; Prendergast and Taylor, 1994; Prendergast and Huiskes, 

1995; Hambli et al.,2011) and proliferation of bone forming cells (Pivonka et 

al.,2008; Bonfoh et al.,2011).  

2.2.1 Bone remodelling approach by Cowin and Hegedus 

 

‘Adaptive elasticity’ approach as proposed by Cowin and Hegedus (1976) is a ‘site-

specific’ remodelling theory primarily to describe the adaptive nature of cortical 

bone. It can be described as a normalisation of the active local state of strain to the 

strain state occurring under daily physiological activities at the same locations. 

According to this model, the amount of local bone resorption or apposition depends 

on the local differences in strains between an actual and the corresponding normal 

situation. Adaptation model by Cowin and Hegedus (1976) proposed internal 

remodelling of bone as expressed in Eqn 2.6: 

                      
0 ( )  ij ij ij

dY
P S S

dt
= −

                                                              (2.6) 

where, Y is the site-specific elastic modulus, Sij and Sij
0 are the actual site-specific 

strain tensor and strain-tensor at equilibrium respectively and Pij is the matrix formed 

by remodelling coefficients. Conversely, external remodelling of bone can be 

expressed as in Eqn 2.7: 

                               
0( ) ij ij ij

dD
Q S S

dt
= −

                                                               (2.7) 
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where, D is the site-specific coordinate of the bone surface perpendicular to the 

surface, Sij and Sij
0 are the actual site-specific strain tensor and strain-tensor at 

equilibrium respectively and Qij is the matrix formed by remodelling coefficients.  

2.2.2 Bone remodelling approach by Huiskes and co-workers 

Huiskes et al. (1987) came up with an alternative formulation to the already proposed 

theory of ‘adaptive elasticity’ by using the local SED, instead of strain tensors 

(Cowin and Hegedus, 1976) as the remodelling stimulus for peri-prosthetic bone 

adaptation. Bone, however, does not respond to small deviations in the mechanical 

stimulus. A bare minimum threshold value of the inhibitory signal, the difference 

between the mechanical stimuli for altered and natural situations, is required for the 

bone remodelling process to initiate (Huiskes et al., 1987). The range of values of 

mechanical stimuli, where bone does not respond, is known as the ‘dead zone’ or 

‘lazy zone’. Figure 2.7 illustrates the remodelling phenomena as proposed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Trilinear relationship of adaptive remodelling rate as a function of remodelling 

stimulus (SED) 

 

Huiskes et al. (1987) accounted for an inclusion of the ‘dead zone’ in their 

mathematical formulation for bone remodelling. The model proposed by Huiskes et 

al. (1987) for internal bone adaptation, can be further expressed as: 
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  

   

 − +  +
 

= −   + 
 − −  − 

         (2.8) 

where, Xi denotes the internal remodelling rate, ξ and ξref denote the actual SED and 

site-specific SED at homeostatic equilibrium and s represents the threshold level of 

initiation of remodelling. Similarly, the mathematical formulation for external bone 

remodelling is expressed as Eqn 2.9: 

                                           ( )e ref

dD
X

dt
 = −                                                           (2.9) 

where, Xe denotes the external remodelling rate. 

Such a formulation of adaptive bone remodelling is fundamentally a rule-based 

optimization process (Weinans et al., 1992) of achieving a pre-set SED by adapting 

the apparent density of bone. In the model proposed by Huiskes et al. (1987) and 

Weinans et al. (1992), the change in bone apparent density(porosity) was expressed 

as a function of mechanical signal responsible for bone adaptation as: 

                       
max( ),  0

app

m app

d
R S

dt


  = −  

                                           (2.10) 

where, ρapp represents the site-specific apparent bone density, R denotes a constant, 

Sm represents the mechanical stimulus influencing the adaptation process and π 

denotes the threshold value of the mechanical stimulus. 

 

2.2.3 Bone remodelling approach by Beaupré and co-workers 

 

Beaupré et al. (1990) proposed a remodelling approach based on a proposed idea 

that adaptability of the bone due to external stimulus depends on systemic influence 

and site-specific biochemical influence of neighbouring bone tissues. They extended 

the ‘bone-maintenance theory’ by Carter et al. (1989) that considers the influence of 

‘effective stress’ to a temporal adaptive theory (Garijo et al.,2014). Iterative 

computer-simulation procedures, in combination with the FE analysis, were 

described to predict adaptive bone remodelling around prostheses (Huiskes et al. 

1987; van Rietbergen et al. 1993). Nevertheless, these theories were based on an 

assumption that bone is an isotropic material.  
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2.2.4 Modifications and applications of primary bone remodelling 

approaches  

Resorption of host bone due to implantation (Huiskes et al.,1987; Cilla et al., 2017) 

of prosthesis is a major setback in the development of joint arthroplasty across the 

globe. Once bone fracture occurs, techniques like gypsum casts and implants are 

used to stabilize the fracture. However, metallic implants are very effective in 

stabilizing osteoporotic and transverse fractures requiring more support and 

compression which cannot be provided by gypsum casts. But, metallic implants lead 

to associated undesirable stress shielding (Cilla et al., 2017; Ansari et al., 2017) 

causing bone loss. The changed mechanical environment is considered to trigger an 

adaptative response in the bone, causing the bone structure and density to cater to its 

mechanical needs (Huiskes et al.,1987). Such a remodelling phenomenon occurs due 

to a response to underload at bone tissue. Figure 2.8a shows the stress-shielding 

phenomenon due to underload at the bone surface. However, overload induced high 

stresses (Li et al., 2007; Behrens et al., 2009; Bouguecha et al., 2011) at the bone-

implant interface has also been found responsible for bone resorption. Figure 2.8b 

shows the remodelling zones in between the growth zone separated by critical 

resorption stress curves.  

Li et al. (2007) modified the remodelling approach by Huiskes et al. (1987) to 

include a quadratic term to the generalized equation of bone adaptation to 

incorporate the overload induced bone resorption. Behrens et al. (2009) had also 

made slight modification to the Huiskes model (Huiskes et al., 1987) to include the 

bone loss due to high stresses. The proposed model assumed that rate of bone 

apposition must not exceed the maximum value of bone loss rate and thus bone 

necrosis occurred due to severe overload at the bone-implant interface (Behrens et 

al., 2009).   

Andreaus et al. (2009) proposed shear strains at the bone-stem interface as a 

precursor of micromotion and changes in strain energy density with respect to 

physiological state as indicators of atrophy and hypertrophy of bone tissue. Giorgio 

et al. (2019) proposed a model to describe the diffusive nature of mechanically 

driven biological stimulus responsible for bone remodelling. 
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Figure 2.8 (a) Pictorial representation to stress-shielding phenomenon in the proximal femur 

due to the implanted prosthesis (Ansari et al., 2017). (b) Bone remodelling zones (overload and 

underload induced) in between the growth zone separated by critical resorption stress curves 

(Li et al., 2007). 

2.2.5 Some problem specific bone remodelling approaches  

Trabecular bone is heterogeneous as well as anisotropic. Using anisotropic strain 

data reported by Carter (1978), Beaupré et al. (1990) defined a daily tissue level 

stress stimulus as the equilibrium state for a time dependent remodelling theory. The 

fabric tensor, a symmetric and positive definite second order tensor (Cowin,1986; 

Doblaré and García,2002) that describes the principal values and directions of bone 

mass distribution, is used by Cowin (1986) to characterise bone anisotropy. An 

anisotropic model was developed by Jacobs et al. (1997) based on density adaptation 

and anisotropy reorientation, considering the principal stresses as the mechanical 

stimulus. Damage-based theoretical models have also proved to be capable of 

successfully predicting some aspects of bone remodelling (Prendergast and Taylor, 

1994; Prendergast and Huiskes, 1995). Doblaré and García (2002) proposed an 

anisotropic bone remodelling theory based on damage repair theory, where 

microdamage in the bone surface was considered to be the remodelling stimulus. 

Moreover, combined strain and microdamage has also been proposed as remodelling 

stimulus (McNamara and Prendergast, 2007). Several studies have investigated 

structural topology optimization for bone remodelling simulation (Hollister et al., 

1994; Fernandes et al., 1999; Bagge, 2000; Jang and Kim, 2008; Jang et al., 2009). 

TH-2978_166103104



        Background and Literature Review 

53 
 

Geraldes and Phillips (2014) proposed a 3-D orthotropic adaptation model and 

further implemented on an FE model of femur, wherein bone was modelled as 

optimised strain-driven continuum with local orthotropic symmetry (Geraldes and 

Phillips, 2014). Andreaus et al. (2012) developed an optimal control procedure 

combined with FE analysis for functional adaptation of the bone tissue subjected to 

a mechanical stimulus where two conflicting objectives of structural efficiency i.e. 

minimum bone mass with maximum stiffness were used.  

Giorgio et al. (2016) addressed the problem of bone interaction with grafts of 

bioresorbable materials by formulating a poro-viscoelastic model of the bone tissue 

and the material while proposing a linear combination of deformation energy and 

viscous dissipation to simulate the mechanical stimulus for bone remodelling. Very 

recently, Mathai et al. (2021) has developed an orthotropic bone remodelling 

approach for the assessment of peri-prosthetic adaptation of an uncemented 

implanted femur bone and thus compared with the already existing isotropic bone 

remodelling algorithm (Huiskes et al., 1987; Weinans et al., 1992) and reported that 

no significant difference in the quantative prediction of bone resorption was 

observed in the proximal femur while using both the adaptive models.  

2.2.6 Internal bone remodelling and external bone remodelling 

approaches 

To date, most of the bone-remodelling approaches are developed for internal 

adaptation and a very few models cater to the external adaptation (Huiskes et al., 

1987; Huiskes et al., 2000; Chen et al., 2007) of bone surfaces. Lack of studies driven 

in the field of external remodelling approaches might be attributed to its delayed 

occurrence (Goda et al.,2016) as compared to internal adaptation of bone. Studies 

on design on artificial bone grafts primarily rely on the external surfaces of the bone 

and thus external adaptation becomes a necessity to address such problems. 

Nonetheless, both internal and external bone remodelling is important to get a 

comprehensive overview of the remodelling process due to mechanical perturbations 

at the bone tissue. In addition, since the time, the theory of SED based bone 

remodelling approach (Huiskes et al., 1987; Ghosh et al.,2013; Mondal and 

Ghosh,2019; Ghaziani et al.,2021) came into existence, there has been very little 

development in the remodelling approaches. However, most of the models 

developed since then are mostly need based subtle modifications (van Rietbergen et 

al. 1993; Li et al., 2007; Lin et al.,2009; Ghosh et al.,2013; Cheong et al., 2018; 
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Moghaddam et al.,2018; Calvo-Echenique et al.,2019; Kung et al.,2020) of the 

existing formulation of Huiskes and coworkers (Huiskes et al., 1987; Weinans et al., 

1992) and the Stanford model (Beaupré et al.,1990; Garijo et al.,2014; Saeidi et 

al.,2020) of bone adaptation.  

2.3 Design optimization of orthopaedic implants 

The stability (primary and secondary) at the bone-implant interface in a joint 

arthroplasty relies on magnitude and orientation of applied loads under daily 

activities (Mukherjee and Gupta, 2016), material properties of the implant as well as 

on the shape (or geometry) of the implant (Huiskes and Boeklagen, 1988; Huiskes 

and Boeklagen, 1989). The choice of a proper design philosophy towards 

improvement in implant design seems to be an arduous task than it seems. Earlier 

manipulations in design of implants by the industry had sometimes created a massive 

resentment among the medical community due to the failure of the implants resulting 

from erroneous design changes. Design modifications done without systematic 

evaluations in Capital Hip prosthesis marketed by 3M Health Care Ltd. in the early 

1990s was taken off from the market due to high failure rates registered (Pandit et 

al.,2000).  

Finite Element Method (FEM) has been extensively used towards improvement of 

the shape (or geometry) of the prosthesis to enhance the primary or secondary 

stability of the prosthesis (Huiskes and Boeklagen, 1989; Mukherjee and Gupta, 

2017a). Such improvements in designs of implants are primarily based on systematic 

parametric alterations which is not only computationally expensive but also a 

cumbersome process owing to the large number of design variables that need to be 

incorporated in a prosthesis (Huiskes and Boeklagen, 1989). All these factors have 

prompted the scientific community to invoke for shape optimization techniques on 

orthopaedic implants.  

2.3.1 Design optimization studies with single objective function 

In a landmark study on shape optimization of a cemented hip implant, Huiskes and 

Boeklagen (1989) implemented a numerical shape optimization (NSO) procedure to 

minimize the peak stresses at the cement layer as well as bone-cement interface 

(Huiskes and Boeklagen, 1989). This investigation employed the NSO technique to 

minimize strain energy density (SED) distribution of the cemented interface 

considered under varied loading conditions. Using the values of the objective 
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function, the geometric parameters were manually adjusted during the iterative 

phase. Biomet®, an improved design of cemented femoral prosthesis, was 

commercialised as a result of this investigation. Regardless of how primitive the 

model was, it was the preliminary step toward optimally-designed orthopaedic 

implants which provided significant insights for future research. Yoon et al. (1989) 

have also implemented a gradient projection technique to optimize the shape of the 

cemented hip stem by minimizing stress concentration in the cemented layer. 

However, the stresses acting on the bone and the prosthesis were kept within 

permissible limits, and the geometric constraints of the stem were considered 

commercially and physiologically feasible (Yoon et al., 1989). Perforated 

reinforcing shells are funicular metallic shells attached to the inner surface of the 

proximal femoral cortex in total hip arthroplasty (THA) to support its structure and 

conceal any defects so as to reduce the complications of revision surgery. Beus et al. 

(1990) used a non-linear programming (NLP) technique to optimize the shape (or 

geometry) of perforated reinforcing shells on cemented hip stems by minimizing an 

objective function that penalized stress concentration so as to achieve a smooth 

transfer of physiological loads between the components. It is however noted that, 

the NLP methods could not guarantee a globally optimized solution in many real-

life problems without the use of certain specific mathematical constraints (Beus et 

al., 1990). These investigations on shape optimization of cemented prosthesis were 

focussed primarily on reducing interfacial stresses at the bone-implant interface and 

thereby neglected the phenomenon of bone adaptation under physiological loading 

conditions.  

Kuiper and Huiskes (1992) used an optimization scheme to achieve an 

optimal stiffness characteristic of an uncemented hip prosthesis by minimizing the 

probability of failure at the interface while keeping the amount of bone resorbed 

under defined permissible limits. To reduce the computational time, underload 

induced bone resorption was employed in the optimization scheme (Kuiper and 

Huiskes, 1992) without implementing the total bone remodelling algorithm 

developed earlier (Huiskes et al., 1987; Weinans et al., 1992). This was perhaps the 

earliest ever study on shape optimization for uncemented orthopaedic implants. In a 

further investigation on hip prosthesis, Evans and Gregson (1994) numerically 

implemented an optimization method to improve the design of a coated uncemented 
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hip prosthesis by minimizing the stress-shielding across the bone-implant interface. 

By keeping the stresses at the bone-implant interface within permissible limits, 

stress-shielding was minimized to a considerable extent compared to the initial 

design (Evans and Gregson, 1994). Hedia et al. (1996) had proposed another method 

of shape optimization of cemented hip stem with the objective of maximizing the 

fatigue life of the bone cement while minimizing the fatigue notch factor (Hedia et 

al., 1996) in the cemented layer. In their 2D study (Hedia et al., 1996), the CPU time 

for computation was found to be much lesser compared to that of an earlier study 

(Yoon et al., 1989) due to the use of fatigue notch factor in the objective function as 

well as in the constraints instead of stress or stress concentration factor. In an another 

study (Hedia et al., 1996) on Charnley hip stem, NSO was again implemented to 

achieve an optimized shape of the implant based on minimizing the fatigue notch 

factor. In a further study by Hedia et al. (2000) on cemented acetabular component, 

NSO methodology was implemented to optimize the design of a metal backing shell 

by minimizing the fatigue notch factor in the cement layer at the cement-bone and 

cement-backing shell interfaces while maximizing the fatigue notch factor in the 

acetabulum center so as to prevent stress-shielding. Chang et al. (1999) implemented 

a "robust optimization" scheme for optimizing the shape and geometry of hip 

prosthesis incorporating various environmental variables such as different loading 

conditions and properties of bone. The goal of their study was to minimize an 

objective function dependent on structural response and distribution of 

environmental variables by using an efficient analytical, statistical predictor (Chang 

et al. 1999). However, all these studies did not take into account the 3D shape and 

properties of bone and the prosthesis along with spatial load distribution (Huiskes 

and Boeklagen, 1989; Evans and Gregson, 1994).  

To incorporate the versatility of the spatial optimization, the investigation by 

Katoozian and Davy (2000) implemented a numerical method for a 3D shape 

optimization of both cemented and uncemented femoral components in a THA. For 

defining component geometry in terms of longitudinal and cross-sectional shape 

variables, a parametric framework was developed. A 3-D FE analysis and a 

numerical optimization technique were combined with the 3-D design model. The 

influences of two distinct musculoskeletal loading conditions and a variety of 

objective functions such as minimization of SED, minimization of von Mises stress, 
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and minimization of maximum shear stress were investigated separately. The 

loading condition, rather than the objective function used, was found to have a 

greater influence on the outcome. Chang et al. (2001) has further extended their 

earlier study (Chang et al. 1999) of “robust optimization” formulation by including 

relevant constraint equations and a 3D non-linear FE model. Minimization of the 

difference in SED of the intact and implanted femur was conducted in the study 

employing a reduced midstem implant design. The bone remodelling signal 

predicted in this study (Chang et al. 2001) corroborated well with the results 

predicted using 1D beam on elastic foundation (BOEF) model used in their previous 

investigation (Chang et al. 1999). The study presented by Kowalczyk (2001) looked 

at the post-operative short-term failure possibilities related with uncemented femoral 

stems. The post-operative variables that led to insufficient osseointegration into the 

porous-coated implant surface, resulting in the formation of permanent gap 

encapsulate with loose fibrous tissue, were evaluated in the study (Kowalczyk, 

2001). In this study, the etiology was assumed to be either an inadequate initial fit 

of the implant into the medullary cavity or excessive micromotions at the bone-

implant interface. As a result, the study was conducted with the intention of 

minimizing micromotions between the internal surface of the bone and the porous-

coated section of the implant surface. For the investigation, a gradient-based 

optimization technique (Kowalczyk, 2001) was used. Petrie and Williams (2002) 

performed a shape optimization of dental implant using a subproblem approximation 

method by minimizing average von Mises strain at most superior and most inferior 

location of the peri-implant cortical bone. Nicolella et al. (2006) implemented a 

shape optimization method to minimize the square of von Mises stress in the cement 

layer in a cemented femur-implant system. The accumulation of polyethylene wear 

debris is one of the leading cause of aseptic loosening of femoral prosthesis. The 

wear debris can lead to osteolysis and degradation of host bone (Matsoukas and 

Kim,2009).  

A study by Matsoukas and Kim (2009) implemented an optimization scheme 

to hunt for optimal design parameters of prosthesis to minimize the volumetric wear 

at the articulating surface of the femoral head and the polymeric liner of an 

uncemented femoral stem. A similar study (Willing and Kim, 2009) of shape 
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optimization while perturbing the design parameters of prosthesis to minimize wear 

reduction was performed on a total knee arthroplasty (TKA).  

Nobari et al. (2010) hunted for an optimized femoral plate using a 

remodelling algorithm developed earlier (Huiskes et al., 1987; Weinans et al., 1992). 

The primary goal of the optimization problem (Nobari et al.,2010) was to minimize 

the sum of local differences between the actual and normal reference values of SED. 

Willing and Kim (2011) implemented their early method (Willing and Kim, 2009) 

of optimization to achieve an optimized shape of components of TKA by minimizing 

a kinematic objective function formulated to improve constraint and flexion 

kinematics. This was perhaps the first of the kind of investigations which have used 

a rigorous design optimization scheme to achieve optimal shapes of TKA 

components involving kinematics.  

Machine learning techniques (MLTs) have been used extensively used in 

medical analysis to improve efficiency of radio-diagnosis, disease prognosis based 

on relevant symptoms etc. with reduction in overhead expenses (Cilla et al.,2017; 

Chanda et al., 2016a). A single objective based shape optimization of short-stem hip 

implant was studied by Cilla et al. (2017) using artificial neural networks (ANNs) 

and support vector machines (SVM). Once the MLTs were developed, a numerical 

pattern-search minimization model was implemented to obtain the optimal shapes 

of the implant. The optimization algorithm minimizes a loss function (Cilla et 

al.,2017) which is defined as the average difference of maximal absolute principal 

strain between the intact and the implanted models. Roy et al. (2018) implemented 

a hybrid model of NN and a defined desirability function as the objective function 

for the shape optimization of a patient specific dental implant using genetic 

algorithm (GA). The optimized shape as obtained from the hybrid NN-GA 

modelling was further validated by FE models. Based on the fact that proper amount 

of micro-strain (Roy et al.,2018) at the bone-implant interface is responsible for 

better bone remodelling, the goal of the optimization model thus was to achieve a 

desired value of micro-strain at the bone-implant interface. GA has been extensively 

used in optimization of such problems with large number of parameters or a need 

for detailed solution is sought (Ishida et al.,2011; Chanda et al.,2015). Very recently, 

a similar study (Chatterjee et al.,2019) on combined NN-desirability function-GA 
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methodology was implemented to study shape optimization of femoral implant by 

minimizing the strain deviation between the intact and implanted prosthesis.   

2.3.2 Design optimization studies with multi-objective function 

So far, all of the shape optimization models discussed have been formulated 

considering a single-objective function. However, it was clear that the evaluation of 

implant design must take into consideration more than one failure criterion. As a 

result, multi-criteria optimization models appeared to be a more effective design 

method to address such problems. 

 Fernandes et al. (2004) presented a 2-D FE model for shape optimization of 

uncemented femoral stems by minimizing relative displacement and stress on the 

bone-implant interface under routine activities. This was perhaps the first ever multi-

objective shape optimization study on orthopaedic implants in general, and hip 

prosthesis in particular. The optimization scheme employed a steepest-descent 

method to search for the desired shape of the implant.  

Ruben et al. (2012) formulated a 3-D shape optimization technique to design 

implants with greater initial stability and reduced proximal bone resorption in a more 

sophisticated investigation on shape optimization of uncemented stems. The 

proposed method employed a multi-criteria framework to minimize three important 

parameters for uncemented prosthesis viz. relative tangential displacement, contact 

stress, and proximal bone loss. However, shape of the optimized hip stems, thus 

obtained, were found to be contradictory due to contradiction in different criteria. 

Nonetheless, when compared to the initial prosthesis geometry, the trade-off designs 

were found to predict improved performance.  

Geramizadeh et al. (2018) implemented a response surface methodology (RSM) 

to obtain an optimal value of thread depth and pitch of a dental implant by 

minimizing maximum von Mises stress and maximum von Mises strain so as to 

determine optimal stress distribution pattern around the implant. In their study, von 

Mises strain was used as a measure of deviatoric strain component in the material 

without accounting for the hydrostatic strain component. This investigation 

indicated that threaded or textured morphologies (Geramizadeh et al.,2018; 

Mukherjee and Gupta,2017) on implant surface have a significance influence on the 

local stress/strain values around them.  
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Very recently in a similar study by Elleuch et al. (2021), multi-objective shape 

optimization of dental implants was performed so as to enhance the primary stability 

of the bone-implant system. Multiple implant geometrical parameters were taken as 

the input design variables and von Mises stresses around the prosthesis as the output. 

Following the approach of RSM, response surfaces were generated after FE 

simulations. Desirability function method was formulated to solve this optimization 

problem (Elleuch et al.,2021) by maximizing the overall desirability in a formulated 

desirability function that combined desirability of cortical bone, cancellous bone, 

implant and the abutment. Among all the input design variables, diameter of the 

implant was found to influence significantly on the interfacial stress around the 

prosthesis.  

Ishida et al. (2011) were the first to apply GA to solve a shape optimization 

problem for a cemented implant. The peak maximum principal stress of the cement 

layer at proximal and distal hip stem were considered as two independent objective 

functions to be minimized in the multi-objective formulation. Further, walking and 

stair-climbing load cases were also considered in the problem formulation making it 

an optimization problem with four objective functions. The neighbourhood 

cultivation genetic algorithm (NCGA), developed by Watanabe et al. (2002), was 

introduced to solve the multi-objective optimization. The designs of the implants so 

obtained might not be the “best” one but of course were improved versions of the 

existing initial designs taken in the study. However, their study incorporated a 

primitive version of the prosthesis with isotropic material properties of bone only to 

showcase the efficacy of using GA to address such multi-objective optimization 

problems.  

Further incremental development in the area was performed by utilising GA 

in uncemented hip stem (Chanda et al.,2015; Chanda et al.,2016a; Chanda et 

al.,2016b), cemented hip stem (Corso et al.,2016), uncemented acetabular 

component (Ghosh et al.,2016), high tibial osteotomy plates (Koh et al.,2019) and 

dental implants (Cheng et al.,2019).  

Chanda et al. (2015) effectively utilised nondominated sorting genetic 

algorithm-II (NSGA-II) optimization module (Deb et al.,2002) in performing shape 

optimization of uncemented femoral stem. Their study was arguably the first of its 
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kind, where GA has been employed to study a multi-objective optimization problem 

for uncemented implants. Minimization of interface stress and implant induced 

bone-resorption were taken as objective functions for the optimization study. They 

further employed a NN to predict the primary stability of the implant through a 

defined parameter referred to as “Index of Instability (IoI)” and further minimizes 

IoI using GA to achieve optimal implant shapes (Chanda et al.,2016a). Multi-

objective formulation using NN-NSGA-II was thereafter implemented to study the 

influence of interface conditions on shape optimization of uncemented femoral 

implants. The study (Chanda et al.,2016b) introduced two other objective functions, 

one based on proximal resorbed bone mass fraction (BMF) and another one total 

bone-implant interface area, along with IoI to incorporate into the optimization 

module.  

Unlike earlier investigation (Ishida et al.,2011) that looked for minimization 

of the maximum principal stresses at defined locations in a cemented prosthesis, 

Corso et al. (2016) employed bone-remodelling algorithm to minimize stem induced 

bone resorption while utilising GA as the optimization module. However, a few 

studies were performed considering a bonded interface between the bone and the 

implant (Chanda et al.,2015; Corso et al.,2016), while a few others implemented 

contact simulations at the interface (Chanda et al.,2016a; Chanda et al.,2016b; 

Ghosh et al.,2016; Koh et al.,2019; Cheng et al.,2019) considering the fuzzy nature 

of the interface. Ghosh et al. (2016) implemented NSGA-II module to study shape 

optimization of uncemented acetabular component with the goal of minimizing 

implant induced bone loss as well as volumetric wear. 

 A study by Koh et al. (2019) implemented the well-known NSGA-II 

technique to optimize the shape of high tibial osteotomy (HTO) plates by 

minimizing von Mises stress on the plates as well as obtaining the required level of 

bone-implant micromotions at two different load-bearing locations. A sensitivity 

analysis based on a design of experiment (DoE) was used to sort out the most 

significant design factors and later on GA was implemented to achieve optimal 

shapes of the tibial plates (Koh et al.,2019).  

Very recently, a study (Cheng et al.,2019) to minimize the micromotion 

between the implant and the bone was used as an objective function to study the 
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optimal shape of dental implant. A novel hybrid optimization model using a DoE 

technique to study the influence of geometric design parameters on bone-implant 

micromotion, followed by a Kriging interpolation method (Matheron, 1973) and 

genetic algorithm (KIGA) in tandem to optimize the shape of one-piece dental 

prosthesis. 

2.4 Summary of the literature review- gaps and unaddressed issues 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 A flowchart to highlight the classification of available literature 

The extensive literature review as classified above (Fig. 2.9) can be summarized as 

follows: 

• Different mechanoregulation models were developed either to address the 

phenomenon of fracture healing or to predict formation of different 

connective tissues with particular emphasis on bone growth at the bone-

implant interface. 

• Surface roughness on implant surfaces, which includes both micro- and 

macro-textures, has been shown to affect biologic attachment by altering the 

local mechanical environment at the bone-implant interface or by 

mechanical interlocking between the bone and the rough ridges of the 

implant surface. The impact of micro-textures on bone development and 

osseointegration has been extensively studied (Liu and Neibur, 2008; Chou 
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and Müftü, 2013; Mukherjee and Gupta, 2016; Mathai and Gupta, 2022).  

• Lower press-fit may result in implant loosening and, as a result, inadequate 

primary fixation. Increased press-fit fixation, on the other hand, may provide 

higher compressive stresses (contact forces) at the bone-implant interface, 

allowing for additional frictional movement.  

• The non-primitive nature of most design features of implants, together with 

a variety of important design considerations, might result in complex non-

linear correlations with ossification levels. NNs have previously been used 

to evaluate biomechanical design on a variety of prostheses (Kayri 2016; 

Chanda et al., 2016a; Cilla et al. 2017; Roy et al. 2018; Chatterjee et al. 

2019).  

• Despite the fact that several shape optimization approaches and ideal 

implant designs have been developed, the focus of these studies has been on 

primary stability and bone adaptation (Huiskes and Boeklagen, 1989; Kuiper 

and Huiskes, 1992; Yoon et al., 1989; Fernandes et al., 2004; Chanda et al., 

2015; Cilla et al., 2017).  

Based on the exhaustive literature review in the broad area of 

mechanoregulation models of tissue differentiation and bone remodelling with 

particular emphasis on their applications in FE based biomechanical problems of 

fracture healing, bone growth and design optimization of orthopaedic implants, 

some of the important issues in this area which have not been addressed are as 

follows: 

▪ Macro-textures were regarded to be primarily beneficial for providing 

primary stability between the implant surface and the bone. Previously, it 

was assumed that the dimensions of such macro-textures (in the order of 

millimeters) were too large for cells to sense in order to promote bone 

development. Due to this, there have been very few works that have 

examined the impact of such macro-textures on bone development. 

▪ Mechanoregulation models were extensively used to predict bone growth 

at bone-implant interface at micro-scale (in the order of microns). But very 

few works have been done to predict bone growth at bone-implant interface 

at macro-scale (in the order of millimeters).  
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▪ The contact forces at the bone-implant interface could cause abrasion and 

irreversible micro bone damage resulting in gaps between the bone and the 

implant despite meticulous operating techniques (Huiskes and Boeklagen, 

1988; Viceconti et al., 2001). These gaps might open and close sequentially 

due to mobility caused by daily routine activities. Such mobility at the 

bone-implant interface towards the direction of bone might influence bone 

growth at the interface. However, there have been no such studies 

performed to predict influence of this radial mobility on bone growth. 

▪ Although NNs have been used to predict primary implant stability, no 

research has been performed to create such NN frameworks to assess 

secondary implant stability by predicting bone growth at the bone-implant 

interface depending upon the surface topological parameters. 

▪ Shape optimization studies of textured geometry were undertaken on dental 

implants (Geramizadeh et al., 2018; Elleuch et al., 2021), but none has been 

performed on micro or macrotextured surfaces of other implants or surrogate 

implant models. 

▪ Different types of objective functions were studied in performing design 

optimization of orthopaedic implants. However, there is a dearth of studies 

that included bone growth as an optimization function. Therefore, there is a 

need of such an investigation that incorporate qualitative assessment of bone 

growth as an optimization function to pre-clinically search for trade-off 

implant design features. 

▪ Although influence of textured geometry on bone growth was evaluated on 

dental implants, the comparative assessments of textured and non-textured 

implant geometries on bone growth were never been investigated.  

2.5 Objectives of the present work 

 

In view of this, the specific objectives of the present study have been laid down as 

under:  

1. Influence of macro-textured implant surface on bone growth. 

 Influence of multiple textures over implant surface on bone growth 

under constant bone-implant micromotion using a 
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mechanoregulation based tissue-differentiation algorithm. 

 Use of the tissue differentiation algorithm to assess the influence of 

different magnitudes of intermittent micromotion on bone growth 

over macro-textured surfaces.  

2. Influence of interface gaps and texture density on bone growth  

 Influence of opening/closing of interface gap on bone growth over 

distinct macro-textured implant surfaces. 

 Influence of texture density on bone growth over macro-textured 

implant surface. 

 Combined influence of sliding and gap distances towards bone 

growth over macro-textured implant surfaces. 

3. Artificial neural network (ANN) based prediction of bone growth over 

textured implant surfaces with change in surface design parameters. 

 To assess possible relationship between macro-texture design 

parameters and bone growth. 

 To formulate predictive models based on NN to establish relationship 

between macro-textured design parameters and amount of bone 

growth. 

4. Predictions of bone growth over optimally designed macro-textured implant 

surfaces using neural network (NN) and genetic algorithm (GA) 

 To select significant design parameters and corresponding geometric 

constraints for the chosen macro-textured surfaces. 

 To develop set of FE models and thereafter predicting bone growth 

for each of the textured surface to use them to train NNs. 

 To develop NN schemes for each of the textured surfaces in order to 

predict bone growth for unlabeled datasets of implant surfaces with 

similar surface morphology. 

 To implement GA to search for optimal designs for the surface 

morphologies over a set of tested data. 
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5. Qualitative assessment of growth of connective tissues on femoral stem with 

macro-textures  

 To develop FE models of implanted patient-specific femur using a 

CT-scan dataset. 

 A comparative study to assess the influence of textured and non-

textured femoral stems on tissue growth under normal walking. 

 Study the influence of distinct daily activities viz. normal walking 

and stair climbing on bone growth over textured femoral stems.  
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Methodology 
 

This chapter explains the methodology implemented in the present work to assess the bone 

growth at the bone-implant interface. Thereafter, the methodology implemented for design 

optimization of implant macro-texture is also explained in detail. 
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3.1 Introduction 

This chapter presents the general methodology implemented to carry out the present 

work on qualitative assessment of bone growth at macroscale bone-implant 

interface. In addition, numerical methodology implemented to study design 

optimization of implant macro-textures is also explained in detail. The present work 

combined the computational scheme developed earlier by Lacroix and Prendargast 

(2002a) to predict tissue differentiation on a fracture healing with the 

mechanoregulation based tissue differentiation model by Claes and Heigele (1999). 

Furthermore, optimal designs for chosen macro-textures were developed by 

combining FE, backpropagation neural networks (BPNNs) and GA. Hence, the 

current chapter is divided into three major sections. First section elucidates the 

computational algorithm used in the present study. Then, a diffusion model used in 

the computational scheme and the tissue-differentiation model used thereafter is 

explained. Finally, methodology of formation of NNs and GA is mentioned in brief.    

3.2 Computational framework to assess bone growth 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic view of the computational framework used to assess bone formation at 

macro-scale bone-implant interface   
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This methodology assumed equal probability of formation of bone, cartilage and 

fibrous matrix depending upon the mechanical stimuli. The iterative implementation 

of the algorithm was performed over a thin domain of granulation tissue between the 

bone and the implant. The computational steps to study bone growth in the present 

study are as follows: 

 Step 1: Develop FE models of bone-implant-interface representative models 

FE models of bone-implant-interface models with few macro-textures on implant 

surface have been developed in ANSYS FE software (ver 14.5 ANSYS Inc., 

Canonsburg, PA, USA). Uniform meshing has been adopted in the present study to 

eliminate discretization error. 

 SOLID185 is used for three-dimensional modelling of solid structures. It is 

made up of eight nodes, each of which has three degrees of freedom at each node: 

translation in the nodal X, Y, and Z axes. SOLID185 comes in two different types 

viz. homogeneous and layered structural solids. For modelling of homogeneous 

isotropic materials assumed in the sectional studies of bone-implant-interface 

geometries, homogeneous structural solid element has been used primarily. Figure 

3.2 represents the homogeneous structural solid FE geometry. 

 

 

 

 

 

 

Figure 3.2 Homogeneous structural solid 8-noded hexahedral finite element (FE) geometry 

(https://tinyurl.com/rajdeep-phd-8) 

However, SOLID187 is used to model finite element structures in full-scale bone-

implant-interface model due to higher geometric complexity in the model. 

SOLID187 is a higher order three dimensional ten noded element (Fig. 3.3) with 

three degrees of freedom at each node.   
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Figure 3.3 Homogeneous structural solid 10-noded tetrahedral finite element (FE) geometry 

(https://tinyurl.com/rajdeep-phd-9) 

 

 Step 2: Apply suitable loading and boundary conditions 

Suitable structural loads and boundary conditions have been applied to catch the 

mechanical stress-strain history at the granulation tissue. Small intermittent 

micromotion has been provided to simulate the relative displacement between the 

bone and the implant. However, musculoskeletal loading conditions have been 

applied to full-scale bone-implant-interface model considering different routine 

activities viz. normal walking and stair climbing. 

 Diffusion equation has been run parallel to the structural analysis under thermal 

analogy. The detailed explanation of diffusion model in thermal analogy has been 

presented in section 3.2.1. Diffusion equation mimic the migration of MSC from 

bone interface towards the implant interface. Concentration of MSCs has been 

assumed to be maximum towards the bone-granulation tissue interface and zero at 

the tissue-implant interface. Thermal solid elements viz. SOLID70 (8-noded 

hexahedral thermal element for the representative bone-implant-interface models) 

and SOLID87 (10-noded tetrahedral thermal element for the full-scale model) have 

been considered to discretize the geometric domain under consideration. 

 Step 3: Run structural and diffusion analysis. 

Structural FE analysis has been run under static loading to catch local hydrostatic 

pressure and deviatoric strain. In addition, diffusion analysis provides element 

specific concentration of MSC at iterative time-frame. 
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 Step 4: Implement tissue-differentiation algorithm 

Tissue-differentiation algorithm (Claes and Heigele, 1999) has been developed in 

MATLAB (Matlab 2017a, The MathWorks Inc., Natick, MA, USA) that runs on a 

logical model to assess different connective tissue phenotypes depending upon the 

combination of magnitude of hydrostatic and deviatoric terms as obtained after 

structural FE analysis. Hydrostatic pressure (σaverage) can be calculated as: 

                                 

1 2 3

3
average

  


+ +
=

                                                               (3.1) 

 where 1 2 3( , , )   are 3 principal stresses. Whereas, deviatoric strain (εdeviatoric) can 

be computed as: 
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



− + − + −
=

+                                 (3.2) 

          where 1 2 3( , , )    are 3 principal strains and  is the effective Poisson’s ratio. 

The tissue differentiation model implemented in the present study has been 

mentioned in brief in section 3.2.2. 

 Step 5: Use temporal smoothing to minimize numerical instability 

A smoothing technique has been implemented that minimizes numerical instability 

caused due to sudden changes in material properties in each finite element at the 

granulation tissue. For example: It is practically infeasible for the MSCs to 

differentiate and develop as bone after 1st day of surgery. So, the smoothing 

technique ensures a smooth transition of tissue-differentiation by averaging local 

material properties over “n” previously estimated material properties over “n” 

iterations as in Eqn. 3.1. In the present model, each iteration has been considered as 

a single post-operative day. However, it should be noted that there has been no direct 

relation of such iterative time-steps with the real-time. These computational time-

steps can be thought of as in proportion to physical time. 

        
9

1,

1
(Material property) (Material property)

n

n smoothed iteration

iteration nn

−

+

=

=                      (3.3) 
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 Step 6: Implementation of Rule of Mixture to incorporate biological phenomenon 

In a physically realizable geometric domain, there would be a probability of 

simultaneous presence of granulation tissue as well as the predicted tissue phenotype 

in a single finite element. However, mechanoregulation based tissue-differentiation 

scheme fails to implement such a realistic picture in a finite element. In order to 

address this issue, a rule of mixture is implemented combining element specific cell 

concentration obtained during diffusion analysis and the material properties so 

predicted by tissue differentiation algorithm in the form of a mathematical equation 

as: 

max
1

max max

(Material property) (Material property) (Material property)tissue tissue
n granulation tissue

n n

c c c

c c
+

   −
= +   
   

  (3.4) 

 Step 7: The material property of each finite element in the granulation tissue is 

updated and assigned with the final material property so obtained after the end of 

numerical procedures until step 6.  

This ends one single iteration of the computational scheme. Iterations are continued 

over next cycle of loading and boundary conditions till the end of simulation time 

frame. 

3.2.1 Implementation of cell migration through diffusion model 

Mathematicians are well aware that heat flow and diffusion are essentially the same 

phenomena. However, the change in notations required to describe both the 

phenomena is discussed in details for a diffusion equation used widely in this 

dissertation to describe the dispersal of MSC throughout the region of granulation 

tissue.  

Diffusion of mass (MSCs) across a region in a particular direction is based upon 

Fick’s Law of diffusion as described below: 

                                                              
2 dc

k c
dt

 =                                                                                        (3.5) 

                                                                c

c
k


 = −


                                                                                (3.6) 
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where k = diffusion coefficient, c = concentration of undifferentiated MSCs, Πc = 

rate of transfer of cells in direction Ω. 

Corresponding heat flow equation is based upon Fourier Law of Conduction as 

described below: 

                                               
2 d

dt






 
 = 

 
                                                                                 (3.7) 

                                                     


 = −


                                                                                        (3.8) 

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. 

Finding correlation between concentration, c with temperature, θ in all the above 

equations and comparing both the equations (3.5) and (3.7), 

                                                     k


                                                                                          (3.9) 

Similarly, comparing both the equations (3.6) and (3.8), 

                                                             c                                                                                               (3.10) 

From Equation (3.8),              

                                                        k                                                                                         (3.11) 

 

Now comparing both the equations (3.9) and (3.11), 

                                                                   1 =                                                                                         (3.12) 

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 heat 

equation that is responsible to convert temperature, θ into the amount of heat per 

unit volume. However, this factor has no significance in mass diffusion since in mass 
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diffusion, the term “concentration, c” represents diffusion of mass per unit volume 

and hence, ρΨ becomes unity (1.0). 

3.2.2 Mechanoregulation based model to predict tissue phenotype 

Mechanoregulation based tissue differentiation algorithm is formulated considering 

hydrostatic stress and deviatoric strain as the mechanical signals responsible for 

changing cell type and morphology. Deviatoric strain less than 5% and hydrostatic 

pressure between ±0.15 MPa promotes development of mature bone (Claes and 

Heigele 1999).  Whereas deviatoric strains less than ±15% and dilatational stress 

less than 0.15 MPa promotes immature bone with endochondral ossification. 

Cartilage is formed either when strain is more than 15% with stress magnitude less 

than -0.15 MPa or compressive strain is greater than 15% with dilatational stress less 

than -0.15 MPa. Fibrous tissue although not a desirable tissue to be formed at the 

bone-implant interface still forms and promote aseptic loosening either due to local 

stress of more than 0.15 MPa or strain magnitudes of either greater than 5% or 

compressive strain greater than 5% with stress values above -0.15 MPa. Table 3.1 

shows the mechanoregulatory algorithm implemented in the present study.    

Table 3.1 Mechanoregulatory algorithm implemented in the present study (Mukherjee and 

Gupta, 2016; Claes and Heigele, 1999; Lacroix and Prendergast, 2002a; Chou and Müftü, 

2013; Dickinson et al., 2012; Isaksson et al., 2006b; Hori and Lewis, 1982; Jurvelin et al., 

1997). 

 

Tissue 

phenotypes 

Young’s 

Modulus 

(in MPa) 

Poisson’s 

Ratio 

Deviatoric 

Strain 

(in %) 

Hydrostatic 

Stress 

(in MPa) 

Granulation 

Tissue 

1 0.167 - - 

Fibrous 

Tissue 

2 0.167 - 

>5 

<-5 

>0.15 

>-0.15 

>-0.15 

Cartilage 10 0.167 >15 

<-15 

<-0.15 

<-0.15 

Immature 

Bone 

1000 0.3 -15 to +15 <-0.15 

Mature 

Bone 

6000 0.3 -5 to +5 -0.15 to 

+0.15 
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3.3 Mathematical formulation to develop NN 

The underlying mathematical formulations used to develop the NN scheme used to 

predict bone growth is presented below. Forward propagation and backward 

propagation are two core processes of NNs.  

Forward propagation in a NN represents the process of taking up the input 

data and thereby passing them through hidden layer of neural net where they are 

processed by suitable activation functions and passed successively either towards 

next hidden layer or output layer. When more than one hidden layer is used to 

develop a NN, it is known as “deep learning” NN. In the present study, only one 

hidden layer was considered for framing the NNs for each macro-textured surface 

morphology. Such a forward propagation methodology is generally known as “feed-

forward network”. Each neuron in the hidden and outer layer has two functions to 

process input data fed to them viz. pre-activation and activation. Pre-activation 

calculates the weighted sum of the outputs from a previous layer. However, bias 

neuron added as a bias value is added to the weighted sum so as to form a linear 

function with a bias intercept. Bias is added in both pre-activation and activation 

functions so as to provide flexibility to the network for proper curve fitting. Finally, 

activation function adds non-linearity to the network and provides the output signal.  

Back-propagation is the cornerstone of any NN. It is the process of tweaking 

the weights of the NN based on the loss (error) from the preceding epoch (iteration). 

Backward propagation ensures lesser error between the targeted output signal and 

computed output signal thus boosting the flexibility of the model and making it more 

reliable. The mathematical formulations adopted to model feed-forward and back-

propagation NN in the present study is outlined in the next sub-section. 

3.3.1 Forward step computations 

Computations in Input layer: The output of the mth neuron lying on the input layer 

was determined using the following expression: 

                      Im 1 Im 1 Im( ), 0 and - <( )O a I b a I b= +   +                                 (3.13)  

where a1 is the constant of activation function; IIm represents the input of mth neuron; 

b denotes the constant bias value. 
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Computations in Hidden layer: The input of the nth neuron lying on the hidden layer 

was determined using the following expression: 

                                                    
1

M

Hn Im mn
m

I O v b
=

= +                                                                         (3.14) 

where mnv  is the weight that connects mth neuron of the input and nth neuron of the 

hidden layer.  

The output of nth neuron of the hidden layer can be determined as: 

                          
2

2( )

1
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1 Hn
Hn Hna I b

O a I b
e
− +

=   +  
−

                                      (3.15) 

where a2 is the constant of non-linear activation function.  

Computations in Output layer: The input of the output neuron can be determined 

as follows: 

                                                     
1

N

Oz Hn nz
n

I O w b
=

= +                                                                         (3.16) 

where nzw  is the weight that connects nth neuron of the hidden and zth neuron of the 

output layer. 

The output of the output neuron can be computed as follows: 

                                              
3 ( )

1

1 Oz
Oz a I b

O
e
− +

=
−

                                                                                

(3.17) 

where a3 is the constant of activation function.  

The forward step computation for a batch run terminates here. 

3.3.2 Backward step computations 

Computation of Cost Function: Mean Squared Error (MSE) Cost function was 

chosen for this algorithm which is computed after each batch run (epoch) as follows: 

                                  
2

1

1 1
( )

2 Oz Oz
k

E T O


 

 =

= −                                                                  (3.18) 
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where ζ denotes number of training cases; 
Oz

T   represents target output corresponding 

to ζth training case; 
Oz

O represents computed output corresponding to ζth training 

case. 

The goal of the learning process is to adjust initial weights in order to fine-tune the 

network for better performance. At every epoch, connecting weights [V] and [W] 

were updated in order to minimize the cost, E.  

Computation of adjustment in [W]: 

The adjustment in weights connecting hidden and output layers, [W] at every epoch 

was computed as follows: 

                 ( ) ( ) ( 1)nz nz

nz

E
w epoch epoch w epoch

w
 


 = − +  −


                                     (3.19) 

where α denotes the learning rate, which is a tuning parameter which is updated after 

each epoch while moving towards minimum cost function, and µ denotes the 

momentum constant which helps in preventing the learning process from 

terminating in a local minimum thus providing a stabilizing effect to the network.  

Sensitivity factor, 
nz

E

w




 can be further expressed and computed as: 

                       Oz Oz

nz Oz Oz nz

O IE E E

w E O I w





   
=

    
                                                            (3.20) 

Computation of adjustment in [V]: 

The adjustment in weights connecting input and hidden layers, [V] at every epoch 

was computed as follows: 

                       
( ) ( ) ( 1)mn mn

mn

E
v epoch epoch v epoch

v
 


 = − +  −

                                         (3.21) 
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Sensitivity factor, 
mn

E

v




 can be further expressed and computed as: 

                                 Oz Oz Hn Hn

mn Oz Oz Hn Hn mn

O I O IE E E

v E O I O I v





     
=

      
                                                      (3.22) 

However, it is to be noted that the optimal number of nodes in the hidden layer, 

learning rate and the momentum constant have been chosen based on a parametric 

study by varying each parameter at a time keeping other two parameters constant. 

Such a methodology would provide an optimum NN architecture in the present 

study.   

3.4 Methodology to implement GA 

The GA search heuristic is based on the natural evolution theory of Charles Darwin. 

This algorithm mimics natural selection, in which the fittest individuals are chosen 

for reproduction in order to create the offspring/children of the subsequent 

generation. If parents are physically active (fit), their offspring will be fitter than 

they are and have a greater chance of survival. This procedure will continue to iterate 

until a generation of the fittest individuals is identified. GA has been implemented 

in five phases to reflect this evolutionary process: starting population, computation 

of fitness function, selection, crossover and mutation. 

3.4.1 Populate the initial population 

Significant design variables of the textured morphology are chosen with their upper 

and lower bounds based upon clinical admissibility and manufacturing feasibility of 

the implant. Strings of chromosome, known as individuals, are formed by different 

combinations of values of design variables. All the individuals are populated in 

random to form the initial set of population.   

3.4.2 Computation of fitness function 

NN acts as the mathematical model for the fitness in the present study. Optimal NN 

obtained after training and validation is set as the optimization function in the GA 

module. The fitness function calculated through a trained NN determines the ability 

of each individual string to satisfy the objective function. Rank scaling of objective 

function determines the values of fitness function.  
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3.4.3 Selection of fittest individuals 

Selection of fittest individuals is performed to pass the best individuals to the next 

generation. There have been many selection methods available to date. But few of 

them are used extensively in different problems such as stochastic-uniform 

selection, tournament selection, roulette wheel selection, rank selection etc.  

Stochastic-uniform selection has been chosen as the selection algorithm in 

the present work. Although stochastic-uniform selection is modified form of roulette 

wheel selection, it provides a better chance for the highly fit individuals to be 

selected at least once with no bias and minimal spread. 

3.4.4 Crossover and mutation 

This is perhaps the most important phase in GA. A cross-over point in the individual 

string is chosen randomly and thereafter genes are exchanged to form offspring. The 

scattered crossover fraction chosen in the present work is the percentage of offspring 

produced by crossing over without considering the elite individuals. The remaining 

individuals are created by mutation. Mutation is provided to maintain diversity in 

the next generation of individual to avoid early convergence. Throughout all 

generations, the elite count was set at two.  

The GA implemented in the present study is said to be terminated after a 

selected number of generations. However, optimal values of GA parameters have 

been determined through a parametric study where crossover fraction, initial 

population size and maximum number of generations are varied from a chosen lower 

bound to an upper bound one at a time keeping other parameters constant. With the 

near optimal GA parameters, the final GA has been run to obtain optimal design 

variables of the implant macro-textures.    

3.5 Summary 

In this chapter, methodology of studying tissue-differentiation at the bone-implant 

interface is presented in detail. An FE based approach is shown that is used to catch 

mechanical stress and strain responsible for tissue-differentiation. Thereafter, 

numerical procedures such as smoothing techniques and rule of mixtures are 

explained in detail on the context of simulating a biophysical model in a more 

practical way. In addition, mathematical formulation of migration of MSCs 
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simulated through a diffusion model under thermal analogy is also presented in 

detail. FE based approach is also undertaken to solve the diffusion model with 

suitable end conditions. Then, detailed mathematical formulation of NN involving 

feed-forward and backpropagation methods are presented in detail. This formulation 

has not only helped to predict bone growth for a chosen macro-textured surface but 

also been used as an optimization function to run a GA. Finally, steps involving GA 

has been described in details which has been further used to obtain optimal designs 

for the chosen macro-textured implant surfaces.  
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CHAPTER  
 

 

Influence of macro-textured 

implant surface on bone growth 
 

he long term secondary stability of an uncemented implant depends 

primarily on the quality and extent of bone in-growth or on-growth at the 

bone-implant interface. Investigations are warranted to predict the 

influences of implant macro-textures on bone growth pattern. Mechanoregulatory 

tissue differentiation algorithms can predict such patterns effectively. This chapter 

presents a study that assess the influence of macro-textured implant surfaces on 

changes in tissue formation at the bone-implant interface by carrying out a 

mechanoregulation based 3D finite element (FE) analysis. The numerical scheme 

developed in this chapter can further be used as a template for more rigorous 

parametric and multi-scale studies. 
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4.1 Importance of textured implant surface 

For biological acceptance of a load-bearing orthopaedic implant, e.g. hip stem, a 

long-term adherence of the implant to the host bone is required.  The primary bone-

implant adherence can be achieved either by using bone-cement (commercially 

known as poly-methyl methacrylate or PMMA) between bone and the implant 

(cemented implants) or by press-fitting the implant into the host bone canal and 

thereby utilising the interference-fit and coefficient of friction between them 

(uncemented implants). In the uncemented implants, the implant gradually 

integrates with the host bone by means of mechanical interlocking through 

osseointegration, thereby attaining secondary stability (Sánchez et al., 2021a). The 

success of uncemented implants, therefore, demands proper biologic fixation of the 

bone and intermediate soft tissues in and around the implant (Yamada et al., 2009). 

Notwithstanding the stupendous success of uncemented prostheses all across the 

globe and despite high surgical precautions, there have been notable inflation in the 

absolute number of failed joints, leading to the necessity of revision surgery. 

Although the reason behind such failure incidences may be multifactorial, the lion's 

share of it may be attributed to the biomechanical causes. One such biomechanical 

failure scenario is the lack of primary stability arising due to excessive interfacial 

micromotion. Results of clinical studies reported that interfacial micromotion of 

below 40 µm was observed to be optimum for bone growth at the bone-implant 

interface (Sánchez et al., 2021a; Sánchez et al., 2021b). On the contrary, higher 

micromotions of 150 µm and above was observed to promote fibrous tissue 

formation near the implant surface which is detrimental to biologic fixation, thus 

leading to aseptic loosening of the prosthesis (Sánchez et al., 2021a; Sánchez et al., 

2021b). Any compromise on primary stability thus may eventually lead to 

insufficient long-term secondary stability (biologic fixation) of the implanted 

construct. By incorporating minor to profound design changes, these failure 

situations may be averted (Huiskes and Boeklagen, 1988; Viceconti et al., 2001). 

Bone growth around the uncemented implants can be achieved by bone in-

growth and on-growth. Bone in-growth indicates a bone-implant fixation by bone 

growth into the porous coated surface or porous implant surface. Conversely, bone 

on-growth is the fixation of bone and the implant by bone growth on the surface of 

the implant (Yamada et al., 2009; Kim and Yoo, 2016). Commercially, a variety of 
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implant surface features is in existence with a core objective of promoting bone on-

growth. These surface features can either be microscopic or macroscopic (Pilliar, 

1998; Kienapfel et al., 1999). Although there exists no clear technical definition of 

micro and macro-textures, a new standard (ISO 14607:2018) on mammary implants 

(Munhoz et al., 2019) has classified implants with surface features of the order 10-

50 μm as micro-textures and those above 50 μm as macro-textures. Investigations 

suggested that micro-textured surfaces could promote cell differentiation 

(Andreykiv et al., 2008; Olivares-Navarrete et al., 2010) and osseointegration 

(Andreykiv et al., 2008; Cochran et al., 1998) even without the use of any osteogenic 

factors. Recent studies have also explored the possibility of enhancing osteoblastic 

differentiation and maturation, followed by implant osseointegration by nanoscopic 

surfaces (Mendonca et al., 2008; Gittens et al., 2014).  

 4.2 State-of-the-art in textured implant surface 

 

Although earlier studies investigated the influence of implant micro-textures 

(Andreykiv et al., 2008; Mukherjee and Gupta, 2016) and microscopic threads 

(Chou and Müftü, 2013) and vents on osseointegration, there has been no volumetric 

in silico study to assess the influence of macro-textures on bone growth. A recent 

histological study on the influence of macroscopic grooves has been reported on 

dental implants (Kuroshima et al., 2017). However, such histological studies are not 

capable of predicting the spatial distribution of peri-prosthetic osseointegration 

(Mukherjee and Gupta, 2016). Moreover, the dimensions of these grooves are not 

convincing to be treated as fully macroscopic grooves. In a recent investigation, the 

influence of macro-textured grooves on implant-induced strain shielding for three 

commercial hip stem models was studied, and a trade-off design of the texture was 

proposed (Heyland et al., 2019). Besides no comparative study of multiple 

discernible textures on commercially viable implants and osseointegration thereof 

has not been reported till date, even though similar comparison was performed on 

stress-shielding phenomenon in femoral implants (Heyland et al., 2019).  
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4.3 Objective of this investigation 

 

 The primary objective of this investigation is to develop a finite element (FE) based 

framework to pre-clinically assess the mechanoregulatory influences of macro-

textures on bone growth patterns at the bone-implant interface region and over the 

implant surface.  

4.4 Problem Definition 

  Having understood the importance of textured implant surface, in this study three 

different types of macro-morphologies have been considered to investigate the 

comparative influence of these textures on bone growth with varying tangential 

bone-implant relative displacements (micromotion). In the present FE based 

scheme, it is hypothesised that the bone growth around the implant surface depends 

directly on the levels of micromotion (in the form of relative displacements) at the 

bone-implant interface. This hypothesis may lead to conclude further on the optimal 

nature of the implant surface texture favourable for bone growth. The outcome of 

this study may be helpful for further clinical research on the study of macro-

textures and osseointegration thereof. 

 

4.4.1 Development of bone-implant sectional models 

Three novel 3D macro-textured models (MODEL A, MODEL B and MODEL C) 

of the bone-implant interface were developed using CATIA® V5R20 software 

(Dassault Systèmes, France), as shown in Fig. 4.1. The primitive surface textures 

on MODEL A, MODEL B and MODEL C were developed loosely based on the 

discernible textures on commercial hip stems, e.g. CLS Spotorno, CORAIL and 

SP-CL stems, respectively. All the commercial hip stems considered for generating 

the primitive 3D models of the macro-textures (present on the proximal region of 

these stems) are clinically proven to be successful prostheses based on long-term 

results (Heyland et al., 2019). MODEL A, which resembles the proximal region of 

CLS Spotorno (Zimmer Biomet, UK, Product Brochure), has ribs of different height 

to enhance bone compression that provides a higher stimulus for bone growth. 

MODEL B, which resembles the proximal region of CORAIL (DePuy Synthes, 

Johnson & Johnson Medical Devices, USA, CORAIL® HIP System Design 

Rationale), is characterized by rectangular grooves to provide primary stability. 
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Similarly, MODEL C, which resembles a comparable region of SP-CL stems 

(Waldemar Link GmbH & Co. KG, Germany, LINK SP- CL product brochure), has 

semi-circular grooves. These macro-textures were chosen to predict the effect of 

these patterned metallic surfaces on bone growth. 

 Each model contains a cast-in macroscopic textured implant on one end, 

granulation tissue at the middle and bone at the other end of the model (Fig. 4.1). A 

base implant height of 10 mm and a maximum bone-implant gap of 5 mm for all 

three models were considered to provide a trade-off thickness for the granulation 

tissue. It may be noted that ‘base’ of an implant refers to the region on which the 

novel textures were developed on the model. Dimensions, such as the heights 

from the implant ‘base’, inter-spacing of the grooves/ribs and width of the 

implant bed, were chosen following some qualitative inputs from experienced 

orthopaedic surgeons. It may, however, be noted that neither the full femur-implant 

model nor the coating on the surface of the implant was modelled in the present 

study.  

The present analysis is premised on the assumption that an ideal osteogenic 

environment is prevalent and identical across all the bone-implant interface models. 

A rigorous multi-scale assessment employing a full-scale femur-implant model 

integrated with a mechanobiological algorithm of the present scale is warranted for 

better insight into osseointegration. However, such schemes may involve a 

significantly large number of finite elements (Liu and Niebur, 2008) with complex, 

continuously adapting contact conditions. A program of such complexity demands 

parallel computing for better efficiency and hence, will be prohibitively expensive.  

4.4.2 FE modelling and analysis 

 

FE discretization of each of the 3D models was performed using coupled linear 

elastic eight-noded hexahedral elements, with a maximum edge length of around 0.9 

mm for MODEL A and MODEL B and 1 mm for MODEL C using ANSYS FE 

software (ver 14.5 ANSYS Inc., Canonsburg, PA, USA) as shown in Figure 4.2. 

Uniform meshing was adopted to eliminate discretization error in the models. All 

the three components of the model, i.e. host bone, implant and granulation tissue, 

were assumed to have linear, elastic, homogeneous and isotropic material properties. 
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The host bone tissue is assumed to have Young’s modulus of 500 MPa 

(Puthumanapully, 2010; Mukherjee and Gupta, 2014). The Young’s moduli of the 

implant and the granulation tissue were considered to be 210 GPa and 1 MPa, 

respectively. Poisson’s ratio for all materials was taken as 0.3. The two interfaces 

(bone-granulation tissue and implant-granulation tissue) in all three models were 

assumed to be perfectly bonded. 

4.4.3 Loading and boundary conditions 

In order to predict the effect of micromotion on bone growth, relative motion 

between the implant and the host bone was simulated by applying displacements 

(Fig. 4.2) following the loading conditions from a previously investigated study 

(Simmons et al. 2001).  Since the granulation tissue was assumed to adhere to the 

host bone, the displacements of the top surface of the bone were restricted in all the 

three directions. To prevent the initial debonding of the implant from the interface 

tissue and to represent a press-fit condition at the bone-implant interface, a normal 

displacement of 20 μm (Mukherjee and Gupta, 2014) was provided in the positive 

Y direction (Fig. 4.2). A tangential displacement of 20 µm was applied at the bottom 

surface of the implant relative to the bone in the positive X direction. It is worth 

noting that physiological loading around the bone-implant model was not considered 

since the main goal of the study was to predict the relative influence of patterned 

macro-textures on bone growth. Although physiological loads and muscle forces 

were not considered in the study, such loading and boundary conditions provide a 

simplified mechanical environment observed in generalised tissue-interfacing 

implants.   

4.4.4 Analysis-combining FEA and mechanobiological model  

Conditions for different tissue phenotypes corresponding to mechanical stimuli used 

in the progressive mechanoregulatory algorithm to simulate the tissue growth 

process in the present study are discussed in Table 3.1, Chapter 3. The numerical 

scheme (Fig. 4.3) comprises of two main segments: mechanical and biological. The 

mechanical component of the model estimates mechanical stimuli sensed by the 

stem cells that migrate in the interfacial tissue. In contrast, the biological part 

accounts for the cellular process such as cell migration. Initially, the gap between 

the bone and the implant is assumed to be filled with granulation tissue, that is filled 
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with sufficient blood vessels formed by angiogenesis to supply nutrients to the newly 

formed cells and inflammatory cells to remove injured portion of the tissue. 

Therefore, the concentration of MSCs at this point of time in the tissue region is 

zero. However, the normalized concentration of MSCs at the bone-granulation tissue 

interface was considered as unity (1.0).  

The precursor cells from bone-granulation tissue interface migrate towards 

the region of bone healing to repair the bone defect. Depending upon the local 

mechanical stimulus (hydrostatic pressure and deviatoric strain), the migrated stem-

cells differentiate into different cellular phenotypes (Isaksson et al., 2006b; Barry, 

2003), e.g. fibroblast, chondrocyte, osteoblast (Claes and Heigele, 1999). Upon 

attaining maturity, all these new cell phenotypes would transform into fibrous tissue, 

cartilage and bone (Claes and Heigele, 1999). Independent of the mechanical 

component of the numerical model, migration and proliferation of MSCs within the 

region of interfacial tissue was modelled as a diffusive phenomenon (Lacroix et al., 

2002; Lacroix and Prendergast, 2002a, 2002b), following Eq. 4.1: 

                                         
2 dc

k c
dt

 =                                                                                     (4.1) 

where k is diffusion constant (0.1 mm3/day) and c is the element-specific 

concentration of cells. The value of k was chosen judiciously, such that the process 

of MSC migration and proliferation can be completed within 16 weeks (Lacroix and 

Prendergast, 2002b). A zero-diffusion boundary condition was imposed on the 

peripheral boundaries of the granulation tissue layer, representing no cell loss from 

the granulation tissue during the diffusion process. 

The bone growth was simulated following the mechanoregulatory tissue 

differentiation algorithm. The temporal development of mechanoregulated tissue 

phenotypes would prompt the simultaneous presence of granulation tissue as well as 

newly differentiated tissue at any instant of time. In this regard, the effective material 

properties (Young’s modulus, E and Poisson’s ratio, ʋ) of the new tissues were 

computed through a rule of mixture as: 
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Figure 4.1 Representative macro-textured CAD models (52 mm × 52 mm × 25 mm) of the three 

bone-implant interfaces: (a) MODEL A, (b) MODEL B and (c) MODEL C. (Colour Map: Blue 

for Implant; Red for granulation tissue; Grey for Host Bone). All dimensions are in mm. 
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                                                                     (4.3) 

where, En+1 and νn+1 are the resulting Young’s modulus and Poisson’s ratio 

of the new tissue respectively after nth iteration; Egranulation (also νgranulation) and Etissue 

(also νtissue) are the material properties of the granulation tissue and the newly 

evolved tissue, respectively; cmax and ctissue are the maximum cell concentration and 

the actual element-specific concentration of cells, respectively. 
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Figure 4.2 3D FE models of the three macro-textured bone-implant interfaces with loading and 

boundary conditions: (a) MODEL A, (b) MODEL B and (c) MODEL C. (Colour Map: Blue for 

Implant; Red for granulation tissue; Grey for Host Bone). 

In order to avoid numerical instability owing to a sudden change in material 

properties after each iteration and artificial fast tissue differentiation, a temporal 

smoothing method was implemented (Lacroix and Prendergast, 2002a, 2002b). The 

method updates the material properties of the newly formed tissue layer by 

averaging local material properties over ten previously estimated values of material 

properties, following Eq. 4.4 and Eq. 4.5: 
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Figure 4.3 Flowchart of the Mechanoregulation based scheme for tissue differentiation 

algorithm. 

A custom MATLAB script (Matlab 2017a, The MathWorks Inc., Natick, 

MA, USA) was developed separately to implement the mechanoregulatory tissue-

differentiation model. A masterbatch script (DOS) was employed to sequentially 

launch ANSYS module for structural FE analysis and MATLAB module for tissue 

differentiation calculations, in each iteration. In this computational framework, each 

iteration was supposed to represent one postoperative day. The complete scheme 

was set to run for 120 iterations (~120 days), representing 16 weeks or equivalent 4 

months’ postoperative period. The simulation was run in batch mode in a Windows 

10 Pro platform with Intel® Core™ i7-4510U 2-core CPU powered by 8 GB RAM.  
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4.5 Results and Discussion 

The present numerical investigation has been aimed at predicting the 

mechanoregulatory influences of implant surface macro-textures on bone growth 

patterns at varying levels of interfacial micromotion. Three distinct 3D macro-

textured surface models of the implant have been considered for comparative 

evaluation of the growth behaviour. The FE based study relied upon a 

mechanobiology based tissue-differentiation algorithm (Lacroix et al., 2002; 

Lacroix and Prendergast, 2002a, 2002b), which provides a better agreement with 

controlled animal studies of bone-fracture healing (Isaksson et al., 2006a). 

4.5.1 Mesh convergence  

A mesh independence test was performed for the three macro-texture models based 

on maximum von-Mises stress developed within the interfacial tissue to achieve a 

reasonable level of accuracy on the predicted results. Each of the three models was 

subjected to 60 µm tangential displacement and 20 µm normal displacement. Mesh 

refinement was carried out varying element size from 1 mm to 0.5 mm in steps. 

Consistent and stable stress values (up to a stress magnitude of order 2) were 

predicted from element size of 0.9 mm for MODEL A (16,356 interface finite 

elements) and MODEL B (23,664 interface finite elements). In comparison, the 

same was predicted corresponding to element size of 1 mm for MODEL C (16,016 

interface finite elements). Accordingly, the refined mesh was used for further 

computational analyses. Figure 4.4 shows the mesh convergence study for the 

present study. 

 

 

 

 

 

 

 

Figure 4.4 Mesh convergence study based on von-Mises stress (MPa) predictions of the three 

FE models: Model A, Model B and Model C. 
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4.5.2 Influence of macro-textured implant surface on tissue growth 

  The variation in the percentage of tissue growth over three distinct implant surfaces 

for a constant level of micromotion (20 µm) is presented in Fig. 4.5. The amount of 

bone growth for both MODEL B and MODEL C was found to be similar (~15%) 

up to 12 weeks. However, MODEL B predicted a higher rate of bone growth with 

nearly 25% osteoblast formation in nearly 16 weeks. MODEL A, on the other hand, 

predicted slightly lower osteogenesis (~11%) after 16 weeks of the healing period. 

The formation of chondrocytes (cartilaginous cells) was predicted to be higher in all 

three models. The amount of cartilage tissue for MODEL A, MODEL B and 

MODEL C was predicted to be ~70%, ~67% and ~74%, respectively. Mesenchymal 

Stem Cells (MSCs) and fibroblasts were found to be slightly lower in case of 

MODEL B (2%, 11%) and MODEL C (1.3%, 9.7%), as compared to MODEL A 

(3%, 14%), over the full healing period.  

        This finding implies that MODEL B and MODEL C are more favourable 

candidates for bone growth as compared to MODEL A. A clinical relevance can 

also be attributed to the difference in outcomes as observed in different commercial 

implants, based on which the macro-textures were developed in the present study. 

These differences in macro- textured surface designs might be one of the possible 

explanations for long-term survival (Heyland et al., 2019) of CORAIL (MODEL B) 

as compared to CLS Spotorno (MODEL A).  

        Fibrous tissue and immature cartilage formation were more prominent at the 

edges of the grooves/ribs (Fig. 4.6) primarily due to high stress-concentration at the 

region, as compared to other regions in the interface tissue layer which favours the 

growth of fibroblasts and immature chondrocytes. A recent finding (Tan et al., 2017) 

also corroborates our results, predicting softer connective tissues and relatively 

lesser bone growth at the bone-implant interface with an increase in stress-

concentration around the implant. The formation of fibrous tissue in MODEL C was 

less prominent around the curvature as compared to that around the stepped design 

in MODEL B (Fig. 4.6). This finding suggests that filleting and chamfering of edges 

of macro-textures may reduce the formation of fibrous tissue, thereby enhancing the 

formation of bone. 
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(c) 

Figure 4.5 Percentage of tissue phenotype over the three macro-textured implant surfaces for 

a constant micromotion of 20 µm: (a) MODEL A; (b) MODEL B; (c) MODEL C.  
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   Fibrous tissue and immature cartilage formation were more prominent at 

the edges of the grooves/ribs (Fig. 4.6) primarily due to high stress-concentration at 

the region, as compared to other regions in the interface tissue layer which favours 

the growth of fibroblasts and immature chondrocytes. A recent finding (Tan et al., 

2017) also corroborates our results, predicting softer connective tissues and 

relatively lesser bone growth at the bone-implant interface with an increase in stress-

concentration around the implant. The formation of fibrous tissue in MODEL C was 

less prominent around the curvature as compared to that around the stepped design 

in MODEL B (Fig. 4.6). This finding suggests that filleting and chamfering of edges 

of macro-textures may reduce the formation of fibrous tissue, thereby enhancing the 

formation of bone.  

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Distribution of major tissue growth over the three macro-textured designs on 

implant surface after 16 weeks healing period: (a) MODEL A, (b) MODEL B and (c) MODEL 

C (Colour Map: Blue for fibrous tissue; Green for cartilaginous tissue; Yellow for Bone). 

There has been a decline in the bone formation in the middle of the implant 

surface in MODEL A, away from the boundaries that might inhibit bone bridging 

across the interface tissue (Fig. 4.6a). Inhibition of bone bridges might lead to 

implant instability (Isaksson et al., 2006b) in the central region of the implant 
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surface. This finding can be substantiated by the amount of fibrous tissue that was 

prominent around deeper grooves as compared to shallower ones (Fig. 4.6). This 

further indicates that shallower grooves promote isolated bone bridges across the 

bone and implant surface, resulting in faster osseointegration. A previous in silico 

study suggested that an increase in the bone-implant gap may enhance the formation 

of softer tissues within the gap (Mukherjee and Gupta, 2014). 

The variation in tissue stiffness with the number of postoperative days (in 

healing time-scale) is plotted in Fig. 4.7, while keeping the micromotion constant at 

20 µm. Although higher stiffness values (Fig. 4.7) were predicted for MODEL B 

up to 6 weeks, a gradual decline was observed afterwards, which was followed by a 

constant stiffness curve from 10th weeks onwards. The average Young’s modulus at 

the bone-implant interface after 16 weeks for MODEL B and MODEL C was found 

to be ~214 MPa. The same for MODEL A was predicted to be ~130 MPa.     

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Variation in tissue stiffness at the bone-implant interface for the three macro-

textured designs on implant surface throughout the healing period corresponding to 20 µm 

tangential micromotion. 

4.5.3 Influence of micromotion at the bone-implant interface on 

tissue growth 

Fig. 4.8 shows the variation of tissue growth for each of the models for different 

levels of micromotion, e.g. 20 µm, 60 µm and 100 µm. For lower tangential 

micromotion of 20 µm, MODEL A predicted a steady decrease in the amount of 
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MSCs from 100% to nearly 8% in the first postoperative month (Fig. 4.8a). This 

trend was followed by a further reduction to nearly 3% at the end of the fourth month 

of surgical intervention. Similar trends were predicted for micromotion values of 60 

µm and 100 µm as well. However, the concentration of stem-cells (after cell 

proliferation, migration and differentiation) for higher micromotion value (100 µm) 

was found to be higher (by ~67 %) as compared to that for a lower value of 

micromotion (20 µm). Similar trends were predicted for model MODEL B and 

MODEL C, as well. Fibrogenesis was observed for all the three models but in a 

very less proportion ranging from 6% to 14%. However, the fibroblasts formation 

leading to fibrous tissue was generally more detectable corresponding to higher 

micromotion values (60 µm and 100 µm) for all models.  

   Each model exhibited the formation of new bone cells (or osteoblasts) in 

the gap between the implant and the host bone, along with a gradual reduction of 

deviatoric strains in bone-implant interface tissue. At a micromotion of 20 µm, 

MODEL A, MODEL B and MODEL C predicted the new bone formation of 

approximately 13 %, 25% and 15%, respectively, after 120 postoperative days. At a 

micromotion of 60 µm, the three models exhibited new bone formation of 

approximately 8%, 10% and 10% respectively (Fig. 4.8a, 4.8b, 4.8c). However, at 

higher micromotion of 100 µm, the formation of new bone was found to be relatively 

lower, at ~6-7% for all the three models. The micromotion at the interfacial callus 

between the host bone and the prosthesis was found to influence the progressive 

temporal transformation (through a series of phase transformation) of precursor cells 

or MSCs towards the formation of bone cells or osteoblasts (Fig. 4.8). All the three 

designs of the implant surface predicted an identical qualitative nature towards tissue 

growth. This prediction suggests that higher the bone-implant interfacial 

micromotion, lower is the rate of formation of osteoblasts. Higher levels of bone-

implant relative displacement were found to prohibit bone growth. This result is also 

supported by some of the earlier findings (Mukherjee and Gupta, 2016; Liu and 

Niebur, 2008). However, a higher volume of fibrous tissue formation is observed 

over a long period, which may lead further to aseptic loosening of the implant. When 

bone-implant interfacial micromotions were applied, the present scheme resulted in 

softer tissues at the bone-implant interface, which is in consistent with a previous in 

silico study (Liu and Niebur, 2008).  
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Figure 4.8 Tissue differentiation corresponding to different levels of micromotion over the 

entire healing period (120 days) at the bone-implant interface for the three macro-textured 

designs on implant surface: (a) MODEL A, (b) MODEL B and (c) MODEL C. 

Figure 4.9 shows the variation in tissue stiffness (in MPa) at the interface 

for each of the macro-textured implant designs. At lower micromotion values, the 

average Young’s modulus at the bone-implant interface tissue was predicted to be 

higher, as compared to that observed for higher micromotion. For MODEL A, for a 

micromotion of 20 µm, the average Young’s modulus was found to be nearly 130 
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MPa, whereas, the same is lower (~82 MPa) for micromotion of 100 µm (Fig. 4.9a). 

Similar trends were observed for models MODEL B (214 MPa at 20 µm and 129 

MPa at 100 µm) and MODEL C (214 MPa at 20 µm and 120 MPa at 100 µm) (Fig. 

4.9b, 4.9c) as well. The values of interfacial average Young’s modulus were 

predicted to have an increasing trend (Mukherjee and Gupta, 2014,2016) with peaks 

and valleys in between (Fig. 4.9), implying bone resorption and cartilage 

degeneration (Isaksson et al., 2006a) in the intermediate stages of bone formation. 

The formation of a stable interface at lower levels of bone-implant relative 

displacement is well-supported by the previous experimental observations (Qin et 

al., 1996), which concluded that higher levels of micromotion could lead to failure 

of an implant. 

The predicted spatial distribution of the tissue for different micromotion 

values is shown through the contour plots in Figure 4.10, for a qualitative depiction 

of the bone growth pattern. It is evident from the figure that higher levels of 

micromotion (60 µm and 100 µm) at the bone-implant interface resulted in the 

formation of relatively softer tissues, i.e. cartilage and immature bone, and a 

relatively high volume of fibrous tissue (Fig. 4.10); whereas lower levels of 

micromotion (20 µm) yielded stiffer bone growth over the implant (Fig. 4.10).     

 

 

 

 

 

 

 

 

 

 

TH-2978_166103104



Influence of macro-textured implant surface on bone growth 
  

99 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Variation in tissue stiffness over the entire healing period (120 days) for different 

levels of micromotion at the bone-implant interface for the three macro-textured designs on 

implant surface: (a) MODEL A, (b) MODEL B and (c) MODEL C. 
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Figure 4.10 Influence of different levels of bone-implant micromotion on tissue growth 

distribution after full healing period (120 days) corresponding to the three macro-textured 

models: (a) MODEL A, (b) MODEL B and (c) MODEL C (Colour Map: Blue for fibrous tissue; 

Green for cartilaginous tissue; Yellow for Bone). 
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4.6 Clinical significance of the present work 

  From clinical significance, distance osteogenesis (Fig. 4.6) was observed in the 

present study indicating attainment of secondary stabilization of the implant (Kuzyk 

and Schemitsch, 2011). Results indicated the mineralization of woven bone at the 

periphery of the host bone site and gradual progression towards the smooth implant 

surface as was observed in few other in silico studies (Puthumanapully, 2010; Liu 

and Niebur, 2008; Sennerby et al., 1993). The previous study shows that distance 

and contact osteogenesis are not independent of each other (Choi et al., 2017). 

However, due to the absence of micro-roughness over the smooth macro-textures, 

contact osteogenesis was not observed in the present study. It was observed from the 

FE results that, the elements in the inter-groove spaces were subjected to higher 

levels of mechanical stimuli as compared to those at the host bone periphery. 

Following the mechanoregulatory model (Claes and Heigele, 1999; Liu and 

Niebur,2008) used in the present study, the mechanical stimuli at the periphery of 

the old host bone were found to be favourable for osteogenesis as compared to that 

in the vicinity of the implant surface, thereby resulting in distance osteogenesis. 

     The mechanoregulation based tissue-differentiation algorithm largely depends 

upon the variability in the geometric designs of implants and the amount of relative 

displacement at the bone-implant interface which further dictates the magnitude and 

distribution of stress/strains at the interface. Studies (Andreykiv et al. 2008; 

Mukherjee and Gupta, 2016; Mathai and Gupta, 2022) pertaining to implant design 

changes with relevance to mechanoregulation based tissue differentiation studies 

were employed to micro-topographical changes on the implant surface rather than 

macro-textured surfaces presently studied. Micro-textured surfaces produce robust 

local changes in mechanical environment in the length scale of microns favoring the 

mechanical stimulus (hydrostatic pressure and deviatoric strain) towards 

ossification. However, macro-textured surfaces in the length scale of millimeters 

produce higher magnitude of stresses/strains favoring more cartilage formation. 

Moreover, the present scheme may serve as a substantial and powerful tool for 

any implant manufacturer and orthopaedic surgeon in choosing a trade-off implant 

texture on an implant surface. Such pre-clinical schemes further help in 

consolidating knowledge and understanding of how macro-textured designs on 

implant surfaces influence bone growth critical for proper biologic fixation. These 
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models may further be used as templates for more exhaustive parametric 

optimisation study (Chanda et al., 2015) resulting in novel bone interfacing implants. 

4.7 Validation of the study 

 There is, however, a paucity of previous experimental as well as clinical data to 

validate the prognosis of the present mechanobiological simulation. In order to 

predict volumetric bone growth with the applied loading regime, it is necessary to 

study the 3D model of the bone-implant interface. Since experimental and clinical 

studies were not readily available, the prognosis on tissue growth at the bone-implant 

interface was compared with the results from a previous numerical study on 

osteogenesis around a micro-scale model on pore spaces of a beaded porous coated 

implant, assuming similar physiological environment (Puthumanapully, 2010). The 

percentage of bone growth predicted for 20 µm micromotion for the present models 

in this study was around 19% ± 3%. This result corroborates the findings of the 

previous study (16%) (Puthumanapully, 2010). A similar agreement was noted in 

the case of 100 µm micromotion value, for which the present study predicted bone 

growth of around 7%, as against 4% reported in the erstwhile work 

(Puthumanapully, 2010). Nevertheless, a slightly higher magnitude of predicted 

bone growth in the present study may be ascribed to variation in models concerning 

design morphology and dimensions. It may be worth noting that the morphology of 

the macro-textured designs in the present study is clinically relevant, although the 

dimensions may not be. However, the present scheme is flexible enough to 

incorporate variable dimensions in a future investigation.  

It may further be noted that there is no clear relationship till date between the 

real postoperative time and the computational time step. Owing to the unavailability 

of clinical or histological data, the time frame for the simulation was considered as 

16 weeks (~120 days) which was reported as the maximum time for precursor cells 

to reach maximum cell-density at the tissue in the interface (Lacroix et al., 2002; 

Isaksson et al., 2006b; Frost, 1989). Thus, the trends of the predicted results in the 

present study were found to be analogous to that of the previous numerical studies, 

thereby providing further confidence in the present methodology. 

4.8 Limitations 

The present computational scheme though could provide reasonably well-prediction 

on the bone growth over macro-textures on the implant surfaces; however, it is a 

simplification of the realistic postoperative bone growth condition which is also 
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affected by bone adaptation through remodelling and other parameters, e.g. 

physiological loading conditions, bone-implant gap, the porosity of bone, a surface 

coating on the implant as well as biochemical and patient-specific factors. Besides, 

a fully bonded interfacial condition is considered in the present investigation, 

thereby disregarding the fuzzy nature of the interface. However, a comparison 

between bonded and non-bonded interfacial condition in a previous study 

(Mukherjee and Gupta, 2016) reports that there is no significant difference in tissue 

growth and stiffness of the interface tissue layer. A more sophisticated and realistic 

model could consider continuous adaptive contact conditions, considering combined 

bone growth and remodelling phenomena to assess the growth patterns of new bone 

tissue around the implant (Fernandes et al., 1999; Chanda et al., 2020), albeit at the 

cost of relatively much higher computational load.  

4.9 Summary 

The present study will be useful as a pre-clinical assessment tool for implant 

manufacturers and orthopaedic surgeons while choosing a trade-off implant texture 

over the implant surface. The developed framework could predict the influence of 

commercially discernible macro-textured grooves/ribs on changes in tissue 

formation at the bone-implant interface. Some of the important conclusions drawn 

from this investigation are: 

 

 Higher levels of micromotion (60 µm and 100 µm), leads to a higher rate of 

fibrogenesis and chondrogenesis followed by a lower rate of osteogenesis 

resulting in weak bone-implant interface strength. 

  It could be inferred that changes in the bone-implant contact area with large 

surfaces through grooves or macro-textures might alter the mechanical 

environment required for optimum ossification and adherence to the implant 

surface.  

 Unlike prior studies on micro-roughened surface that observed contact 

ostegenesis, this study concluded the presence of distance osteogenesis from the 

bone site towards the implant site.  

 This may further infer that, smooth macro-textured implant surfaces trigger 

distance osteogenesis which might assist in formation of quicker bone bridges in 

presence of porous coated surface.  
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 A realistic optimisation study may lead to minor modifications in the design 

parameters of the proposed models for improved bone growth outcome.  

 Nevertheless, a rigorous clinical assessment is also warranted to gain further 

insight into the tissue growth pattern on various implant surface textures.  
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CHAPTER  
 

 

Influence of interface gaps and 

implant texture density on bone 

growth 
 

ntramedullary implant fixation is achieved through a press-fit between the 

implant and the host bone. A stronger press-fit between the bone and the 

prosthesis often introduces damage to the bone canal creating micro-gaps. 

This chapter presents an investigation to study the influences of simultaneous 

opening/closing of gaps on bone growth over macro-textured implant surfaces. 

Models based on textures available on CORAIL and SP-CL hip stems have been 

considered and 3D finite element analysis has been carried out in conjunction with 

mechanoregulation based tissue differentiation algorithm. Additionally, using a full-

factorial approach, different combinations of sliding and gap distances at the bone-

implant interface were considered to understand their combined influences on bone 

growth.  
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5.1 Implant Fixation 

Intramedullary implant fixation is a standard surgical procedure which is extensively 

used in re-establishing fractured bones and joints, further aiding to the treatment of 

various joint diseases such as osteoarthritis (OA), rheumatoid arthritis (RA), femoral 

fractures etc. The importance of uncemented fixation has already been discussed in 

Chapter 4. A proper combination of both primary stability and secondary fixation is 

crucial for long term success of such intramedullary fixation devices (Ghosh et al. 

2020). 

 As discussed earlier in Chapter 4, failure mechanisms of such implants are still not 

precise (Chanda et al. 2016) and the major cause is attributed to the improper design 

of prosthesis (Huiskes and Boeklagen 1988; Viceconti et al. 2001; Sánchez et al. 

2021a). Surface roughness, comprising of both micro-textures (Mukherjee and 

Gupta 2016) and macro-textures (Ghosh et al. 2020) are known to influence biologic 

fixation as they influence the local mechanical environment at the bone-implant 

interface. 

 5.2 State of the art 

Improper press-fit may lead to implant loosening and thus insufficient primary 

fixation. Proper press-fit fixation induces higher compressive stresses at the bone-

implant interface which further allows increased frictional movement (Sánchez et 

al. 2021a). However, these contact forces might cause abrasion and irreversible bone 

damage, severely affecting the interference-fit (Gebert et al. 2009; Berahmani et al. 

2018; Sánchez et al. 2021a; Sánchez et al. 2021b). Surgical protocols ensure a 

complete contact between the bone and the implant to ensure long-term biologic 

fixation. In spite of careful operative procedures, the micro bone incisions, on the 

other hand, do not always match the implant surface, resulting in gaps between the 

bone and the implant (Huiskes and Boeklagen 1988; Viceconti et al. 2001; Sánchez 

et al. 2021a). These gaps are not static and may open and close with the variation in 

physiological loads applied during daily human activities, thus interfering with the 

primary as well as jeopardizing the secondary stability of the implant (Sánchez et al. 

2021a). Figure. 4.1 shows the loading conditions at the bone-implant interface 

for a total knee arthroplasty (TKA). Shear displacement at interface represents 

the bone-implant relative micromotion (Ghosh et al. 2020; Sánchez et al. 2021a) 

also known as “sliding distance” (Bougherara et al. 2007; Cristofolini et al. 
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2007; Ghavidelnia et al. 2020), whereas, normal displacement, also referred as 

“normal micromotion or gap distance” (Bougherara et al. 2007; Cristofolini et 

al. 2007; Ghavidelnia et al. 2020) simulates the opening and closing of gaps 

(Sánchez et al. 2021a; Sánchez et al. 2021b). Very few studies (Bougherara et al. 

2007; Gebert et al. 2009; Berahmani et al. 2018; Sánchez et al. 2021a; Sánchez et 

al. 2021b) have been performed on the influence of interference-fit and 

opening/closing gap on primary stability of the implant. Sánchez et al. (2021a) 

reported the influence of two different levels of press-fitting on primary stability of 

uncemented femoral component in a TKA. A recent study by Sánchez et al. (2021b) 

also reported the effect of interference-fit on primary fixation of tibial component. 

Gebert et al. (2009) investigated the influence of interference-fit on the primary 

stability of cementless femoral resurfacing prosthesis. An earlier investigation by 

Berahmani et al. (2018) studied the influence of press-fit and induced bone damage 

to the mechanical fixation of knee implant. Bougherara et al. (2007) designed a novel 

biomimetic polymer-composite femoral stem which minimizes the sliding and gap 

distances to a considerable extent as compared to a similar metallic stem. However, 

hardly any studies were performed to assess the biologic fixation or secondary 

stability of the implant considering opening/closing interface gap as the primary 

criteria of loading.  

 

 

 

 

 

 

  

 

 

 

Figure 5.1 Loading conditions at bone-implant interface around a tibial component in Total 

Knee Arthroplasty (TKA). Acronyms: Posterior Medial (PM), Posterior Lateral (PL). Color 

Map: Brown segment (Bone part of Tibia), Grey component (Tibial Component), White 

Arrows (bone-implant relative micromotion) and Yellow Arrows (normal loading responsible 

for opening/closing of interface gap) 
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Texture density is defined as the number of similar micro or macro-textures 

on unit implant surface area (Allen and Raeymaekers 2021). Most of the earlier 

investigations (Nishimura et al. 1993; Zhang et al. 2013) on texture density were 

focussed on the tribological aspects and bearing surface of the implant surface. 

Nishimura et al. (1993) reported optimum texture density to enhance lubrication of 

the bearing surfaces of artificial joints by Pin-On-Disk experiments. Zhang et al. 

(2013) also investigated the influence of surface texture density on two different 

engineered surfaces of steel and UHMWPE. Similar to thread pitch of a dental 

screw, texture density also plays a major role in enhancing bone-to-implant contact 

(BIC) and biomechanical distribution of applied loads (Chun et al. 2002; Geng et al. 

2004; Steigenga et al. 2004). Higher density of such macro-textures and threads 

increases BIC, thus enhancing primary stability of the implant by achieving proper 

mechanical interlocking (Ryu et al. 2014). Earlier investigation on a hemispherical 

surface micro-texture on Birmingham Hip Resurfacing (BHR) cup reported the 

influence of texture density on osseointegration (Mukherjee and Gupta 2017a). 

However, none of the studies investigated the influence of surface texture density of 

macro-textured implant surfaces on bone growth. 

5.3 Objective of this investigation 

The purpose of this investigation thus is to study the influence of differential 

opening/closing gap between the implant and the bone on bone growth over two 

different macro-textured implant surfaces at constant micromotion. Further 

investigation has been performed on the influence of texture density on bone growth 

over such macro-textured surface topologies.  

5.4 Problem definition 

In Chapter 4, the study on bone growth over macro-textured surface morphologies 

of implants were restricted to loading conditions with constant normal micromotion 

and variable tangential micromotion. Having understood the importance of normal 

micromotions, in this investigation two similar macro-textured surfaces as discussed 

in Chapter 4 have been considered to study the influence of variation in interface 

gap on bone growth. Furthermore, realizing the usefulness of texture density, bone 

growth has been evaluated with a change in texture density for a single macro-

textured implant surface. The estimation of qualitative trends of bone and other 

tissue growth with the mechanoregulatory algorithm as shown in Chapter 4, Table 

4.1 might provide further insight for future clinical investigations on the influence 
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of different macro-texture parameters and variable loading conditions on secondary 

stability of implant.  

5.4.1 Representative bone-implant interface models  

Two distinct 3D macro-textured representative bone-implant interface models 

namely, RVIM 1 and RVIM 2 were modelled in CATIA® V5R20 software 

(Dassault Systèmes, France) as shown in Figure 5.2. RVIM # denotes 

Representative Volume Interface Model ‘Number’. The surface topography was 

modelled with suitable macro textures that can be seen on widely available femoral 

prosthesis. Textures on the implant surface of RVIM 1 contains uniformly spaced 

prismatic rectangular ribs that is roughly based on the surface topology of anterior-

posterior surfaces of proximal regions of a CORAIL stem. Conversely, RVIM 2 

contains equally spaced channels with hemispherical grooves as mimicking the 

anterior-posterior surfaces of proximal and central areas in SP-CL stems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 3D CAD model and FE model of representative bone-implant interface for (a) RVIM 

1; (b) RVIM 2. Color Map: Black Arrows (bone-implant relative micromotion) and Red 

Arrows (normal loading responsible for opening/closing of interface gap. All dimensions are in 

mm. 
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The significant dimensions (height of ribs/grooves, rib thickness, bone-implant 

interface gap) of the models were chosen from a radiographic image of CLS 

Spotorno stem extracted using an open source image processing program, ImageJ 

v1.53a (National Institutes of Health and Laboratory for Optical and Computational 

Instrumentation, University of Wisconsin, USA) considering the clinical reliability 

and manufacturing feasibility of the surface topologies. Properly fabricated 

macroscopic textures covers the implant surface in both the models. As shown in 

Figure 5.2, the mid-section in the models were designed so as to represent a 

granulation tissue, while the remaining section of the model illustrates healthy bone. 

Although 1-2 mm interface thickness is sufficient for proper biologic fixation, a 

bone-implant interface gap of 2 mm was maintained in each of the representative 

bone-implant interface models in the present investigation. A suitable osteogenic 

environment with growth factors, surface coating and micro-roughened surfaces on 

implant surface, proper vascularisation etc. was assumed to be prevalent during 

qualitative estimation of bone growth over each of the implant surfaces. 

5.4.2 FE models, loading and boundary conditions 

The 3D CAD models so generated were imported to ANSYS V14.5 FE software 

(ANSYS Inc., Canonsburg, PA, USA) for further analysis. Each models were 

meshed (Fig. 5.2) using coupled linear elastic eight-noded hexahedral elements 

(SOLID 185). Mesh sensitivity study was performed for obtaining good accuracy to 

the FE results.  

5.4.2.1 Material properties 

All the volumetric sections of the models i.e. implant, granulation tissue and 

bone possess linear elastic and isotropic material properties. A high-nitrogen 

stainless steel alloy M30NW (Aubert & Duval, France) with Young’s modulus, E = 

195 GPa was considered for the implant. Young’s modulus of healthy parent bone 

was taken as 500 MPa (Puthumanapully 2010), while that for soft granulation tissue 

was taken as 1 MPa (Mukherjee and Gupta 2016; Puthumanapully 2010) as obtained 

from literatures. The bone and the implant possess a Poisson’s ratio of 0.3 

(Mukherjee and Gupta 2016; Puthumanapully 2010), while granulation tissue has a 

Poisson’s ratio of 0.167 (Mukherjee and Gupta 2016; Puthumanapully 2010). 

Bonded contact was considered at the bone-tissue and implant-tissue interfaces 

(Mukherjee and Gupta 2016). Node-sharing method was used while creating the 
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contact between the bone-tissue and implant-tissue interfaces.  

5.4.2.2 Loading and boundary conditions 

Similar to the loading situation (Sánchez et al. 2021a; Sánchez et al. 2021b) as 

shown in Figure 5.1, shear displacement in the global X direction (Fig. 5.2) was 

provided at the bottom surface of the implant to simulate the micromotion (or 

sliding distance) at the bone-implant interface. Conversely, to simulate the 

opening/closing of the interface, a normal displacement in the global Y direction 

was provided as shown in Figure 5.2. Normal micromotion eventually leads to 

opening and closing of the bone-implant interface leading to increase and decrease 

of the interface gap and the whole mechanical procedure occurs at the same time 

progressively over the initial post-operative healing period (Sánchez et al. 2021a). 

In the present study, a constant shear displacement of 20 µm was provided at the 

bottom surface of implant, while, normal displacements of 5 µm, 10 µm, 20 µm 

and 40 µm were provided in each case study to simulate the opening/closing of 

interfaces (Sánchez et al. 2021a). It is assumed that higher levels of normal 

displacement (or higher gap distance) will decrease the interfacial gap while 

undergoing daily activities. The upper surface of the bone was restricted in all 

global coordinates (Puthumanapully 2010; Mukherjee and Gupta 2017a).  

Additionally, to study the combined influence of sliding and gap distances 

in a qualitative assessment of bone-growth over macro-textured implant surface, 

RVIM 1 was chosen for the analysis. Realistic data for micromotion (both tangential 

and normal) were selected by varying the bone-implant relative micromotion 

(displacement in X: 5 µm,10 µm,15 µm) and normal micromotion (displacement in 

Y: 5 µm,10 µm,15 µm). Three values of each micromotion parameters were 

considered that combined to result in 9 combinations of micromotions (32 = 9 

combinations of FE analyses) based on a full-factorial approach. Full-factorial 

approach was implemented to make use of all the possible combinations of 

tangential and normal micromotions while assessing their influence on bone growth. 

Tangential and normal displacement are represented as (X displacement in µm, Y 

displacement in µm). 
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5.4.3 Mechanoregulation based tissue differentiation algorithm 

 The interfacial gap between the host bone and the implant was primarily assumed to 

be filled with a soft homogeneous medium, known as “granulation tissue” (Gardner 

et al. 2000; Lacroix et al. 2002; Ghimire et al. 2020). It should be emphasized, 

however, that when tissue differentiation occurs on the iterative timeframe, the 

initial state of granulation tissue homogeneity will cease out. Granulation tissue is 

filled with sufficient blood vessels formed by angiogenesis to supply nutrients to the 

newly formed cells and inflammatory cells to remove injured portion of the tissue. 

The progressive bone growth phenomenon was simulated using a 

mechanoregulatory scheme as discussed in Chapter 3, Figure 3.1 that simulated the 

migration of multipotent stromal cells, also referred as mesenchymal stem cells 

(MSCs), from the bone site within the region of soft granulation tissue using a 

transient-diffusion model as mentioned in Chapter 4, Equation 4.1.  

A constant healing phase of T′=120 days or approximately four months was 

chosen for the migration of stromal cells for all the analysis in the present study. No-

flux condition was considered at the peripheral surfaces of the tissue, which 

represents no cellular loss from the tissue. The concentration of other cells, 

insignificant for tissue-differentiation, in the granulation tissue is assumed to be zero 

(Andreykiv et al. 2008a; Puthumanapully 2010; Mukherjee and Gupta 2017a). The 

concentration of stromal cells at the bone interface (cmax) was assumed to be unity 

(1.0).  

Assuming sufficient vascularisation, local mechanical signals (dilatational 

hydrostatic pressure and deviatoric strain) determine the differentiation of stromal 

cells into various osteogenic cells (Barry 2006; Isaksson et al. 2006a).  These new 

cellular phenotypes, on sufficient maturation, would manifest into bone, cartilage, 

and fibrous tissue (Claes and Heigele 1999). The conditions for formation of various 

tissue phenotypes in response to mechanical stimuli utilized in the progressive 

mechanoregulatory algorithm has been discussed in Chapter 3, Table 3.1. 

To simulate the co-existence of granulation tissue and new tissue phenotype 

in an element at any instant, the effective tissue material properties (elastic modulus, 

E and Poisson’s ratio, ʋ) were numerically computed using a rule of mixture as 

discussed in Chapter 4, Equations. 4.2 and 4.3.  
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To avoid computational instability after each iteration, a temporal smoothing 

methodology was implemented to update the material properties in each finite 

element, following Equations. 4.4 and 4.5 as mentioned in Chapter 4. 

To implement the mechanoregulatory based tissue differentiation algorithm, 

a custom script written in MATLAB environment (Matlab 2017a, The MathWorks 

Inc., Natick, MA, USA) was developed separately. A master batch (DOS) script was 

developed to consecutively launch ANSYS module for FE analysis and MATLAB 

module for prediction of tissue differentiation, in every iteration. Every iteration in 

this numerical framework represents one post-surgical day. The entire simulation 

was set to run in batch mode in a high-performance workstation (Windows 10 Pro, 

8-core AMD Ryzen 7 3700X CPU, 64 GB RAM, speed 3.59 GHz).  

5.5 Results and Discussion 

The goal of this in silico study has been to anticipate how a macro-textured implant 

surface affects tissue development patterns at different magnitudes of normal 

micromotion at the bone-implant interface. For a comparative examination of the 

implant's growth behaviour, two geometrically distinct 3D macro-textured surface 

topologies have been investigated. The numerical study is based on a 

mechanoregulation based tissue-differentiation algorithm, which is consistent with 

controlled animal investigations of fracture healing of long bones (Isaksson et al. 

2006b). Using the developed FE models in conjunction with mechanoregulatory 

algorithm, results have been generated to study the influence of variation in interface 

gap and texture density on bone growth over macro-textured implant surfaces.   

5.5.1 Mesh convergence 

Since the interfacial tissue is the primary site of bone-growth between the host bone 

and the implant, peak von Mises stress at the bone-implant interface region was 

studied to check the numerical convergence on the predicted results. Three different 

FE meshes ~2,375 elements (coarse mesh), ~13,062 elements (medium mesh), 

~37,358 elements (fine mesh) for RVIM 1 and ~3,975 elements (coarse mesh), 

~17,849 elements (medium mesh), ~37,988 elements (fine mesh) for RVIM 2 were 

chosen to predict the peak Von Mises stress at the interface. Interestingly, the 

maximum difference in peak Von Mises stress was found to be 33.33% and 14.28% 

between the coarse mesh and the medium mesh for RVIM 1 and RVIM 2 

respectively, whereas, the same is observed to be 6.25% and 5.25% between the 
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medium mesh and fine mesh for RVIM 1 and RVIM 2 respectively. Considering 

the computational cost and efficiency, the medium mesh with element sizes of 0.6 

mm for RVIM 1 and 0.5 mm for RVIM 2 are found to be threshold values for further 

numerical simulations with sufficient accuracy. 

5.5.2 Influence of interface gap on bone growth  

Figure 5.3 shows the percentage of tissue development over two different macro-

textured implant surfaces with varying opening/closing gap and a consistent degree 

of micromotion (20 µm). The qualitative prediction of bone growth for RVIM 1 and 

RVIM 2 was found not to vary significantly with variation in opening/closing 

interface gap over the healing period. The predicted levels of bone growth ranges 

from 12.05% to 13.00% with variation in normal displacement from 20 µm to 5 µm 

in RVIM 1. Similar findings were observed in RVIM 2 with predicted bone growth 

levels ranging from 11.4% to 12.52 % with decrease in normal displacement from 

20 µm to 5 µm.  Interestingly, both the models predicted a higher levels of bone 

growth with nearly 16.67% (RVIM 1) and 14.15% (RVIM 2) formation of 

osteoblast for normal displacement of 40 µm. Conversely, a sharp decline in the 

percentage of softer cartilaginous tissue from 75.64% to 53.94% was observed with 

increasing levels of interface normal micromotion in RVIM 1. A similar observation 

was recorded for RVIM 2, where a declining trend of cartilage formation ranged 

from 76.02% for 5 µm to 53.60% for 40 µm over the entire healing phase. A higher 

percentage of formed fibrous tissue was observed for both the models with 

increasing levels of normal displacement. RVIM 1 predicted a steep jump of 10.96% 

to 29.38% in the formed fibrous tissue with increased levels of normal displacement. 

Similar records were noted for RVIM 2 with decreasing levels of fibrous tissue from 

32.25% to 11.45% with reduced levels of normal displacement.  
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Figure 5.3 Percentage of formed tissue over two different macro-textured implant surfaces with 

varying opening/closing gap 

The regional distribution of tissue phenotypes at the interface due to macro-

textured surfaces is shown in Figure 5.4. Bone growth decreased further from the 

interfacial boundaries in the centre of the interface area. Soft cartilaginous tissue was 

prominent throughout the interface with higher levels at the mid-region. Formation 

of cartilaginous tissue was higher at lower values of normal micromotion. This is 

due to the fact that, lowered values of normal displacement produces successive 

opening and closure of interface with increased gap. Higher interfacial gap thus 

produces lesser stress regime over the interface region which favours formation of 

cartilage. Higher formation of softer cartilage might promote endochondral 

ossification thus forming mature bone. This finding is clinically attributable towards 

formation of bone from cartilage through hypertrophic modifications of the 

chondrocytes (Breeland et al. 2021) followed by further calcification of the extra 

cellular matrix (ECM). 

Conversely, as shown in Figure 5.4, fibrous tissue development was more 

evident along the margins of the ribs and inter-rib corners in RVIM 1 and groove 

corners in RVIM 2 due to higher stress concentration in the region compared to 

other places in the interface tissue layer, which favours fibroblast growth. This 

finding is supported by a previous study (Tan et al. 2017), anticipating weaker 

connective tissues and less bone development at the implant-bone interface due to 

an increase in stress concentration surrounding the implant. Moreover, higher 

deposition of fibrous tissue towards the implant surface was prominent at higher 

normal displacement. The formation of bulky fibrous matrix for higher normal 

displacement (or higher gap distance) for both the models might be attributed to the 

daily uniform oscillations and decreased interface gaps which produces higher stress 
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regime around the implant which facilitates fibrous encapsulation (He et al. 2017) 

over the implant surface. 

Fibrous encapsulation (Abu-Amer et al. 2007; He et al. 2017) around the 

implant surface reduces the chances of contact osteogenesis (Berglundh et al. 2003) 

thus inhibiting formation of bone bridges. Inhibition of bone bridges might reduce 

the strong bony fixation across the interface region, thus leading to implant 

instability (Barry 2003; Abu-Amer et al. 2007).  

 

 

 

 

 

 

 

 

 

Figure 5.4 Spatial distribution of tissue phenotypes at the interface due to two distinct macro-

textured surfaces (a) RVIM 1 (b) RVIM 2 at different normal displacement with constant shear 

micromotion (20 µm). Color Map: Blue represents fibrous tissue, Green represents 

cartilaginous tissue, Yellow represents bone 

5.5.3 Influence of texture density on bone growth  

The differential tissue formation with the variation in texture density for RVIM 1 

for varied levels of normal displacement is shown in Figure 5.5. In the present 

investigation, three different number of ribs from the RVIM 1 on same implant base 

area (25 x 25 cm2) was chosen to study the influence of texture density on tissue 

differentiation over macro-textured surface morphology. RVIM 1.1 represents 

implant with 2 ribs, RVIM 1.2 comprises of 3 ribs while, RVIM 1.3 contains 

implant surface with 4 ribs over it. Rest of the other dimensional parameters (initial 

interface gap of 2 mm, bone surface area and volume) were kept fixed. 
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Figure 5.5 Percentage of formed tissue with variation in texture density with varying 

opening/closing gap 

The levels of bone growth for RVIM 1.1 ranged from 12.05% at 20 µm normal 

displacement to 16.67% at 40 µm. Whereas, the levels of bone growth were 

relatively higher (13.40%) at 5 µm as compared to higher normal micromotion of 

10 µm (12.26%) and 20 µm (12.05%). Conversely, amount of bone growth shows a 

significant pattern for the other two case scenarios. Bone growth was relatively 

lesser at lower normal displacement and higher for the higher values of normal 

micromotion for rest of the two models. RVIM 1.2 predicted a bone growth of 

11.71% at 5 µm and a gradual increase to 19.48% at 40 µm normal displacement. 

Similar findings were reported for RVIM 1.3 which predicted a bone growth of 

11.73% at 5 µm and a steady increase to 17.58% at 40 µm normal micromotion. This 

prediction suggests that there is no linear relationship between the texture density 

and the amount of bone-growth. The present finding is well-supported by an earlier 

study (Mukherjee and Gupta 2017a) on surface micro-texture on BHR cups. 

Although an earlier study (Mukherjee and Gupta 2017a) reported that geometric 

parameters of the texture such as texture height, diameter, inter-rib/groove spacing 

have an influence over tissue growth, investigation by Mukherjee et al. (2017a) 

reveals that there is no significant linear correlation between number of identical 

textures and bone growth. 

 Similar to the earlier findings on the influence of interface gap on bone 

growth, formation of soft cartilaginous tissue was higher (75.64% in RVIM 1.1, 

80.17% in RVIM 1.2, 71.96% in RVIM 1.3) at lower normal displacement (5 µm) 

and a steep decrease of formed cartilage was observed with gradual increase in 
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normal micromotion values. Similarly, fibrous tissue formation was relatively 

higher (29.38% in RVIM 1.1, 31.00% in RVIM 1.2, 35.27% in RVIM 1.3) at higher 

normal displacement (40 µm) as compared to lesser values of displacement. The 

current approach thus resulted in softer fibro-cartilage at the bone-implant interface 

when interfacial displacements were applied, which is in agreement with earlier 

investigation (Liu and Niebur 2008). Although there is a dearth of in silico and 

clinical studies to assess the influence of normal micromotion on secondary implant 

stability, however, previous experimental findings (Qin et al. 1996), which indicated 

that greater levels of shear micromotion might lead to implant failure, support the 

development of a stable interface at lower levels of normal displacement at bone-

implant gap. In addition, it is clear from the Figure 5.6 that, increase in the number 

of identical surface texture with grooves/ribs will increase the probability of 

deposition of fibrous tissue at those grooved/ribbed basins by fibrous encapsulation 

(Abu-Amer et al. 2007; He et al. 2017) thus further inhibiting the interface strength. 

However, the distribution of immature bone was found to be identical for similar 

loading condition. The present investigation on influence of texture density of 

macro-textured implant surface on bone growth thus reports a complex non-linear 

relationship between texture density and bone growth which might be further 

analysed using a machine learning based predictive tool (Chanda et al. 2016) over a 

large dataset. 
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Figure 5.6 Spatial distribution of formed tissues at the interface with variation in texture 

density in RVIM 1 at different normal displacement with constant shear micromotion (20 µm). 

(a) RVIM 1.1 (b) RVIM 1.2 (c) RVIM 1.3. Color Map: Blue represents fibrous tissue, Green 

represents cartilaginous tissue, Yellow represents bone.  

 

5.5.4 Combined influence of sliding and gap distance towards bone 

growth  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Percentage of formed tissue with combined variation in sliding distance and gap 

distance at the bone-implant interface 
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Figure 5.7 shows the differential distribution of tissue phenotypes formed for all the 

combinations of tangential and normal micromotions. The levels of tissue phenotype 

for (5 µm, 5 µm) combination of micromotions shows a bone growth of around 

15.82%, while soft cartilaginous tissues formed in abundance around 74.55% and 

rest is fibrous tissue (9.63%). As normal micromotion values are increased 

incrementally, keeping the tangential micromotion constant (5 µm), amount of bone 

growth decreased (13.69 % for 10 µm normal micromotion, 13.51% for 15 µm 

normal micromotion) while increase in fibrous tissue (16.63% for 10 µm normal 

micromotion, 18.94% for 15 µm normal micromotion). There is also a decrease in 

formation of cartilage at higher normal micromotions (69.68% for 10 µm normal 

micromotion, 67.55% for 15 µm normal micromotion). A similar finding was 

observed in other cases also when the normal micromotions were increased while 

maintaining the tangential micromotion constant. Moreover, bone growth is also 

found to be inhibited with the increase in tangential micromotion from 5 µm to 15 

µm, keeping the normal micromotion to a fixed value in each cases. It is also 

interesting to note that, simultaneous increase of both the sliding and gap distances 

from their previous combination say for example, from (5 µm, 5 µm) to (10 µm, 10 

µm) or (10 µm, 15 µm) have also significant influence of formation of tissue 

phenotype at the bone-implant interface. When both the micromotion values were 

simultaneously increased from (5 µm, 5 µm) to (10 µm, 10 µm), bone growth and 

cartilage formation reduced from 15.82% to 13.66% and 74.55% to 71.03%, 

respectively. Fibrous tissue was observed to have increased in parallel from 9.63% 

for (5 µm, 5 µm) combination to 15.31% for (10 µm, 10 µm) combination. In 

addition, the increase of fibrous tissue for simultaneous enhancement in both the 

micromotion values was substantially significant as compared to reduction in growth 

of bone and cartilage for the same scenario. There is an increase of 58.98% in the 

formation of fibrous tissue as compared to 13.65% reduction of bone growth and 

mere 4.72% reduction of formed cartilage on simultaneous increase of micromotion 

from (5 µm, 5 µm) to (10 µm, 10 µm). Similar observations were identified for other 

similar combinations as well which has been shown in the Figure 5.7.  

Formation of fibrous tissue was predominant for higher micromotion values 

irrespective of the direction of application of displacements (Puthumanapully 2010; 

Tan et al. 2017). Compared with two different combinations of micromotions, bone 

growth was found to be higher if any one of the micromotion values in the 
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combination is found to be lower than the corresponding value of the other 

combination as shown in Figure 5.7. This finding is well-supported by some of the 

previous studies (Bougherara et al. 2007; Ghavidelnia et al. 2020). On the other 

hand, simultaneous increase of both the shear and normal micromotion led to a 

significant increase in fibrous tissue and thereby fibrous encapsulation (Abu-Amer 

et al. 2007; He et al. 2017) over the implant surface as compared to the amount of 

reduction in the formation of bone and cartilage. This observation suggests that 

lower the values of both the directional parameters of micromotion, higher reduction 

in formation of fibrous tissue can be achieved. Such a reduction in micromotion can 

be achieved by following proper surgical protocols followed by a proper design of 

implant. However, it is noteworthy that, completely eliminating both the 

components of micromotion at the bone-implant interface might have negative 

influence on bone growth and implant stability (Ghavidelnia et al. 2020). Although 

both the shear and normal micromotion plays an important role in deciding the type 

and amount of tissue phenotype formed at the bone-implant interface, however, the 

directional component with the lower value of displacement (Ghavidelnia et al. 

2020) in each case plays the pivotal role in formation of different tissue phenotypes.   

5.6 Clinical significance of the study 

Distance osteogenesis (Kuzyk and Schemitsch 2011) was seen in the current 

research, showing the progression towards long-term secondary stability of the 

implant (Fig. 5.4 and Fig. 5.6). This observation is well-supported by earlier animal 

studies (Berglundh et al. 2003; Sennerby et al. 1993) on bone formation around 

endosseous implants studied on Labrador dogs (Berglundh et al. 2003) and tissue 

response on implantation in a rabbit tibial bone (Sennerby et al. 1993). Berglundh et 

al. (2003) reported continuous appositional bone formation at the site of the parent 

bone progressing towards the implant surfaces. Sennerby et al. (1993) also observed 

woven bone mineralization at the boundary of the healthy bone and slowly extending 

towards the smooth implant surface. According to an earlier study (Choi et al. 2017), 

distance and contact osteogenesis are not mutually exclusive. However, contact 

osteogenesis was not seen in the current research due to the lack of a surface coating 

and roughened surface over the smooth surface topologies.  
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5.7 Validation of the present study 

The present study predicted levels of bone growth ranging around 15% ± 5% for a 

shear displacement of 20 µm. This finding is well-supported by previous numerical 

investigation on tissue-differentiation over beaded porous coated implant 

(Puthumanapully 2010). For a similar loading and boundary conditions, 

Puthumanapully (2010) reported a bone growth of around 16% over beaded implant 

surface. There is a scarcity of previous experimental and clinical data to back up the 

current study's prediction. Difference in models involving surface topology and 

dimensions may account for a somewhat variation in magnitude of projected bone 

growth in the current study. However, the evidence from this qualitative 

investigation performed earlier (Puthumanapully 2010) thus provide sufficient 

confidence to the results obtained from the present study.  

It should also be highlighted that there is currently no obvious link between 

real healing time in months or years and iterative pseudo time-scale (Huiskes et al. 

1987; Chennimalai Kumar et al. 2010; Avval et al. 2016). Due to the lack of 

experimental evidences, the numerical time scale for the simulation was set to 120 

iterations, which corresponded to 120 days of healing phase, which has been 

described as the maximum period for stromal cells to achieve maximal cell density 

in the interfacial gap (Frost 1989; Lacroix et al. 2002).  

5.8 Limitations 

The FE models used in the present investigation to predict the amount of tissue 

growth is a simplification of a realistic bone-implant model, that is further influenced 

by anatomic topology of the bone, anisotropic material property of the bone 

(Dickinson et al. 2012), design of implant (Chanda et al. 2016), inter-patient 

variability (Mukherjee and Gupta 2016) and loading conditions under daily activities 

(Chanda et al. 2016). Failure of an orthopaedic implant also depends upon 

proportion of bone-remodelling (Huiskes et al. 1987; Chanda et al. 2020), 

tribological aspects (Ghavidelnia et al. 2020) and variation of surgical protocols 

which are not accounted in the present numerical model.  

The diffusion model used in this study to simulate the processes of migration 

of stem cells, however, does not include the reaction terms which might account for 

other cellular activities (Lacroix et al. 2002). Nonetheless, even if reaction terms 

were included to the diffusion equation, the underlying patterns of tissue 
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differentiation would not be anticipated to change significantly (Lacroix et al. 2002). 

In addition, a prior investigation (Mukherjee and Gupta 2017b) reported that both 

the phenomenological algorithm used in the present study and cell-phenotype 

specific algorithm that incorporates cell migration, proliferation, differentiation and 

apoptosis seem to predict similar spatial distribution of newly formed tissue at the 

bone-implant interface region. Nevertheless, this computational scheme is flexible 

enough for comparative assessment of bone growth over multiple bone-implant 

interface models.  

In the present study, influence of texture density on tissue growth was 

investigated by varying the normal component of displacement keeping the shear 

component constant. Although a comprehensive study with combined variation of 

both shear and normal loading component has been studied for a single macro-

textured implant surface, further investigations on different other implant surface 

textures ranging from micro to macro roughened surfaces might provide a better 

outlook into the influence of combined directional micromotion and texture density 

on bone growth. However, the patterns of osteogenic tissue formation over wide 

range of implant designs are expected to be similar for equivalent loading and 

boundary conditions.  

 In addition, a perfectly bonded contact condition is assumed to prevail at the 

interfaces which might disregard the fuzzy behaviour of the interfaces. A 

comparative study of bone growth was performed earlier (Mukherjee and Gupta 

2016) with variation in contact conditions at the interface which reported an 

insignificant variation in the quantitative assessment of bone growth. Although such 

studies might rule-out the necessity of incorporation of non-bonded contact 

conditions at the interfaces, there is always a room for improvement. A more realistic 

numerical method would incorporate continuous adaptive contact conditions, as well 

as coupled bone formation and remodelling processes, to analyse the growth patterns 

of formed tissue surrounding the implant (Fernandes et al. 1999), although at a 

greater computational cost. 
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5.9 Summary 

The results presented in the study shows the influence of normal micromotion to the 

qualitative trends of bone growth over macro-textured implant surfaces. This is 

perhaps the first reported study that assess the simultaneous influence of normal 

micromotion and texture density to the prediction of bone growth over implant 

surfaces. Moreover, the present study also reported the influence of combined shear 

and normal loading to the type and qualitative assessment of different tissue 

phenotypes. Some of the conclusions drawn from this study are: 

 

 Results show an increasing trend of bone growth at lower normal micromotions. 

However, higher values of normal micromotion will decrease the opening and 

closing gap thereby increasing the formation of fibrous tissue near the implant 

surface, thus destabilizing the interface leading to aseptic loosening of the implants. 

 Soft cartilaginous tissue was observed to have form in abundance at lesser gap 

distance thus promoting endochondral ossification at long term. 

 The study reported a dependence of the formed tissue on the surface texture 

density. However, a linear relationship between the surface texture density and tissue 

growth was not observed from the present investigation. 

 In addition, this study also shows that both the directional components of 

micromotion need to be equally reduced to enhance the possibility of higher bone 

growth. 

 Nevertheless, full-scale FE models with physiological loading conditions and 

material anisotropy along with clinical implications in vivo are necessary to gather 

a better understanding into the growth patterns on textured implant surfaces with 

change in opening/closing gap at the bone-implant interface.  
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 CHAPTER  

  

ANN based prediction of bone growth 

over textured implant surfaces with 

change in surface design parameters 
 

 mplants are widely used in the restoration of failed joints and bone fractures 

across the globe. The surface texture on implant surfaces is known to 

influence primary (mechanical) as well as secondary (biologic fixation) 

stability.  This chapter first briefly introduces to the study related to sensitivity of 

bone growth to the variation in geometric control factors of the macro-textured 

implant surfaces. However, such in silico methodologies, although an efficient 

process to assess bone growth at the bone-implant interface, involve manually 

intensive modelling owing to large number of design variables and consequently, 

demand higher computational time. Machine Learning (ML) based approaches such 

as Neural Networks (NN) modelled around a wide range of experimental or 

computational database may be a viable alternative to minimize the complication 

related to tedious FE runs. This chapter further introduces the efficiency of using a 

trained and tested NN while predicting bone growth for unknown data of design 

parameters for two distinctly textured implant surfaces.  
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6.1 Introduction 

In recent years, uncemented porous-coated implants have gained more research 

interest, mainly due to the long-term biologic adherence they offer between the host 

bone and the prosthesis compared to cemented ones. The levels of bone-growth can 

be estimated based on mechanoregulatory principles (Lacroix et al., 2002; 

Mukherjee and Gupta, 2016) of primary bone fracture healing. Surface design 

features such as surface roughness (Mukherjee and Gupta 2016) and macro-textures 

can be tailor-made to promote sufficient bone growth around a cementless 

prosthesis. Investigations were performed to assess the influence of surface 

morphology over implant surface on bone growth. The influence of surface macro-

texture of an implant on the secondary stability of the bone-implant interface has 

been reported in Chapter 4 and Chapter 5. However, these investigations reported 

are based on FE models of generalized bone-implant interface models. In addition, 

no studies have been performed to study the sensitivity of bone growth to variation 

in implant geometric design variables. 

6.2 Objective of this study 

The primary aim of this computational investigation has been to study the sensitivity 

of bone growth to geometric parameters of implant macro-textures using suitable 

‘design of experiments (DoE)’ technique. 

6.3 Problem definition 

Having understood the influence of macro-textured morphologies on bone growth, in 

this study one macro-textured implant surface model from the earlier study as 

discussed in Chapter 4 has been assessed for bone growth by parametrically varying 

the significant geometric design variables.  

6.4 Materials and method 

Two different representative 3D macro-textured implant models (RVM1 and 

RVM2) were created based on commercially viable implant textures. RVM1 

contains uniformly spaced rectangular ribs which partially mimics the proximal 
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anterior-posterior surfaces of CORAIL hip stem. On the contrary, RVM2 contains 

equally spaced hemispherical grooves of equal radius which represents the proximal 

region of SP-CL hip stem. RVM# stands for Representative Volume Model 

‘Number’. Solid models were initially developed in CATIA® v5R20 software 

(Dassault Systèmes, France), as shown in Fig 6.1b, and thereafter imported into 

ANSYS V14.5 FE software (ANSYS Inc., Canonsburg, PA, USA). FE models were 

discretized with coupled linear elastic eight-noded hexahedral elements (SOLID185). 

Mesh sensitivity analysis was carried out for each of the FE models to obtain 

definitive grid sizes to obtain acceptable accuracy in the results.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 CAD and FE models of the two bone-implant interfaces with macro-textures over 

the implant surfaces: (a) RVM1, (b) RVM2 (Mapped colors: Blue for Implant; Red for 

granulation tissue; Grey for Bone). 

The significant dimensions for the 3D parametric models were identified from a 

radiological image of implanted CLS Spotorno extracted through an image 

processing tool, ImageJ v1.53a (National Institutes of Health and Laboratory for 

Optical and Computational Instrumentation, University of Wisconsin, USA) so as 

to maintain clinical admissibility. All the three components of the model, i.e. host 
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bone, implant and granulation tissue, were assumed to be linearly elastic, 

homogeneous and isotropic. The Young's moduli of host bone tissue, implant and 

the granulation tissue were considered as 500 MPa, 210 GPa and 1 MPa, 

respectively. Poisson's ratio for bone and implant was taken as 0.3, whereas that of 

granulation tissue was taken as 0.167. All the interfaces of the model were 

considered perfectly bonded in nature. The top surface of the host bone was 

restrained in all directions, whereas a radial (gap opening/closing) displacement of 

20 µm and a tangential (bone-implant micromotion) displacement 20 µm, were 

given to the bottom implant surface (Simmons et al., 2001; Mukherjee and Gupta, 

2014). 

The boundary of the bone interface was assumed to be rich in MSCs. Bone growth 

percentage was predicted by updating material properties at the bone-tissue interface 

region iteratively through the mechanoregulation based tissue differentiation 

algorithm (Lacroix et al., 2002; Lacroix and Prendargast, 2002a, 2002b) as discussed 

in Chapter 3. As reported by Claes and Heigele, 1999, mechanoregulation based 

tissue differentiation is governed by local hydrostatic pressure and deviatoric strain. 

Two design control factors “x” and “y” were chosen with two levels of dimensions 

based upon clinical admissibility, wherein 1≤ x ≤2 and 1 ≤ y ≤ 2.5 as shown in Table 

6.1. A 2k full-factorial based design of experiments was performed computationally 

to assess the levels of bone growth over 120 days of initial-healing period following 

the scheme as discussed in Chapter 3 (Lacroix et al., 2002; Lacroix and Prendargast, 

2002a, 2002b). 

Table 6.1 Control factors in each of the designs based on 2k full-factorial design 

 

 

 

 

 

MODELS Control Factors 

x y 

MODEL 1.1 1 1 

MODEL 1.2 2 1 

MODEL 1.3 1 2.5 

MODEL 1.4 2 2.5 
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6.5 Results and Discussion 

Results from present study show (Fig 6.2) a gradual declining trend in the percentage 

of bone growth from 15% in MODEL 1.1 to 14.1% in MODEL 1.2 with the increase 

in the control factor "x" considering the control factor "y" constant. Similar findings 

are observed for the percentage of bone growth from 13% in MODEL 1.3 to 12.5% 

in MODEL 1.4. Bone growth levels were also found to be decreasing from 15% in 

MODEL 1.1 to 13% in MODEL 1.3 with the increase in the control factor "y" 

considering the control factor "x" constant. Similar findings are observed for the 

percentage of bone growth from 14.1% in MODEL 1.2 to 12.5% in MODEL 1.4. 

The present study thus focusses on the sensitivity of levels of osteogenesis 

to the variation in design control factors of the macro-textures on the implant 

surface. A gradual decline in the percentage of bone growth was estimated with the 

increase in inter-groove spacing. A reduction in the levels of osteogenesis was also 

observed with the increase in groove spacing or groove radius. Though the full-scale 

bone-implant model was not considered and the effect of osteogenic factors like 

hydroxyapatite coating, bone-morphogenetic proteins (BMPs), etc., were considered 

to be same in all models, notwithstanding these limitations, the present study can be 

useful for commercial implant manufacturers and clinicians to select trade-off 

implants for surgical interventions. 

 

 

 

 

 

 

 

Figure 6.2 Sensitivity in bone growth levels with variation in geometric parameters based on 2k 

full-factorial design. 
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6.6 Clinical Significance of the study 
 

The present study can be used for further statistical analysis to predict 

osseointegration on multiple implant textures. A topology/shape optimization study 

may also be carried out further to select trade-off dimensions and shapes, 

considering an initial configuration of the implant. Moreover, machine learning 

(ML) based techniques may be employed to estimate the levels of osseointegration 

on a wide range of implants and implant macro-textures.  

6.7 Neural network (NN) based Qualitative assessment of 

bone growth over macro-textured implant surfaces  

6.7.1 Introduction 

Lack of biological fixation is one of the major causes of aseptic loosening of 

cementless implants. Such failure in implant fixation can be minimized to certain 

extent by realistic design changes in the implant morphology. The design evaluation 

for a large set of implant designs with similar surface morphology need an iterative 

FE modeling which would be manually exhaustive and computationally expensive. 

In view of this, developing a predictive mathematical (Chanda et al. 2016) model 

might be a viable option for establishing a link between implant surface morphology 

and quantifiable degrees of ossification while retaining the accuracy of FE analysis. 

6.7.2 State-of-the-art 

The non-primitive nature of most of the surface features on implant surfaces with a 

range of significant design parameters might have complex non-linear relationships 

with the levels of ossification. Neural networks (NNs) are one of a biologically 

inspired machine learning (ML) algorithms which can be used efficiently as 

predictive mathematical models towards establishment of such complex 

relationships. NNs were employed in biomechanical design evaluation on many 

prosthesis (Cilla et al. 2017; Roy et al. 2018; Chatterjee et al. 2019) earlier. NN was 

used effectively by Cilla et al. (2017) to design a single objective shape optimization 

model for a short-stem femoral stem. Roy et al. (2018) utilized NN to convert FE 

results to the desirability function of an optimization problem on dental implant. 
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Chatterjee et al. (2019) also used a trained NN to predict microstrains of a femur-

implant system from data as predicted by FE analysis.  

  Backpropagation algorithms are widely employed in machine learning to train 

NNs. Several generalization approaches, including as Bayesian regularization (BR) 

and Levenberg–Marquardt (LM), are employed with NNs to reduce the error 

associated with backpropagation procedures. Overfitting the training data is also less 

likely using generalization techniques. Because of their benefit in producing a 

reduced mean squared error, both the BR and LM techniques are often used. 

However, Bayesian regularization outperforms LM, with BR attaining the best 

correlation coefficient and the smallest sum of square errors. However, there are 

hardly any literatures that formulates ML techniques towards assessment of 

secondary stability of an cementless prosthesis based on implant design variables. 

Moreover, there is hardly any reported investigation on studying the efficacy of 

prediction of osseointegration over geometrically distinct macro-textured implant 

designs based on NN models.  

6.7.3 Objective of this investigation 

The primary goal of this study was to develop novel predictive mathematical 

frameworks based on a BR-BPNN to map significant design variables for two 

distinct, commercially viable implant surface textures to the levels of ossification 

considering a short-term healing period. Finally, the utility of the proposed 

frameworks had been extended to predict bone growth for those unlabeled data sets 

formed by Design of Experiment (DOE) approach. 

6.7.4 Problem definition 

Having understood the usefulness of NN in different biomechanical design 

evaluations, in this study, two macro-textured implant surface models from the earlier 

study as discussed in Chapter 4 have been assessed for bone growth by parametrically 

varying the significant geometric design variables. Thereafter, NN architectures for 

each of the models have been built on ML toolbox on MATLAB environment. 

Results obtained from trained NNs have been validated further with the results 

obtained from FE runs of unlabelled data. 
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6.7.5 Materials and method 

The significant dimensions for the 3D parametric models (RVM1 and RVM2) were 

identified as mentioned earlier in Chapter 6, Section 6.4 (Fig 6.1). The range of the 

parameters were decided based on average width of an intramedullary hip prosthesis 

inside a femoral cavity, maximum allowable gap between the bone and the implant 

for ossification and ease of manufacturability with the traditional manufacturing 

processes. The representative volumes of bone-implant interface models encompass 

a fabricated macro-texture covering the implant surface, while the mid-portion 

representing granulation tissue (which is the prime site of bone growth) and the bone 

representing the portion at the other side (Fig 6.1).  

6.7.5.1  Dataset for “training” and “validation” of the NN 

The dataset obtained for training and validation was obtained from FE-based 

mechanoregulatory algorithm of bone growth as discussed earlier in Chapter 3. The 

dataset for both the models were created based on 3 factors 4 levels full-factorial 

design for RVM1 and 2 factors 4 levels full-factorial design for RVM2. A 

significance of the set of chosen parameters were analyzed using analysis of variance 

(ANOVA) test.  

6.7.5.2 Parameterization and dataset for training model RVM1 

Results obtained from 44 FE-based mechanoregulatory analyses of ossification were 

used as data points to train the NN. While, 20 FE-based results were used for 

validation. Three statistically significant design parameters (‘p’, ‘q’ and ‘r’) as input 

nodes with one output node corresponding to percentage of bone growth as obtained 

from FE results were chosen while training the network. ‘p’, ‘q’ and ‘r’ are also 

found to be clinically significant design parameters to estimate bone growth at bone-

tissue interface. The input (IRVM1) and output (ORVM1) vectors for training the 

network of RVM1 can be expressed as follows:  

                          1RVMI p q r= ,  1 1 RVM RVMBG=O                                        (6.1) 

subject to constraints:           
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6.7.5.3 Parameterization and dataset for training model RVM2 

Results obtained from 11 FE-based mechanoregulatory analyses of ossification were 

used as data points to train the network, while 5 such results were used as test data 

cases. Two statistically significant design parameters (‘x’ and ‘y’) were chosen as 

input nodes. Similar to the earlier model, design parameters ‘x’ and ‘y’ are found to 

be clinically significant. The input (IRVM2) and output (ORVM2) vectors for the 

network of RVM2 can be expressed as:  

                           2    RVMI x y= ,  2 2  RVM RVMBG=O                                           (6.2) 

subject to constraints:               

                                                      
1.0  2.5

1.0 2.5

x

y

 

 
 

Table 6.2 shows the levels of design variables chosen while creating the dataset for 

both the models.  

Table 6.2 Levels of design variables (in mm) chosen while creating the dataset for the models 

 

 

 

 

 

6.7.5.4 FE modelling, material properties, loading and boundary 

conditions 

CAD models were initially developed in CATIA® v5R20 software (Dassault 

Systèmes, France), as shown in Figure 6.1, and thereafter imported into ANSYS 

V14.5 FE software (ANSYS Inc., Canonsburg, PA, USA). FE models were 

RVM1 Level 1 Level 2 Level 3 Level 4 

Design Parameters (mm) p 1.0 1.5 2.0 2.5 

q 1.0 1.5 2.0 2.5 

r 2.0 3.0 4.0 5.0 

RVM2 Level 1 Level 2 Level 3 Level 4 

Design Parameters (mm) x 1.0 1.5 2.0 2.5 

y 1.0 1.5 2.0 2.5 
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discretized with coupled linear elastic eight-noded hexahedral elements 

(SOLID185). Mesh sensitivity analysis was carried out for each of the FE models to 

obtain definitive grid sizes to obtain acceptable accuracy in the results. 

6.7.5.5 Material properties 

Linear elastic, isotropic material properties were given to all the regions (implant, 

granulation tissue and host bone) of the model. The stainless steel implant material 

(high-nitrogen stainless steel alloy M30NW (Aubert & Duval, France)) considered 

in the present study was having the Young’s modulus of 195 GPa. The elastic 

modulus of the bone material was taken as 500 MPa, while Young’s modulus for 

granulation tissue was considered to be 1 MPa. Poisson’s ratio for the bone and 

implant was taken as 0.3, whereas for granulation tissue was considered as 0.167. 

The bone-tissue and implant-tissue interfaces were assumed to be bonded in nature. 

6.7.6 Loading and boundary conditions 

The top surface of the host bone was restrained in all directions, whereas a radial 

(gap opening/closing) displacement of 40 µm and a tangential (bone-implant 

micromotion) displacement 20 µm, were given to the bottom implant surface. 

6.7.7  Tissue differentiation based on mechanobiological 

principles 

The evolutionary bone growth was simulated using a sequential mechanoregulatory 

algorithm as shown in Table 3.1, Chapter 3. The computational scheme implemented 

earlier (Lacroix et al. 2002; Lacroix and Prendergast 2002a, 2002b) simulated the 

migration of multipotent mesenchymal stem cells (MSCs) within the region of the 

bone-implant interface through a diffusion model (Lacroix et al. 2002; Lacroix and 

Prendergast 2002a, 2002b) as mentioned in Chapter 4, Equation 4.1. 

        Initially, the interfacial gap between the bone and the implant was considered 

to be filled with granulation tissue. Local mechanical signals (dilatational 

hydrostatic pressure and deviatoric strain) govern the differentiation of MSCs into 

different osteogenic cellular phenotypes. These cellular phenotypes thereafter 

mature into fibrous tissue, cartilage and immature bone. The effective material 
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properties (En+1 and νn+1) of the formed tissues were estimated based on a rule of 

mixtures as discussed in Chapter 4, Equations. 4.2 and 4.3. 

     A temporal smoothing method was used to update the model’s material 

properties following Equations. 4.4 and 4.5 as mentioned in Chapter 4. In the 

numeric scheme, one iterative process represents a single post-surgical day. The 

complete healing simulation was scheduled to run for 120 such iterations, that 

translates to estimated sixteen weeks’ post-surgical period.  

6.7.8  Process Modeling with neural network 

A single hidden layer of ‘N’ nodes was considered in the study for both the models. 

The output node is represented by the percentage of bone growth (BG). Initialization 

of weights for the datasets have been carried out to achieve better training 

performance. Tan-sigmoidal and linear functions were chosen as activation 

functions for the hidden and output layers of the network respectively. Output (ONN) 

computed from the NN are compared with the target output (To) to estimate the error. 

The algorithm minimizes a loss function which is a linear combination of sum of 

squared errors and sum of squared network weights. When the computed loss 

function for a specific combination of errors and weights satisfies a convergence 

criterion, training of the NN stops, else weights were updated iteratively through 

back propagation of errors with LM algorithm. In the present analysis, mean squared 

error (MSE) is considered at the point of convergence for the network and estimated 

by: 

                                        
2

1

1
( )

N

O NN

i

MSE T O
N =

= −
                                                       (6.6) 

The NN models developed in the present study were run in MATLAB environment 

(MATLAB 2017a, The MathWorks Inc., Natick, MA, USA). Parametric 

investigations were carried out for each of the networks by trial-and-error method 

so as to achieve maximum predictability of the models. 

6.7.9  Design of Experiment (DOE) approach to assess bone growth 

Design of Experiment (DOE) is a statistical technique through controlled tests to 

identify the influence of several parameters to a desired output or response. There 
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are several types of DOE techniques used presently such as full-factorial, fractional 

factorial, Taguchi, Plackett-Burman and response surface methodology (RSM). 

Although a full-factorial DOE becomes cumbersome for a large number of 

parameters with their corresponding levels, it is extensively used to study the 

influence of all significant parameters on a desired response comprehensively. In the 

present study, 2k full-factorial DOE was employed with number of input design 

parameters as mentioned earlier in the implant models i.e. (23) 8 models for RVM1 

and (22) 4 models for RVM2. Unlabeled (unseen) input data was chosen for both 

the models and FE analysis was performed so as to validate the results with those 

obtained through trained NNs.  

6.7.10 Results and Discussion 

6.7.10.1  Performance analysis of NN architecture 

The near-optimal BPNN architecture with BR for RVM1 was obtained through a 

parametric analysis as presented in Figure 6.3.  BR was chosen as it can provide a 

better generalization and minimal over-fitting for a small and difficult dataset. While 

performing the parametric study, the number of neurons in the hidden layer (N) was 

altered in the range of (5,15). It can be observed that NN with 6 hidden neurons 

showed the least mean squared error (MSE) in testing (Fig 6.3). Optimal NN 

architecture (Fig. 6.4a) as obtained for RVM1 is found to be 3-6-1 with training 

MSE to be 1.0E-13 and testing MSE to be 8.0E-14.  Similarly, by altering N as 

shown in Figure 6.2, the optimal NN-architecture for RVM2 (Fig 6.4b) is found to 

be 2-7-1 with training MSE to be 1.9E-13 and testing MSE to be 4.1E-14. Finally, 

significance of design parameters was analysed using ANOVA test in terms of F 

and p values. ANOVA test was performed at 95% confidence interval i.e. if p-value 

is less than 0.05, null hypothesis is rejected and all parameters are considered 

statistically significant. Moreover, if calculated F is more than Fcrit, the design 

parameters are considered significant. Table 6.3 ANOVA test for chosen design 

parameters for both models. Thus, it is clear from the Table 6.3 that, p-values for all 

the design parameters are found to be below 0.05 thus rejecting the null hypothesis 

while, F-values were found to be more than Fcrit which gives the confidence for all 

the design variables of the models to be statistically significant.   
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6.7.10.2  DOE vs trained NN for qualitative assessment of bone 

growth 

Table 6.4 and Table 6.5 shows the comparison of the results of bone growth over 

implant surfaces as estimated through conventional FE analysis and the trained NNs. 

The results from the table clearly shows that, a trained NN is equally efficient in 

assessment of bone growth over implant surfaces while reducing computational cost 

over conventional FE based mechanoregulatory algorithms for further analysis of a 

large scale of implant designs. 

Table 6.3 ANOVA test for chosen design parameters for both models considering percentage 

of bone growth 

 

 

 

 

 

 

 

 

 

 

RVM1 DF SS MS F p Fcrit 

Design 

Parameters 

p 3 164.88 

 

54.96 9.14 

 

0.00 2.77 

 

q 3 161.23 52.95 9.11 0.01 2.73 

r 3 171.57 57.19 9.28 0.01 2.82 

RVM2 DF SS MS F p Fcrit 

Design 

Parameters 

x 3 64.95 

 

21.65 

 

5.82 

 

0.01 3.49 

 

y 3 64.72 

 

19.23 

 

5.19 0.01 3.42 
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Figure 6.3 Parametric analysis to find the optimal NN architecture for models: (a) RVM1                   

(b) RVM2. 
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Figure 6.4 Optimal NN architectures for models: (a) RVM1 (b) RVM2. 
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Table 6.4 Prediction of bone growth by FE analysis vs NN for model RVM1 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.5 Prediction of bone growth by FE analysis vs NN for model RVM2 

 

MODELS 

 

 

 

 

Control Factors Bone Growth % 

p q r FE Analysis From NN 

RVM1.1 1.1 2.1 4.1 10.5 10.6 

RVM1.2 1.1 1.1 4.1 15.2 15.2 

RVM1.3 2.1 2.1 4.1 16.2 16.1 

RVM1.4 2.1 1.1 4.1 16.3 16.3 

RVM1.5 1.1 2.1 3.1 16.6 16.5 

RVM1.6 1.1 1.1 3.1 13.4 13.6 

RVM1.7 2.1 2.1 3.1 14.4 14.1 

RVM1.8 2.1 1.1 3.1 14.7 14.5 

MODELS Control Factors Bone Growth % 

x y FE analysis From NN 

RVM2.1 1.8 1.1 16.9 16.8 

RVM2.2 2.1 1.1 14.7 14.6 

RVM2.3 1.8 2 16.3 16.3 

RVM2.4 2.1 2 13.2 13.2 
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6.8 Summary 

The present chapter first introduces to the study related to sensitivity of bone growth 

to the variation in geometric control factors of the macro-textured implant surfaces. 

Some major conclusions drawn from this study are: 

 A gradual reduction in bone growth was observed with the increase in inter-

groove spacing of the chosen implant section model. 

  A reduction in the levels of osteogenesis was also observed with the increase in 

groove spacing or groove radius.  

 This study further motivated to exploit the application of ML techniques such as 

NN to the estimation of bone growth. BR-BPNN was obtained for two distinct 

implant surface morphologies to test the efficacy of using NN. 

  The amount of bone growth as predicted by NN was found to have significant 

agreement with the results obtained from FE based mechanoregulatory analysis. 

 The present analysis will further assist in topology/shape optimization of implant 

surfaces from a wide range of implant models. 
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Predictions of bone growth over 

optimally designed macro-textured 

implant surfaces using neural 

network and genetic algorithm  
 

pplication of finite element (FE) based mechanoregulatory schemes to 

estimate the amount of bone growth for a wide range of implant surface 

features is either manually intensive or computationally expensive. This 

chapter introduces a study which adopts an integrated approach combining FE, back-

propagation neural network (BPNN) and genetic algorithm (GA) based search to 

evaluate optimum surface macro-textures from three representative implant models 

so as to enhance bone growth. The methodology used in this study might be used as 

a viable alternative to make right decision while choosing a type of implant before 

surgery. 
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7.1 Importance and objectives 

Success of a load-bearing uncemented implant, like uncemented femoral stem, relies 

heavily on its biologic fixation (osseointegration) with the host bone (Yamada et al. 

2009). In spite of the remarkable success of such uncemented implants globally, 

there has been a pronounced rise in the number of joint failures even after meticulous 

surgical interventions. The trend of increasing rate of joint arthroplasties is 

anticipated to continue in the forthcoming decades as well, owing primarily to the 

ageing population and a conspicuous improvement in medical care and health 

practices in developing nations (Holzwarth and Cotogno, 2012; Cilla et al. 2017). A 

proper combination of both primary stability (or mechanical stability) and secondary 

stability (consequent to biologic fixation), therefore, is a must for long-term success 

of uncemented implants (Chanda et al. 2016).  

Previous studies have also reported that insufficient biologic adherence is one 

of the primary causes of aseptic loosening of uncemented implants (Pal and Gupta, 

2011; Philips et al. 1990) which may be avoided by profound changes in the design 

of the implants (Huiskes and Boeklagen, 1988; Viceconti et al. 2001). Bone growth 

around an uncemented prosthesis can also be enhanced by incorporating a variety of 

surface features on the implant surface. There is a need for further investigation on 

the optimal surface features (both microscopic and macroscopic surface textures) 

that would further enhance osseointegration. Earlier in silico studies have reported 

the influence of microtextured (Mukherjee and Gupta, 2016) and macrotextured 

implant surface (ref. Chapter 3) features on bone growth, but none of the 

investigations have interrogated for an optimal design feature for any of the tested 

implant models. The design evaluation of each of the new feasible and clinically 

admissible surface textures would rather be a manually intensive process involving 

successive remeshing to generate representative FE models (Chanda et al. 2016; 

Harrysson et al. 2007; Bah et al. 2011). Therefore, generation of predictive, data-

driven mathematical models may pose to be an efficient alternative to establish a 

relationship between the geometric parameters of surface features and quantified 

levels of bone growth.   

Recently, artificial intelligence (AI) has been a boon to healthcare systems and 

researchers in particular. AI involves use of specialised mathematical models or 
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algorithms mimicking human neurological processes (Sukegawa et al. 2020). 

Artificial neural networks (ANNs) are one of such biologically inspired algorithms 

modelled on human brain activity, comprising a set of mathematical equations used 

to mimic biological tasks, e.g. problem-solving, learning and memorization. ANNs 

offer the ability to model a complex nonlinear relationship between the predictor 

variable and the expected outcome (Tu 1996) and have been widely trained to 

address a myriad of challenges that are sometimes impossible to handle using 

analytical methods or rule-based programming due to their adaptive layout and 

learning capabilities (Chanda et al. 2016). 

The goal of an integrated NN-GA based methods is to first identify a pattern to 

establish a relationship between the input and the output parameters, and then to 

optimize the performance of the system by searching for optimal input parameters 

in the search space. Similar to NN, GA is a biologically inspired algorithm that uses 

some genetic operators to efficiently look for the optimal result. In addition, the GA 

provides a multi-solution framework and, therefore, does not require any experience 

of the search environment (Chanda et al. 2016). However, in many cases, 

unrestricted search space may lead to mathematically feasible but non-physical 

solution. 

Establishing a relationship between different parameters while modelling 

human body phenomena through clinical and applied biomechanics could be a 

cumbersome task primarily due to non-deterministic nature of such phenomena 

(SchÖllhorn 2004). Therefore, approaches focused on ANN find their applications 

in the field of biomechanics, diagnostic imaging (Miller et al. 1992), pattern 

recognition (Sabbatini 1993) and other areas of bioengineering (Nayak et al. 2001). 

The shape of surface features on implant surfaces are generally non-primitive and 

unorthodox which involves a wide range of design parameters which might have 

complex non-linear relationships with the resulting levels of bone growth. ANNs 

seem to be an efficient choice to establish such relationships. Although combined 

FE-NN-GA based design optimization study was attempted earlier on hip implant 

(Chanda et al. 2016) and dental implant (Roy et al. 2018), sufficient literatures are 

still not available that considered predictive NN models in the design of orthopaedic 

implants. Moreover, to the best of authors’ knowledge, there is hardly any reported 
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investigation on comparative study of optimized macro-textured implant designs 

based on combined NN-GA based design optimization.  

The primary objective of this study is to establish predictive mathematical 

models based on a BPNN to map identified design parameters for three distinct, 

commercially discernible implant surface textures to the levels of post-surgical bone 

growth. Subsequently, a GA based search was carried out to obtain optimized 

surface textures for each of the reference implant macro-textures by maximizing the 

levels of bone growth predicted by BPNN. It may be noted here that these design 

parameters were identified based on their clinical significance in the process of bone 

growth. 

7.2 Materials and method 

BPNNs are generally used to form complex mathematical models based on a sample 

set of input-output data. In order to ascertain the input-output correlations between 

the geometric parameters of the macro-textures on the implants’ surface and the 

level (in percentage) of bone growth, a near-optimal BPNN was modelled. After the 

BPNN was modelled and further validated, it was employed as an objective function 

to search for an optimized macro-texture such that the percentage bone growth was 

maximized.  

A comparative assessment based on the above procedure was done for three 

different 3D macro-textured models (MODEL A, MODEL B and MODEL C) of 

the bone-implant interface similar to that described in Chapter 3. These surface 

texture geometries were designed based on the discernible macro textures on 

commercially viable femoral stems. All femoral stems considered for developing the 

complex models of the surface macro-textures have been clinically proven to be 

effective prostheses with long-term outcomes (Heyland et al. 2019). MODEL A, 

which is modelled after proximal area of CLS Spotorno, has variable height ribs to 

improve bone compression and provide a higher level of stimulus for 

osseointegration. MODEL B, mimicking the textures on CORAIL, as identified by 

rectangular ribs to allow mechanical stability. MODEL C, which characterizes an 

analogous region of SP-CL stems, also has semi-circular grooves.  

The dimensions for the initial parametric model for MODEL A were extracted 

from a radiological image of implanted CLS Spotorno via an image processing tool, 
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ImageJ v1.53a (National Institutes of Health and Laboratory for Optical and 

Computational Instrumentation, University of Wisconsin, USA). The major 

dimensions (height of ribs/grooves, inter-groove distance, rib thickness) of the other 

initial models, i.e. MODEL B and MODEL C, were chosen broadly based on 

dimensions of MODEL A to provide clinical admissibility to the implant macro 

textures as well as to set standard measurements for the ease of comparison. A cast-

in macroscopic texture covers the implant surface for each of the models, with the 

mid-region of the model representing granulation tissue while the other side 

represents bone (Fig. 7.1). In the present study, a bone-implant distance of 2 mm 

was considered for all the models to provide a constant thickness to the interface. 

The current investigation is based on the presumption that an optimal osteogenic 

environment exists and is consistent with all bone-implant interface models. 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Bone-implant interface with macro-textures over representative implants for: (a) 

MODEL A (b) MODEL B (c) MODEL C (Colour Map: Blue for Implant; Red for granulation 

tissue; Yellow for Host Bone). 

7.2.1 Input-output dataset for “training” the BPNN 

The sample set of data used for training and validation of the neural network was 

obtained from the FE-based mechanoregulatory analysis of bone growth over 

macro-textures on implant surface at the bone-implant interface as discussed in 

Chapter 3. ‘Semi-width’ of an implant was assumed to be 5.5 mm in each of the 

models (based on the radiological image of MODEL A). It may, however, be noted 

that the ‘semi-width’ of an implant refers to the distance between the ‘base’ in each 

of the different types of models to mid-line of a standard commercial femoral stem. 
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7.2.1.1 Parameterization and dataset for training MODEL A  

Results of 80 FE-based mechanoregulatory analyses of bone growth were used for 

training the BPNN, and another 12 such results were used as test data cases for 

validation of the network. Table 7.1 shows the dataset used for training and 

validation of the NN for MODEL A. Six significant design parameters (‘a’, ‘b’, ‘c’, 

‘d’, ‘e’ and ‘f’) were chosen as input parameters that characterize the shape of the 

macro-texture for MODEL A (Fig. 7.1a). ‘a’, ‘b’, ‘c’ and ‘d’ are variable heights of 

the ribs, whereas ‘e’ and ‘f’ are rib-width and inter-rib spacing, respectively. All the 

input parameters take values up to 1 decimal place considering design for 

manufacturability (DFM). The output parameter was chosen as a percentage of bone 

growth (BG) over the implant surface. Higher the percentage of bone growth, better 

will be the osseointegration. The input (XA) and output (OA) vectors for the network 

of MODEL A can be represented as follows:  

                           
 a b c d e f=

A
X

,  
  ABG=

A
O

                                      (7.1) 

 subject to the geometrics constraints:              

                                                     4  3  19.0

                                                      1  .0  2.5

                                                      1  .0 2.5    

e f

a

b

+ 

 

                                    

                                                      1  .0 2.5                                      

                                                      1  .0 2

c

d

 

  .5                                      

                                                      1  .0 2.5    

                                                       2.0 5.0                          

e

f

 

              

 

All the lower and upper bounds of the input parameters (in mm) were chosen in such 

a way so as to maintain clinical admissibility. The first constraint stands for the 

maximum proximal width up to which textures were allowed, which was restricted 

to 19 mm as per the proximal fitting requirement of CLS Spotorno stem. 

 

Table 7.1 Dataset used to train and validate the NN for MODEL A 

Training Data for MODEL A 

a b c d e f 

1 1 1 1 1 5 

1 1 1 1.5 2.5 2 

1 1 1 2 2.5 2 

1 1 1 2.5 2.5 2 
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1 1 1.5 2.5 2.5 2 

1 1 2 2.5 2.5 2 

1 1 2 2.5 1 5 

1 1.5 2.5 2.5 2 2 

1 2 2.5 2.5 1.5 2 

1 2.5 2.5 2.5 2.5 2 

1.5 2.5 2.5 2.5 2.5 2 

2 2.5 2.5 2.5 1 5 

2.5 2.5 2.5 2.5 1 5 

2.5 2 1.5 1 2.5 2 

1.5 1.5 1.5 1.5 2.5 2 

1.5 1.5 1.5 1 2.5 2 

1.5 1.5 1.5 2 2.5 2 

1.5 1.5 1.5 2.5 1 5 

1.5 1.5 1 2.5 1 5 

1.5 1.5 2 2.5 1 5 

1.5 1.5 2.5 2.5 1 5 

1.5 1 2.5 2.5 1 5 

2 2 2 2 2 2 

2 2 2 2.5 2 2 

2 2 2 1 2 2 

2 2 2 1.5 1 5 

2 2 1 1.5 1 5 

2 2 1.5 1.5 2 2 

2 2 2.5 1.5 2 2 

2 1.5 2.5 1.5 2 2 

2 1 2.5 1.5 2 2 

2 2.5 2.5 1.5 2 2 

1 2.5 2.5 1.5 2 2 

1.5 2.5 2.5 1.5 2 2 

2.5 2.5 2.5 1.5 1 5 

2.5 2.5 2.5 1 2.5 2 

2.5 2.5 2.5 2 2.5 2 

2.5 2.5 1 2 2.5 2 

2.5 2.5 1.5 2 2.5 2 

2.5 2.5 2 2 2.5 2 

2.5 1 2 2 2 2 

2.5 2 2 2 2 2 

2 1 1 1.5 2 2 

1.5 1 1 1 2 2 

2.5 1 1 2.5 2 2 

1.5 1 1 2.5 1.5 2 

1.5 1 1 2 1.5 2 

2 1 1 2 1.5 2 

1.5 1.5 1 1 1.5 2 

1.5 2 1 1 1.5 2 
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1.5 2.5 1 1 1 5 

2.5 1.5 1 1 1 5 

2.5 2.5 1 1 1 5 

1 2 1 1 1 5 

2 1 1 1 1 5 

2 2 1 1 2 2 

1 1.5 1 1 2 2 

1 2.5 1 1 2 2 

2 2 2.5 1 2 2 

2.5 2 1 1 2 2 

1 1.5 1.5 1.5 2.5 2 

2 1.5 1.5 1.5 2.5 2 

2.5 1.5 1.5 1.5 2.5 2 

1.5 1.5 1 2 2.5 2 

1.5 1.5 2 1 2.5 2 

1.5 1.5 2.5 2 1 5 

1.5 1.5 2 2 1 5 

1 2 1.5 1.5 1 5 

2 1 1.5 1.5 1 5 

1.5 2 1.5 1.5 1 5 

2 1.5 1.5 1.5 1.5 2 

2.5 2.5 1.5 1.5 2 2 

1 1 1.5 1.5 1.5 2 

2 2 1.5 1.5 2 2 

2.5 2 2 2.5 1.5 2 

2 2.5 2 2 2 2 

1 2 2 2 1.5 2 

1.5 2 2 2 2 2 

2.5 2 2 2 1.5 2 

1 2 2 1.5 2 2 

Testing Data for MODEL A 

1 1 1 1 2 2 

2.5 2 2 1.5 2.5 2 

1 1.5 2 2 1 5 

1 1 1.5 1.5 1.5 2 

2.5 2.5 2.5 2.5 1.5 2 

1.5 2 2 1 1 5 

1.5 2.5 2.5 1 2.5 2 

1.5 2.5 2.5 2 1 5 

2 2.5 2.5 1.5 2.5 2 

1.5 2.5 2.5 1.5 1 5 

1 2.5 2.5 1 1.5 2 

2 2.5 2.5 2 2.5 2 
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7.2.1.2 Parameterization and dataset for training MODEL B 

Results of 52 FE-based mechanoregulatory analyses of bone growth were used for 

training the BPNN, and another 8 such results were used as test data cases. Table 

7.2 shows the dataset used for training and validation of the NN for MODEL B. 

Three significant design parameters (‘u’, ‘v’ and ‘w’) were chosen as input 

parameters (in mm). ‘u’, ‘v’ and ‘w’ are rib-height, rib-width and inter-rib spacing, 

respectively (Fig. 7.1b). The input (XB) and output (OB) vectors for the network of 

MODEL B can be represented as follows:  

                                      
 u v w=

B
X

, 
  BBG=

B
O

                                                 (7.2) 

subject to constraints:           

                                                    

1.0  2.5

1.0 2.5 

2.0  5.0

u

v

w

 

 

 

        

    

Table 7.2 Dataset used to train and validate the NN for MODEL B 

Training Data for MODEL B 

u v w 

1 1 2 

1 1.5 2 

1 2 2 

1 2.5 2 

1 1 3 

1 1.5 3 

1 2.5 3 

1 1 4 

1 2 4 

1 2.5 4 

1 1 5 

1 1.5 5 

1 2 5 

1.5 1 2 

1.5 2 2 

1.5 2.5 2 

1.5 1 3 

1.5 2 3 

1.5 2.5 3 

1.5 1 4 

1.5 1.5 4 
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1.5 2 4 

1.5 2.5 4 

1.5 1 5 

1.5 1.5 5 

1.5 2 5 

2 1.5 2 

2 2 2 

2 2.5 2 

2 1 3 

2 2 3 

2 2.5 3 

2 1 4 

2 1.5 4 

2 2 4 

2 2.5 4 

2 1 5 

2 1.5 5 

2 2 5 

2.5 1 2 

2.5 1.5 2 

2.5 2.5 2 

2.5 1 3 

2.5 2 3 

2.5 2.5 3 

2.5 1 4 

2.5 1.5 4 

2.5 2 4 

2.5 2.5 4 

2.5 1 5 

2.5 1.5 5 

2.5 2 5 

Testing Data for MODEL B 

1 2 3 

1 1.5 4 

1.5 1.5 2 

1.5 1.5 3 

2 1 2 

2 1.5 3 

2.5 2 2 

2.5 1.5 3 
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7.2.1.3 Parameterization and dataset for training MODEL C 

Results of 36 FE-based mechanoregulatory analysis of bone growth were used for 

training the BPNN, whereas 8 such results were used as test data cases. Table 7.3 

shows the dataset used for training and validation of the NN for MODEL C. Two 

significant design parameters (‘p’ and ‘q’) were chosen as input parameters (in mm). 

‘p’ and ‘q’ are groove radius and inter-groove spacing, respectively (Fig. 7.1c). The 

input (XC) and output (OC) vectors for the network of MODEL C can be represented 

as:  

                                      p q=
C

X ,    CBG=
C

O                                                         (7.3) 

subject to constraints:               

                                                      
1.0  2.5

1.0 2.5

p

q

 

 
 

 

Table 7.3 Dataset used to train and validate the NN for MODEL C 

Training Data for MODEL B 

p q 

2.5 2 

2.5 2.5 

1 1 

1 2.5 

1.7 1.1 

2 1.7 

2.5 1 

1.7 1.9 

1.1 2.2 

1.9 2 

2.2 2.3 

2 1.1 

1.5 1.3 

2.4 1.7 

1.8 2.5 

1.3 1.4 

2.2 1.1 

2.4 2 

2.2 1.7 

1.4 1.3 

1.2 1.6 

2.3 1.3 
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2.2 2.2 

1.4 1.6 

1.3 2.3 

1.5 1 

2.2 2.2 

1.9 1.9 

1.9 1.7 

1.9 2 

2 2 

2.2 2.3 

1.7 1 

1.7 1.4 

1.4 1.1 

2.1 2 

Testing Data for MODEL C 

2 1.3 

2 1.9 

1.4 1.9 

2 2.1 

1.2 2.3 

1.2 2.2 

1.6 2 

1.1 2.3 

 

For training the BPNN, all the input parameters and output data were normalized in 

the range (0.0,1.0) with reference to their corresponding lower (minimum value) and 

upper (maximum value) bounds. Table 7.4 shows the design parameters and their 

respective lower and upper bounds corresponding to each of the models. 

7.2.2 FE modelling, material properties, loading and boundary 

conditions  

The FE models for each candidate design of all three design morphologies of the 

bone-implant interface were developed based on the geometric constraints as stated 

above. All models were developed in CATIA® v5R20 software (Dassault Systèmes, 

France), as shown in Fig. 7.1, and subsequently imported into ANSYS V14.5 FE 

software (ANSYS Inc., Canonsburg, PA, USA) for analysis. Every candidate design 

was discretized using coupled linear elastic eight-noded hexahedral elements (Fig 

7.2).  
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In order to obtain acceptable accuracy of FE results, mesh convergence study 

was carried out for each design candidate. A typical mesh convergence study for 

each of the models involves evaluation of peak von Mises stress at the bone-implant 

interface. For example: consider a data case for MODEL C with p = 2.5 mm, q = 2 

mm, three different FE meshes ~6,372 elements (coarse mesh), ~11,676 elements 

(medium mesh), ~38,052 elements (fine mesh) were chosen to predict the peak Von 

Mises stress at the interface. Interestingly, the maximum difference in peak Von 

Mises stress was found to be 21% between the coarse mesh and the medium mesh 

and 0.5% between the medium mesh and fine mesh respectively. Considering the 

computational cost and efficiency, the medium mesh is found to be reliable for 

further computations with sufficient accuracy. 

 

Table 7.4 Design parameters corresponding to each of the models (Fig. 7.1) 

 

Linear elastic, homogeneous and isotropic material properties were considered 

for all volumetric regions (implant, granulation tissue and host bone) of the FE 

model. However, the initial condition of homogeneity of granulation tissue will 

cease to prevail as tissue differentiation takes place in the iterative timescale. The 

implant material considered in the present study was a high-nitrogen stainless steel 

alloy M30NW (Aubert & Duval, France) having Young’s modulus, E = 195 GPa. 

The elastic modulus of the host bone was assumed to be 500 MPa (Puthumanapully, 

MODEL A Lower Bound Upper Bound 

Design Parameters (mm) a 1.0 2.5 

b 1.0 2.5 

c 1.0 2.5 

d 1.0 2.5 

e 1.0 2.5 

f 2.0 5.0 

MODEL B Lower Bound Upper Bound 

Design Parameters (mm) u 1.0 2.5 

v 1.0 2.5 

w 2.0 5.0 

MODEL C Lower Bound Upper Bound 

Design Parameters (mm) p 1.0 2.5 

q 1.0 2.5 
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2010; Mukherjee and Gupta, 2014), and that for granulation tissue was considered 

to be 1 MPa. Poisson’s ratio for both the host bone and implant material was taken 

as 0.3, whereas that for granulation tissue was taken as 0.167. All the interfaces in 

all the candidate designs were assumed to be bonded under all conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 FE models of the three representative bone-implant interface with macro-textures 

over the representative implant surfaces: (a) MODEL A, (b) MODEL B and (c) MODEL C. 

(Colour Map: Blue for Implant; Red for granulation tissue; Grey for Host Bone). 
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 The upper surface of the bone was constrained in all directions, whereas a 

normal (assuming a press-fit condition) and a tangential (relative bone-implant 

micromotion) displacement, each of 20 µm (Mukherjee and Gupta, 2014), were 

provided at the bottom implant surface. 

7.2.3 Tissue differentiation based on mechanobiological 

principles  

The progressive bone growth phenomenon was implemented using the 

mechanobiology based algorithm as discussed in Table 3.1, Chapter 3. The 

numerical model (Fig. 7.3) simulated the migration of mesenchymal stem cells 

(MSCs) within the region of the bone-implant interface through a diffusion model 

(Lacroix et al. 2002; Lacroix and Prendergast, 2002a, 2002b) as mentioned in 

Chapter 4, Equation 4.1. 

         Impermeable implant boundary was assumed to represent no cell loss during 

the cellular diffusive process. Initially, the interface region was considered to be 

filled with granulation tissue. Local mechanical stimuli (hydrostatic pressure and 

deviatoric strain) govern the differentiation of MSCs into different cellular 

phenotypes (Barry, 2003; Isaksson et al., 2006). Upon maturation, these cellular 

phenotypes modify into fibrous tissue, cartilage and bone (Claes and Heigele, 1999). 

The effective material properties of the newly formed tissues were predicted based 

on a rule of mixture as discussed in Chapter 4, Equations. 4.2 and 4.3. 

     For averting numerical instability, a temporal smoothing method was 

employed (Lacroix and Prendergast, 2002a, 2002b) to update material properties in 

each interface finite elements based on Equations. 4.4 and 4.5 as mentioned in 

Chapter 4. In this mechanoregulatory scheme, one post-surgical day was represented 

by each iteration. The complete procedure was scheduled to run for 120 iterations, 

translating to sixteen weeks’ post-surgical period from the day of implantation.  
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7.2.4 Implementation of back-propagation neural network (BPNN)  

The neural network topology proposed in the present study was configured with 

three layers, namely input, hidden and output layers. As described, the input design 

variables represented by number of input neurons (m) for MODEL A, MODEL B 

and MODEL C were identified as m=6, m=3 & m=2, respectively. A single hidden 

layer of ‘n’ neurons was considered for each of the three networks. The number of 

neurons in the output layer (z) is one for each of the networks representing the 

normalized percentage of bone growth (BG). It is worth noting that a single hidden 

layer is considered adequate for designing an efficient neural network for a large 

number of real-world problems (Tu, 1996). The activation functions for input and 

hidden neurons were assumed to be linear and logistic-sigmoidal for all the three 

architectures, whereas activation function for output neuron was considered logistic-

sigmoidal. A fixed bias matrix [B] of size two was added to both the hidden and 

output neurons. The connecting weights between the input and hidden layers were 

represented by a matrix [V] of size m × n. In contrast, a column vector [W] of size n 

was used to represent the connecting weights between the hidden and output layers. 

Elemental values of matrices [V] and [W] were allowed in the range of -1.0 to 1.0, 

whereas elemental values in the bias matrix [B] ranged between 0.0 and 1.0. Initial 

elemental values for weights and bias matrices were randomly generated. 

Customized MATLAB scripts (MATLAB 2017a, The MathWorks Inc., Natick, 

MA, USA) were developed to model the neural networks. Subsequently, parametric 

studies (Chanda et al., 2016; Dutta and Pratihar, 2007; Chaki et al., 2015) were 

carried out for each network by altering one hyperparameter at a time, keeping the 

others constant to identify an optimal set of these hyperparameters (the number of 

hidden neurons (n), learning rate (α) and momentum constant (µ)). 

7.2.5 Implementation of genetic algorithms (GA) based 

optimization of implant texture   

The present scheme further employs a single-objective mixed-integer GA search 

using MATLAB Optimization Toolbox (MATLAB 2019a, The MathWorks Inc., 

Natick, MA, USA) to search for optimized macro-texture morphology by 

maximizing BG. An initial population size (P) is randomly generated for each GA 
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search. Each string of population contains six substrings for MODEL A, three 

substrings for MODEL B and two substrings for MODEL C. Substrings chosen in 

each GA scheme indicates the constraint design parameters for respective models 

(Chaki et al., 2015). The BG corresponding to each GA substring is predicted by the 

trained BPNN in order to determine the objective function, F. Rank scaling of 

objective function F was performed to determine the fitness function values. 

Crossover fraction (c) is the fraction of children, other than those elite individuals, 

that are generated by crossing over. The rest of the individuals are generated by 

mutation. The elite count was fixed at 2 across all the generations. A recent study 

indicated that lower values (Mishra and Shukla, 2017) of elite count results in much 

better optimal solutions. 

The GA search in the present study employs stochastic-uniform selection 

algorithm with scattered cross-over fraction. Optimal GA parameters (Dutta and 

Pratihar, 2007; Chaki et al., 2015), e.g. crossover fraction (c), population size (P) 

and maximum number of generations (G) (Chanda et al., 2016) are identified 

through a parametric study. For reproducibility, a unique seed value was considered 

during the parametric study to create initial set of random population. Based on the 

near optimal set of GA parameters, the final GA run was performed subject to the 

design constraints as stated before. The final generation of the GA search yielded 

the optimized values of implant geometric parameters for each distinct macro-

textured configuration.  These optimized implant textures will hereon be referred to 

as OMTA, OMTB and OMTC for MODEL A, MODEL B and MODEL C, 

respectively. 

7.3 Results and Discussion 

7.3.1 Near-optimal BPNN architecture 

The near-optimal architecture of the NN for MODEL A was obtained through a 

parametric study which is presented in Figure 7.3. In the initial phase of the 

parametric investigation, the number of neurons in the hidden layer (n) was varied 

in the range of (6,16), whereas the learning rate (α) and the momentum constant (µ) 

were fixed to 0.4 and 0.1, respectively. It can be noted that the NN with 15 hidden 

neurons showed the best performance in terms of mean squared error (MSE) (Fig. 

TH-2978_166103104



Predictions of bone growth over optimally designed macro-textured implant surfaces 

using neural network and genetic algorithm 
 

161 
 

7.4). In the later phases of the parametric study, the number of neurons in the hidden 

layer was fixed to 15, while the values of the learning rate (α) and the momentum 

constant (µ) were varied in the range (0.05,0.95) for both the subsequent stages of 

study. Optimal NN architecture (Fig. 7.5a) as obtained for MODEL A is presented 

in Table 7.5.  Similarly, by varying n, α and µ, the optimal NN-architectures for 

MODEL B (Fig. 7.5b) and MODEL C (Fig. 7.5c) are also achieved as shown in 

Table 7.5.   

 

Table 7.5 Parameters of the near-optimal NN  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Parametric study to obtain near-optimal NN for all the in silico models: (a) MODEL 

A, (b) MODEL B and (c) MODEL C 

Parameters MODEL A MODEL B MODEL C 

Number of Neurons in the hidden layer 15 15 16 

Learning Rate (α) 0.45 0.15 0.45 

Momentum Constant (µ) 0.1 0.2 0.75 

(a) (b) (c) 
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Figure 7.5 Near-optimal NN architecture for: (a) MODEL A (b) MODEL B (c) MODEL C 

7.3.2 Performance analysis of NN-GA scheme 

  BPNNs were constructed to model a relationship between macro-textured geometric 

parameters and percentage bone growth (BG) at the bone-implant interface over 

representative uncemented prostheses having three distinct macro-textures. To 

select near-optimal neural networks, phase-wise parametric studies were conducted, 

followed by cross-validation against a suitable set of test datasets. When calculating 

BG for any clinically admissible input string, the NN's average computational time 

was estimated to be a fraction of a second. On the contrary, each simulation for 

prediction of BG through mechanobiology based FE analysis required more than an 

hour in a high-performance workstation (Windows 10 Pro, 8-core AMD Ryzen 7 

3700X CPU, 64 GB RAM, speed 3.59 GHz).  

Comparative analysis of the predicted output from NN and the target output for 

the training dataset (Fig. 7.6) as well as that for testing dataset (Fig. 7.7) of MODEL 

A, MODEL B and MODEL C are shown. Both the training (R2 = 0.938) and testing 

datasets (R2 = 0.936) in MODEL A had significant coefficients of determination 
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(R2). The overall performance over the training dataset was also found to be 

significant, since the final mean squared error (MSE) was found to be 0.0014 (~0.3% 

of mean target values). Additionally, a consistency was observed in the training 

dataset as well, since only ~4.0% constituted noise readings (Fig. 7.6a). Similarly, 

the training (R2 = 0.982, 0.820) and testing datasets (R2 = 0.997, 0.810) in MODEL 

B and MODEL C had significant coefficients of determination (R2) respectively. 

The final MSE was found to be 0.0001 (0.05 percent of mean target values) for 

MODEL B and 0.0049 (~ 0.9% of mean target values) for MODEL C, indicating 

that the overall performance over the training dataset was significant. Furthermore, 

a consistency was observed in the training dataset as well since only ~2% in 

MODEL B (Fig. 7.6b) and ~7.7% in MODEL C (Fig. 7.6c) constituted noise 

readings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 Target Output vs NN Predicted Output of the near-optimal NN for the training 

dataset of: (a) MODEL A (b) MODEL B (c) MODEL C 
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Figure 7.7 Target Output vs NN Predicted Output of the near-optimal NN for the testing 

dataset of: (a) MODEL A (b) MODEL B (c) MODEL C 

However, unexpected correlations between the target and the predicted output 

have numerous statistical causes. The correlation obtained for the training dataset 

chosen for each of the models were closely correlated with the test dataset which 

provide confidence to the BPNN models developed in this study. However, as can 

be seen in the Figure 7.6c, the correlation obtained in the training dataset for 

MODEL C is relatively low (R2=0.82) compared to that for other two geometric 

models (MODEL A and MODEL B) due to the presence of higher number of cross-

trend outliers and quite a few fringe outliers in the dataset. This is further evidenced 

by the scatter-plot obtained for the test dataset (R2=0.81) for the MODEL C as in the 

Figure 7.7c which shows high deviation from line of best-fit. 

After construction and validation of the BPNN architectures, GA-based 

optimizations were performed to search for optimized macro-textured designs that 

would maximize bone growth thereby enhancing secondary stability (Mukherjee 

and Gupta, 2016; Kuzyk and Schemitsch, 2011) of the implants. A single-objective 

GA was executed for all the three models viz. MODEL A, MODEL B and MODEL 
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C separately with a population size of 200 over 20 generations (i.e. ~4000 design 

evaluations), a population size of 200 over 125 generations (i.e. ~25000 design 

evaluations) and a population size of 125 over 20 generations (i.e. ~2500 design 

evaluations), respectively, based on GA parametric studies as shown in Figure 7.8. 

The optimal GA parameters for each of the models were obtained through the 

GA-parametric study as presented in Figure 7.8. The optimum set of GA parameters 

found from the GA-parametric study is presented in Table 7.6. The normalised BG 

predicted by NN for OMTA, OMTB and OMTC were found to be -0.999992, -

0.942333 and -0.99948 respectively, which on subsequent de-normalisation, 

predicted BG from NN for OMTA, OMTB and OMTC were found to be ~14.9%, 

~24.8% and ~20.5%, respectively (Fig. 7.9). 

Table 7.6 Optimal GA parameters 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters MODEL A MODEL B MODEL C 

Cross-over Fraction (c) 0.85 0.65 0.75 

Population Size (P) 200 200 125 

Number of Generations (G) 20 125 20 
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A bar-chart (Fig. 7.9) presents a comparison between BG calculated from FE 

analysis and that predicted from NN over macro-textures for all the models. The BG 

calculated from FE analysis corresponding to OMTA was found to be 14.4%, which 

was close to the NN predicted de-normalized BG (absolute error ~3.35%). In 

addition, it can be observed from Figure 7.9 that the BG (FE- calculated and NN 

predicted) for the OMTA was higher compared to the initial model for MODEL A. 

The NN predicted BG for OMTA was found to be ~4.04% higher, compared to that 

for the initial model.  

 

 

 

 

(a) (b) (c) 

Figure 7.8 Parametric study to obtain optimal GA parameters for all the in silico models: (a) MODEL A, 

(b) MODEL B and (c) MODEL C. 
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Figure 7.9 A comparison between FE-calculated and BPNN-predicted BG over macro-textures 

for all the initial models and their corresponding Osseointegration-maximized-textures (OMT) 

Similarly, the FE-calculated BG (Fig. 7.9) corresponding to OMTB was found 

to be 24%, which was close to the NN predicted de-normalized BG (absolute error 

~3.22%). In addition, it can be observed from Figure 7.9 that BG (FE- calculated 

and NN predicted) for the OMTB was higher compared to the initial model for 

MODEL B. The NN predicted BG for OMTB was found to be ~11.93% higher, 

compared to that for the initial model.  

Corresponding to OMTC, the FE-calculated BG (Fig. 7.9) was found to be 

19.9%, which was close to the NN-predicted de-normalized BG (absolute error 

~2.93%). In addition, it can be observed from Figure 7.9 that BG (FE- calculated 

and NN predicted) for the OMTC was higher compared to the initial model for 

MODEL C. The NN predicted BG for OMTC was found to be ~8.64% higher, 

compared to that for the initial model. It is also noteworthy that, the percentage 

enhancement in percentage of BG was 37.2% for MODEL A, 92.7% for MODEL 

B and 72.85% for MODEL C which is found to be significantly higher as compared 

to that offered by their initial models. 

7.3.3 Osseointegration-maximized-texture (OMT) of the implant 

models 

The design parameters for OMTA and initial macro-textured design for MODEL A 

are presented in Table 7.7. It has been observed that, there has been decrease in the 
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dimensions of parameters ‘a’ and ‘c’ from 2.5 mm to 1.0 mm and 1.5 mm to 1.0 mm 

respectively from initial design. On the contrary, there has been increase in the 

dimensions of parameters ‘b’ and ‘d’ from 2.0 mm to 2.5 mm and 1.0 mm to 2.1 mm 

respectively. The ridge width parameter ‘e’ has been found to decrease from 2.5 mm 

to 1.2 mm, whereas the groove-spacing parameter ‘f’ remains constant for both the 

models so as to maintain dimensional constraint. Similarly, the design parameters 

for OMTB and initial macro-textured design for MODEL B are also presented in 

Table 7.7. It has been observed that, there has been decrease in rib height parameter 

‘u’ and ridge width parameter ‘v’ from 2.5 mm to 1.0 mm and 2.0 mm to 1.0 mm 

respectively. Reduction in the inter-rib spacing or groove spacing parameter ‘w’ has 

also been observed from 5.0 mm to 3.0 mm. The design parameters for both OMTC 

and initial macro-textured design for MODEL C are presented in Table 7.7. It has 

been observed that there has been reduction in the groove spacing parameter ‘p’ 

from 2.5 mm to 1.4 mm from initial design to OMTC. In addition, reduction in ridge-

width parameter ‘q’ has also been observed from 2.0 mm to 1.2 mm.  

Table 7.7 Design parameters and NN predicted bone-growth corresponding to initial and 

optimized designs  

 

MODEL A Initial Model Optimized Model 

Design Parameters (mm) a 2.5 1.0 

b 2.0 2.5 

c 1.5 1.0 

d 1.0 2.1 

e 2.5 1.2 

f 3.0 3.0 

NN predicted bone-growth (%) 10.86 14.9 

MODEL B Initial Model Optimized Model 

Design Parameters (mm) u 2.5 1.0 

v 2.0 1.0 

w 5.0 3.0 

NN predicted bone-growth (%) 12.87 24.8 

MODEL C Initial Model Optimized Model 

Design Parameters (mm) p 2.5 1.4 

q 2.0 1.2 

NN predicted bone-growth (%) 11.86 20.5 
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  It is clearly evident, from Table 7.7, that OMTA, OMTB and OMTC have 

significant geometric variations as compared to their initial models. OMTA 

(corresponds to optimal macro-texture for MODEL A) has ribs that exhibited 

periodic arrangement of lower and higher rib dimensions so as to achieve uniform 

stress regime in the interfacial region to promote higher levels of bone growth. Both 

OMTB and OMTC have reduced ribs and groove dimensions as compared to their 

initial models. This improves osseointegration by reducing the formation of fibrous 

tissues at the groove basins. From the results of the present study, it could be 

observed that reduction of groove radius as well as inter-groove spacing lead to 

enhancement of in vitro osteogenic differentiation of MSCs which was also reported 

by Gui et al., 2018. Moreover, spacing ratio i.e. ratio of inter-rib spacing (w) to rib 

width (v) in case of the macro texture in MODEL B has been found to be 1:3 for the 

optimized model OMTB which is also reported in an earlier study (Gui et al., 2018) 

which reported that similar spacing ratio promotes enhanced osteogenic 

differentiation. In addition, Hydrostatic stress has been found to increase with deeper 

ribs due to increase in stress-concentration factor (Depover et al., 2019; Pedersen, 

2010). Increased hydrostatic stress promotes fibrous tissue as is relevant from 

mechanoregulatory tissue-differentiation algorithm (Mukherjee and Gupta, 2016; 

Claes and Heigele, 1999; Lacroix and Prendergast, 2002a; Chou and Müftü, 2013; 

Dickinson et al., 2012; Isaksson et al., 2006b; Hori and Lewis, 1982; Jurvelin et al., 

1997) as mentioned in Table 3.1, Chapter 3. These results from the present study 

which confirm some of the earlier independent research reinforce the confidence of 

the present optimal results. The results in the present study also corroborates with 

the study results presented in Chapter 4 that higher stress-concentrations due to 

longer ribs and deeper grooves promotes formation of fibrous tissues. 

7.4 Clinical significance of the present work 

 Kuroshima et al., 2017 emphasized the need for the modifications in implant macro 

textures to achieve better osseointegration. Vidyadhara and Rao, 2007 also stressed 

the importance of better proximal press-fit fixation to prevent distal stress-shielding 

in THA. Fig. 7.10 shows the distribution of major tissue growth over the three 

macro-textured optimized implant designs after 120 days of healing. From clinical 

significance, as observed in earlier findings (Kuzyk and Schemitsch, 2011), distance 
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osteogenesis (Fig. 7.10) was prevalent for all the initial as well as optimized designs 

which promotes attainment of secondary stability of the prosthesis. In a few other 

studies (Puthumanapully, 2010; Liu and Niebur, 2008; Choi et al., 2017), bone 

mineralization at the edge of the host bone region as well as a further progression 

towards the surface of the implant was observed.  

 

 

 

 

 

 

 

 

 

Figure 7.10 Distribution of major tissue growth over the three macro-textured optimized 

implant designs after 120 days of healing period: (a) MODEL A, (b) MODEL B and (c) 

MODEL C (Colour Map: Blue for fibrous tissue; Green for cartilaginous tissue; Yellow for 

Bone). 

7.5 Limitations and Usefulness of the present scheme 

  It is to be noted that the computational scheme for predicting bone growth employed 

in the present study is a simplified form of realistic post-surgical bone growth 

phenomena, which is also influenced by other anatomic and physiological 

conditions, surgical techniques and osteogenic factors. In the present study, a 

perfectly bonded bone-implant interface condition was considered for prediction of 

bone growth which might disregard the fuzzy nature of the bone–implant interface. 

However, by comparing the bone growth between perfectly bonded and non-bonded 

interface condition, earlier study (Mukherjee and Gupta, 2016) reported that the 

difference was observed to be insignificant. In addition, it may be noted that a full-
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scale bone-implant models with spatial variation in micromotion values with 

realistic physiological boundary conditions may provide further insight into the 

present computational scheme, it acts as a stopgap model with the sole purpose of 

methodical prediction of the secondary stability at the bone-implant interface. 

 Although the diffusion model has been employed in the present investigation 

to mimic the biological phenomena of MSC migration, but it does ignore the reaction 

term and hence does not comprehend cellular proliferation and other cellular activity 

like apoptosis (Lacroix et al., 2002). But, if reactive terms like proliferation, 

apoptosis etc. were included, the rate of tissue differentiation would have varied 

everywhere in proportion to cellular concentration. Thus, fundamentally the trends 

of tissue differentiation would not be expected to alter to a considerable extent as 

reported by Lacroix et al., 2002. Nevertheless, the outcome predicted by NN for all 

the three models, being a generalized one, may not predict actual bone growth 

condition for a wide range of patients which further necessitates long term clinical 

results to validate the in silico model, since inter-patient diversity plays a major role 

in design assessment of orthopaedic implants (Dopico-González et al., 2010; 

Pancanti et al., 2003). However, this method will definitely be useful for a specific 

group of implants. 

The trained NN architectures may also face the consequences of being under-

fit or over-fit. A sufficient quantity and quality of training dataset along with careful 

selection of epochs are essential for better performance of the NN architectures. 

Diversity of dataset influences the NN to perform better (Dorronsoro, 2002). In the 

present case, enough care has been taken in shuffling and splitting of the training 

and testing dataset so as to enhance the diversity in the dataset. The NN topologies 

were determined based on the average of all such shuffling cases so as to achieve 

the overall distribution of the available data for each of the model. The chances of 

bias in the datasets thus has been minimized sufficiently. In addition, the FE analysis 

output does not have any significant noise to influence it and the data being 

sufficiently spread does not allow over fitting of the NN.  Even though a diversified 

set of training data was used in training each of the neural networks, there is always 

a room for improvement. 
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The presently developed BPNN scheme attempts to relate the levels of 

osseointegration with the implant macro-textures under a constant relative 

micromotion between implant and bone. It may be worth noting that there will be 

variation in quantification of bone growth with the change in loading and 

displacement boundary conditions at the bone-implant interface models 

(Puthumanapully, 2010; Andreykiv et al., 2008a). However, the present scheme 

proposed in this Chapter is flexible enough to incorporate variable loading and 

boundary conditions in a future investigation.  

The present investigation is based on simplified model in the sense that it does 

not consider the porous coating on the implant surface, density of bone and cartilage 

extracellular matrices (ECMs) as well as osteogenic and chondrogenic growth 

factors. While incorporation of those factors makes the model more complicated but 

the qualitative prediction and spatial distribution of bone formation at the bone-

implant interface has been reported to be not so significant (Lacroix et al., 2002; 

Mukherjee and Gupta, 2017a). However, the quantitative estimation of bone growth 

was little higher (Mukherjee and Gupta, 2017b) while considering cell-phenotype 

specific algorithm as compared to phenomenological algorithm. Therefore, the 

present model though little simplified does produce a conservative estimate of bone 

growth and serves the objective of determining the optimum morphology of the 

implant texture.  

Nevertheless, this obviates the need for more robust albeit computationally 

expensive FE based mechanobiological predictions of osseointegration. Besides, the 

present work also hunts for optimized macro-textures for each model investigated, 

by utilizing BPNN as a method to evaluate the value of the objective function. 

However, the optimized macro-textures, so obtained, may not be optimal ones 

considering other failure mechanisms involved with uncemented arthroplasty, e.g. 

tribological aspects or stress-shielding phenomena. Nevertheless, the developed 

methodology provides sufficient flexibility to the implant manufacturers, clinicians 

and the scientists to explore wide range of implant designs with rational speed and 

accuracy, while choosing a trade-off implant for patient-specific surgical 

interventions. 
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7.6 Summary 

This study presents near-optimal NN architectures framed for the purpose of 

predicting long-term secondary stability of uncemented prosthesis at representative 

bone-implant interface models having commercially viable macro-textures. This is 

perhaps the first reported NN-based investigation to relate geometric design 

parameters to the resulting percentage of bone growth. Some of the important 

conclusions from the present study: 

 The levels of NN-predicted BG were found to have pronounced agreement with 

the FE-predicted results. 

 The OMTs obtained based on the GA search were found to offer enhanced 

biologic fixation, compared to that offered by discernible textures in three 

distinct initial models.  

 Results from the study show that reduction in the dimension of ribs/grooves 

promotes higher levels of bone growth. 

 Moreover, periodic patterns of ribs with higher and lower rib dimensions 

predicted uniform stress regime at the interfacial region, thereby resulting in 

enhanced bone growth.  

 The present NN-GA based scheme was able to speculate the amount of bone 

growth based on geometric parameters of the macro-textures and may, therefore, 

be used as a pre-clinical tool for the search of favourable implant designs.  
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CHAPTER  
 

 

 

Qualitative assessment of growth of 

connective tissues on femoral stem 

with macro-textures 
 

 

his chapter presents an in silico investigation of the qualitative trend of 

growth of connective tissues for a specific type of femoral implant with 

commercially discernible macro-textures on its proximal surfaces. Based on a CT-

scan dataset, patient-specific bone material modelling and musculoskeletal loading 

conditions with peak forces during normal walking and stair climbing were 

considered in this study. Mechanoregulatory algorithm was used to qualitatively 

assess the spatial distribution and amount of bone growth. A comparative analysis 

of growth of connective tissues on femoral implant with and without proximal 

macro-textures were also investigated under normal walking.   
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8.1 Importance and Objective 

As already discussed in Chapter 3, there are two modes of implant fixation in the 

intramedullary bone canal. Cemented fixation relies primarily on the bone cement 

or PMMA that acts as a void filler at the gaps between the bone and the implant. In 

addition, bone cement also helps in proper adherence of the implant with the host 

bone. Bone cement is however less reliable due to its exothermic polymerization, 

high stiffness and minimum reliability for a long period of time (Tai et al., 2016). 

On the contrary, the uncemented fixation relies on the mechanical interlocking of 

the surface textures on implant to the bony ridges of healthy bone as well as biologic 

fixation of the newly formed tissues connecting the host bone and the implant. Due 

to fewer limitations in uncemented implant fixation specially to younger population 

where bone quality is relatively good and the cancellous bone provide adequate 

fixation strength, this methodology is widely used in many countries including India 

(Puthumanapully, 2010). Classical designs of femoral implants have either have 

been plain surfaces or else included macro-textures on the proximal implant so as to 

adhere the implant with the endosteum of the proximal diaphysis. As discussed 

earlier in Chapter 4, when subjected to mechanical loads, the implants along with 

their surface morphologies have inherent ability to change the mechanical 

environment around the prosthesis. Variation in mechanical stimulus at the bone-

implant interface further changes the growth pattern of connective tissue at the 

interface (Mukherjee and Gupta, 2016; Mathai and Gupta, 2022). The role of 

proximal surfaces of the femoral implants were often overlooked due to more 

emphasis on the bone-implant stability at the distal section. Furthermore, the 

macroscopic textures got more emphasis on mechanical interlocking rather than 

investigating their role in bone growth. 

 In the previous chapters on analysing the influence of macro-textured surfaces on 

bone growth, neither the whole implants were studied nor the real-life 

musculoskeletal loading conditions were incorporated. It is however a known fact 

that excessive interfacial micromotions (sliding and gap distances) lead to unstable 

implant fixation mostly owing to the imbalance in mechanical stability between the 

implant and the host bone (Sánchez et al., 2021a; Sánchez et al., 2021b). However, 

these relative displacements at the bone-implant interface shares a cause and effect 

relationship with the musculoskeletal loading conditions. The goal of hip 
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replacement procedure is to restore the failed hip joint and thus aid the patients 

towards a normal walking gait.  It is however noteworthy that, the patient still shows 

some form of disability even after a successful hip procedure.  

 Normal walking and stair climbing are the two daily activities which are suggested 

by experienced orthopaedic surgeons after a successful hip procedure. Other sorts of 

routine activities are generally not recommended at least for first six weeks after 

implantation. Climbing of stairs causes high hip joint force and high torsional 

moments around the prosthesis (Bergmann et al., 1995). High magnitude of joint 

forces and moments may contribute to early aseptic loosening of the femoral stems 

(Bergmann et al., 1995). However, modifications in design of femoral stems may 

reduce the risk of endoprosthethic loosening by improving primary as well as 

secondary stability of the implants. Studies have not been performed earlier to decide 

whether or not macro-textured architectures on surface of femoral stem have any 

influence on changing the qualitative distribution of type of connective tissues at the 

bone-implant interface under daily routine activities. In addition, no studies have 

been performed to understand the qualitative assessment of growth of different tissue 

phenotype comparing two femoral stems with or without macro-textured 

architectures under daily routine activities.  

 As discussed in Chapter 4, after a successful hip procedure, a sequence of events 

take place around an uncemented prosthesis resembling the events during primary 

bone fracture healing (Kienapfel et al., 1999; Davies, 1996,2003). Variation in 

micromotion at the bone-implant interface depend on different parameters such as 

musculoskeletal loading conditions, stiffness of the femoral stem, quality of the bone 

of the patient and design of the stem. Under optimum loading, sufficient primary 

stability and optimum level of micromotion, bone growth occurs at the bone-implant 

interface gap connecting the femoral stem with the healthy bone. However, high 

magnitude of strains due to excessive micromotion may result in fibrous tissue 

formation at the gap thus weaken the interface strength (Haddad et al., 1987; Jasty 

et al. 1991; Jasty et al., 1997; Puthumanapully and Browne, 2010). 

 There has been an extensive use of commercially available femoral stems that are 

used clinically after years of continuous research and development but yet are 

considered relatively unknown commodity in terms of functional reliability and 
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durability (Puthumanapully, 2010). A study by Kurtz et al., 2007 reported that the 

demand for total hip arthroplasty (THA) is projected to grow by 174% in the United 

States itself by 2030. A retrospective cohort study by Bhattacharyya et al., 2007 

reported that there has been an increase of patients by 216% between 2002 and 2006 

who requires revision surgery for failed joint following peri-prosthetic hip fracture. 

With such a large scale demand for artificial hip and lack of sufficient retrieval 

studies for these hip stems as well as lack of clinical outcomes, in silico assessment 

of implants can provide a quicker solution towards performance of such prosthesis. 

Very few computational assessments (Folgado et al., 2009; Tarala et al. 2011; 

Mathai and Gupta, 2022) of growth of tissue phenotype over a femoral stem has 

been performed as yet. Folgado et al. 2009 studied the influence of hip stem 

geometry, material and extent of porous coating on bone growth in an uncemented 

THA. Tarala et al., 2011 proposed a FE methodology to study combined bone 

growth and remodelling for hip stems. Both these studies used magnitude of 

micromotion at the bone-implant interface in order to pre-clinically assess the 

pattern of tissue differentiation instead of using any of the mechanoregulatory 

principles as discussed in Chapter 2. Very recently, Mathai and Gupta, 2022 

employed a multiscale framework (Mukherjee and Gupta, 2016) to pre-clinically 

assess the influence of musculoskeletal loading conditions on bone ingrowth into 

porous coated hip stems with micro-textured surfaces using mechanoregulatory 

principle of Claes and Heigele, 1999.  

 In view of the above discussions, the aim of the present study is to perform a 

comparative assessment of growth of connective tissue at the bone-implant interface 

due to a femoral stem with and without macro-textures at its proximal surfaces. In 

addition, qualitative trends of bone growth have also been studied for femoral stems 

with proximal macro-textures under daily routine activities such as normal walking 

and stair climbing.  

8.2 Problem definition-materials and methods 

 

The patient-specific FE models of implanted proximal left femur were developed 

based on a patient-specific lower limb Computed Tomography (CT) scan dataset 

(512 x 512 pixels; pixel size of 0.707 mm; slice thickness of 0.625 mm) of a 35-

year-old female patient having 58 kg body weight (BW).  

TH-2978_166103104



Qualitative assessment of growth of connective tissues on femoral stem with macro-

textures 
 

179 
 

8.2.1 Development of FE model  

The 3-D surface model of left proximal femur was developed using CT-scan data 

and imported to ANSYS V14.5 FE software (ANSYS Inc., Canonsburg, PA, USA). 

Values in Hounsfield Units (HU), also referred as CT number were used to express 

the CT gray scale value (GSV). Figure 8.1 shows a 3-D surface model of the femur. 

To obtain the 3-D surface model of the femur (Fig. 8.1), the CT-scan data was 

processed using a medical image processing software, MIMICS® (Materialise, 

Leuven, Belgium). Image segmentation was used within a 2-D CT-scan slice to 

distinguish bone from soft tissue using CT number threshold values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1 (a) Coronal view of the CT scan image of the patient; (b) 3D surface model developed 

in MIMICS®; (c) Site-specific isotropic material property of the bone after resection and 

implementation in BONEMAT 

 

A solid model of a femoral stem considering the major dimension of a 

generic CORAIL hip stem (size 12 collarless) was reproduced in SolidWorks® 

software (DS SolidWorks Corp., Concord, MA, USA) as shown in Figure 8.2. Two 

such implant models were developed with one having textures on its proximal 

surface and another without textures on its proximal surface. From herein, one 
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implant will be referred as textured femoral stem (TFS) and another non-textured 

femoral stem (NTFS). In addition, the model of the femur and the implants were 

further converted into faceted surfaces (STL format) and imported into Rhinoceros® 

software (Rhinoceros V6.0, Robert McNeel & Associates, Seattle, USA). A layer of 

granulation tissue was developed around the proximal surface of the implant by 

uniformly exploding the implant geometry at the proximal surface by 1 mm in every 

direction and thereby performing Boolean subtraction operation. As discussed in 

Chapter 4, this additional layer of granulation tissue acts as the site of tissue growth 

after implantation. It is however to be noted that, the length of the original left femur 

was 390 mm which was further resected by 100 mm from the distal tip of the femur 

so as to reduce computational cost. The femur was then resected from top as well 

and the tissue-implant assembly was positioned virtually inside the bone canal 

through Boolean operations as shown in Figure 8.2. The resected angle and position 

of the implant inside the bone canal was kept so as to mimic surgical protocols. The 

femoral stem occupied a major region of proximal epiphysis, proximal metaphysis 

as well as portion of diaphysis. 

 

 

 

 

 

 

 

 

 

Figure 8.2 (a) 3D CAD models of the granulation tissue, femoral stem, assembled implant-tissue 

system, osteotomized bone and total femur-implant-tissue assembly; (b) 3D CAD models of the 

femoral stems (with and without texture on proximal surface) 

 The whole assembly in the form of tessellated surface models was then imported 

to ANSYS ICEM CFD V14.5 FE software (ANSYS Inc., Canonsburg, PA, USA) to 
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check and repair any existing faults in the geometry. Volumetric mesh was generated 

with 4-noded tetrahedral mesh which was imported to ANSYS Mechanical APDL 

V14.5 FE software (ANSYS Inc., Canonsburg, PA, USA) for further processing. It 

is however to be noted that, relatively finer mesh was used at the bone-implant 

interface region for better stress-strain estimation. 4-noded tetrahedral elements 

were then converted to 10-noded tetrahedral elements (SOLID 187) using an APDL 

script as shown in Figure 8.3. The choice of using 10-noded tetra elements in place 

of 4-noded tetra elements was attributed to higher convergence rate as well as they 

were found to produce better outcomes (Viceconti et al., 1998; Fraldi et al., 2010). 

In addition, a useful feature of tetrahedral elements with quadratic shape function is 

its excellent ability to approximate complex shapes and geometries such as 

biological tissues like femur (Fraldi et al., 2010).  

The optimum element size to be used for the study was decided by 

experimenting with various mesh configurations on implanted femurs with peak 

loads on hip joint considering normal gait. For the femur-implant-tissue model with 

TFS, mesh independency was checked with three different mesh sizes containing 

~76525 elements (coarse mesh), ~150558 elements (medium mesh) and ~385275 

elements (fine mesh) comparing maximum deviatoric strain. The maximum 

difference in peak deviatoric strain was found to be 7% between coarse and medium 

mesh and 2.1% between medium and fine mesh. Similarly, for the femur-implant-

tissue model with NTFS, mesh independency was checked with three different mesh 

sizes containing ~75523 elements (coarse mesh), ~153532 elements (medium mesh) 

and ~380273 elements (fine mesh) comparing peak deviatoric strain. The maximum 

difference in peak deviatoric strain was found to be 5.3% between coarse and 

medium mesh and 1.5% between medium and fine mesh. In the present study, peak 

deviatoric strain was used for the mesh convergence study as opposed to peak von 

Mises stress as performed in studies as discussed in earlier chapters because 

deviatoric strain itself is believed to be a strong predictor of tissue growth at the 

bone-implant interface (Isaksson et. al., 2006; Tarlochan et al, 2018; Mehboob et al., 

2020; Mohandes et al., 2021). 
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Figure 8.3 FE models of (a) resected bone; (b) granulation tissue; (c) implant (d) implant-tissue 

assembly; (e) total assembly of bone-tissue-implant with musculoskeletal loading and boundary 

condition 

8.2.2 Material Properties  

In the present study, bone was assumed to be linear elastic and isotropic material. 

However, considering an influence of local stiffness of the bone on the mechanical 

environment around the granulation tissue, it was critical to avoid single stiffness 

value for the entire bone and instead assigning element-specific properties. The site-

specific material property was extracted from the patient-specific CT scan data set 

using a freeware software, BONEMAT V3.2, developed at the Institute Ortopedici 

Rizzoli, Bologna, Italy (Taddei et al., 2007). BONEMAT is a programme that 

connects a 3D finite element mesh to the bone radiography density (Hounsfield 

units, HU) obtained from a CT scan data set. The BONEMAT algorithm then uses 

a nonlinear relationship to assign an elastic modulus to each finite element based on 

the apparent bone density at the associated element location on the CT scan data set. 

The apparent density (ρ in g cm-3) for bone at each element was computed using the 

following relationship: 

                                        
 
 

1

1 2 1

2 1

 –  
   –    

–  
( )

HU HU

HU HU
   = +                                                        (8.1) 

where HU1 and HU2 denotes the CT numbers of no bone condition (HU1=0 HU) and 

cortical bone (HU2 = 1658HU) as obtained from CT scan data set, respectively. 

ρ1(0.022 g cm-3) and ρ2(1.73 g cm-3) are apparent densities of no bone condition and 
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cortical bone, respectively. Any CT-GSV value that was negative was considered 0 

HU (no bone condition). The apparent density (in gcm-3) was connected to the 

Young's moduli (E in MPa) of bone elements using the following relationship 

(Morgan et al., 2003; Chanda et al., 2016): 

                                                
1.52E 7281=                                                                       (8.2) 

Young’s modulus for the implant material (high-nitrogen stainless steel alloy 

M30NW) was taken as 195 GPa (Aubert & Duval, France) and that of granulation 

tissue is taken as 1 MPa. Poisson’s ratio for bone and implant was considered as 0.3, 

whereas that of granulation tissue was considered 0.167. The implant-tissue 

interface and bone-tissue interface were considered perfectly bonded. However, a 

surface-to-surface contact pair was modelled between the distal portion of the 

implant to the bone with a coefficient of friction of 0.5 (Mehboob et al., 2020). The 

contact simulation was performed using the Augmented Lagrangian Algorithm 

(ALA) in ANSYS Mechanical APDL V14.5 FE software (ANSYS Inc., 

Canonsburg, PA, USA). 

8.2.3 Loading and boundary conditions  

The implanted femur model was oriented laterally by 10° in the frontal plane while 

9° dorsally in the sagittal plane following the orientations mentioned in ISO 7206-

4:2010. The musculoskeletal forces from two routine activities such as normal 

walking and stair climbing were considered for FE study. A concentrated load, P0 

was applied at the center of the head of the femoral stem in every loading condition 

as shown in Figure 8.3e. P1, P2 and P3 are the points of attachments of different 

associated muscles considered during each routine activities (Fig. 8.3e). Doctors 

advise patient not to put entire weight on the operated leg right after surgery and 

instead walk with walking aid at least for 6 weeks. As a result, 80 percent of the 

patient's BW was applied to the femoral stem for the first 6 weeks considering the 

swing phase of the gait cycle (Heller et al. 2005; Pedersen et al. 1997) and assuming 

that the subject walks on walking aid and the operated leg is in the swing phase. 

Thereafter, 260 percent BW was considered for following 2 weeks, assuming the 

usual gait cycle as shown in Table 8.1. Similarly, when stair climbing was 

considered, 50 percent of the patient's BW was applied to the femoral stem for the 

first 6 weeks considering the swing phase of the gait cycle (Heller et al. 2005; 

Pedersen et al. 1997) and assuming that the subject climbs on stairs with walking 
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aid and the operated leg is in the swing phase. Thereafter, 280 percent BW was 

considered for following 2 weeks, assuming the normal gait cycle as shown in Table 

8.2. Fixed boundary condition was applied at the diaphysis of the femur ~50 mm 

below the distal tip of the femoral stem.  The estimated musculoskeletal loading 

conditions for normal walking and stair climbing were normalized to a body weight 

of the patient (58 kg).  

Table 8.1 Maximum loads during normal walking (Heller et al. 2005; Pedersen et al. 1997) 

 

Table 8.2 Maximum loads during stair climbing (Heller et al. 2005; Pedersen et al. 1997) 

 

Post-Operative Condition (@80% BW) 

Force Fx(N) Fy (N) Fz (N) 

Hip Contact  -108 -65.6 -458.4 

Abductor 116 8.6 173 

Tensor fascia latae, Proximal 

Part 

14.4 23.2 26.4 

Tensor fascia latae, Distal Part -1 -1.4 -38 

Vastus Lateralis -1.8 37 -185.8 

Normal Gait Cycle (@260% BW) 

Force Fx(N) Fy (N) Fz (N) 

Hip Contact  -324 -196.8 -1375.2 

Abductor 348 25.8 519 

Tensor fascia latae, Proximal 

Part 

43.2 69.6 79.2 

Tensor fascia latae, Distal Part -3 -4.2 -114 

Vastus Lateralis -5.4 111 -557.4 

Post-Operative Condition (@50% BW) 

Force Fx(N) Fy (N) Fz (N) 

Hip Contact  -65.2 -66.7 -259.9 

Abductor 77.1 31.7 93.4 

Ilio-tibial tract, Proximal Part 11.5 3.3 14.1 

Ilio-tibial tract, Distal Part -0.5 -0.9 -18.5 

Tensor fascia latae, Proximal 

Part 

3.4 5.4 3.2 

Tensor fascia latae, Distal Part -0.2 -0.3 -7.1 

Vastus Lateralis -2.4 24.6 -148.6 

Vastus Medialis -9.7 43.6 293.8 

Normal Gait Cycle (@280% BW) 

Force Fx(N) Fy (N) Fz (N) 

Hip Contact  -

355.8 

-363.6 -1417.8 

Abductor 420.6 172.8 509.4 

Ilio-tibial tract, Proximal Part 63 18 76.8 

Ilio-tibial tract, Distal Part -3 -4.8 -100.8 

Tensor fascia latae, Proximal 

Part 

18.6 29.4 17.4 

Tensor fascia latae, Distal Part -1.2 -1.8 -39 

Vastus Lateralis -13.2 134.4 -810.6 

Vastus Medialis -52.8 237.6 -1602.6 
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8.2.4 Methodology of applying tissue differentiation algorithm 

The tissue growth phenomenon was simulated using a mechanoregulatory 

framework as shown in Chapter 3, Figure 3.1 that simulated the dispersal of MSCs 

through the region of granulation tissue using a transient-diffusion model as 

mentioned in Chapter 4, Equation 4.1. 

              A cell-dispersal period of 56 days or approximately two months was 

chosen for the dispersal of MSCs in the present study. Zero diffusion boundary 

condition was considered at the implant boundary, which represents no cell diffusion 

from the tissue towards impermeable implant. The concentration of other cells in the 

granulation tissue, which are unimportant for tissue differentiation, is considered to 

be zero (Andreykiv et al., 2008a; Puthumanapully, 2010; Mukherjee and Gupta, 

2017a). The concentration of MSCs at the bone-tissue interface (cmax) was assumed 

to be c = 1.0.  

Local mechanical signals at the granulation tissue quantified as hydrostatic pressure 

and deviatoric strain as reported by Claes and Heigele, 1999 determine the 

differentiation of MSCs into fibroblasts, chondrocytes and osteoblasts (Barry, 2006; 

Isaksson et al., 2006a) which on maturation, form fibrous tissue, cartilage and bone 

(Claes and Heigele, 1999). The mechanical conditions required for formation of 

various tissue phenotypes in the mechanoregulatory algorithm is shown in Chapter 

3, Table 3.1. 

The effective tissue material properties were numerically calculated using a rule of 

mixture as discussed in Chapter 4, Equations. 4.2 and 4.3. In order to avoid 

numerical instability after every iteration, a temporal smoothing methodology was 

implemented to update the material properties in each finite element in the tissue 

layer, following Equations. 4.4 and 4.5 as mentioned in Chapter 4. The tissue 

differentiation algorithm was implemented through a custom script written in 

MATLAB environment (Matlab 2017a, The MathWorks Inc., Natick, MA, USA). 

Every iteration in this numerical framework represents one post-surgical day. The 

entire simulation was set to run for 56 iterations in a high-performance workstation 

(Windows 10 Pro, 8-core AMD Ryzen 7 3700X CPU, 64 GB RAM, speed 3.59 

GHz).  
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8.3 Results and Discussion 

In this study, mechanoregulation based tissue differentiation algorithm was 

implemented to assess the qualitative distribution of different tissue phenotypes at 

the bone-implant interfaces of two implanted femoral stems with and without macro-

textures on their proximal surfaces following a THA. Musculoskeletal loading 

condition under normal walking was considered for the FE simulation. The loading 

condition was divided primarily into two segments: post-operative condition up to 

first 6 weeks followed by normal gait for the following 2 weeks. Thereafter, a 

separate study was performed comparing tissue distribution around implanted TFS 

under normal walking as well as stair climbing following similar protocol of loading 

condition. Based on the above investigations, results have been generated to study 

the influence of textured and non-textured stems on tissue growth under routine 

activities. 

8.3.1 Influence of TFS and NTFS on tissue growth at bone-implant 

interface 

Figure 8.4 shows the percentage of connective tissue phenotypes formed over 

textured and non-textured femoral stems upon normal walking. As discussed in 

Chapter 4, section 4.4.1, the thin tissue layer between the bone and the implant was 

assumed to be filled with granulation tissue, which differentiates on progressive 

iterations. In the femoral stem without macro-textures (NTFS), the majority of the 

tissue phenotype formed was found to be fibrous tissue. The formation of fibrous 

tissue progressively increased from 80% to 92.90% from starting day up to 6th week 

and thereafter remained almost constant (~94%). The formation of bone (7% to 3.6% 

from starting day to 8th week) as well as cartilage (12% to 2% from starting day to 

8th week) were relatively less and on continuous declining trend. Interestingly, the 

differentiation of MSCs to different tissue phenotypes was much quicker and almost 

attained zero percent within a week’s time in NTFS. Although the formation of 

fibrous tissue was also prominent in the case of femoral stem with macro-textures 

(TFS), the percentage of fibrous tissue is relatively lower (71% to 85.38% from 

starting day to 8th week) compared to that in NTFS. However, the formation of 

fibrous tissue has remained constant (~85.38%) from 6th to 8th week equivalent to 

the situation observed in case of NTFS. Results from the study show continuous 

decline in formation of cartilaginous tissue (18.41% to 3.94% from starting day to 
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8th week) and relatively lesser bone growth which varies from 3.39% after 1st week 

to 5.16% after 5th week and thereafter declined to 3.20% at the end of 8th week. 

However, the differentiation of MSCs were relatively slow and varied from 9.86% 

after 1st week to 7.48% by the end of 8th week.  

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Influence of TFS and NTFS on tissue growth: (a) NTNW (b) TNW (c) TSC (NTNW: 

influence of NTFS upon normal walking; TNW: influence of TFS upon normal walking; TSC: 

influence of TFS upon stair climbing) 

 

Figure 8.5 shows the spatial distribution of connective tissues at the interface 

tissue bed due to NTFS under normal walking. Gruen zones for the femoral stem are 

represented in Figure 8.6. Bone growth was observed primarily at latero-medial 

region over the GZ 1, GZ 7 and also proximal latero-medial regions of GZ 2 and GZ 

6. However, major portion of anterior and posterior regions of the interface tissue 

was enveloped by fibrous tissue while, soft cartilaginous tissue was observed in 

scarce in the distal regions of the interface tissue on both anterior and posterior 

surfaces. The amount of cartilage in the posterior section of the interface tissue has 

declined after 6th week and the distribution of the same remained almost constant 

over the next 2 weeks.  
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Figure 8.6 3D solid model of the femoral stem showing the Gruen Zones (GZ)  

 

The spatial distribution of connective tissues at the interface tissue bed due 

to TFS under normal walking is shown in Figure 8.7. Bone growth was observed 

primarily at distal portion of the tissue in the regions of GZ 2 and GZ 6. However, 

major portion of distal anterior and posterior regions of the interface tissue was filled 

with cartilaginous tissue. Interestingly, the distribution of cartilage over the anterior 

portion has been discontinuous with bulk bands of fibrous envelope in between from 

6th week onwards. Small non-uniform patches of residual granulation tissue were 

observed in the latero-medial section of the tissue towards the bone end and the 

interface region attached to the implant. 

Figure 8.5 and Figure 8.7 shows the presence of large amount of fibrous 

tissue at the proximal regions of interface layer. When categorized through gruen 

zones, fibrous tissue is more prominent at the GZ 1 and GZ 7. This large amount of 

fibrous tissue at GZ1 and GZ7 may be attributed to the high stresses and deviatoric 

strain at the points of attachment of the significant muscles such as abductor, tensor 

fascia latae, vastus lateralis as well as high hip contact force. This finding 

corroborates well with previous studies (Puthumanapully and Browne, 2011; Tan et 

al., 2017), anticipating weaker interface and inhibiting osteogenesis due to enhanced 
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stress regime around the prosthesis. In addition, a prior study by Giori et al. (1993) 

also reports that distortion of cells (deviatoric strain component) promotes formation 

of fibrous matrix. Moreover, fibrous encapsulation was also observed around the 

ridges of the macro-textures due to the excess increase of stress-concentration in 

those regions (Tan et al., 2017).  
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Presence of bone at latero-medial region over the GZ 1, GZ 7 (Fig. 8.5) and 

also proximal latero-medial regions of GZ 2 and GZ 6 is supported by an earlier 

study (Puthumanapully and Browne, 2011). However, it is interesting to note that, 

most of the MSCs in the case of NTFS differentiated to weaker fibrous tissues 

rapidly. On the contrary, macro-textures in TFS promoted differentiation of MSCs 

into rudimentary cartilage which may trigger endochondral ossification (Nowlan et 

al., 2007; Breeland et al., 2021) but at a slow pace. Such findings from the present 

study infer that, triggers that promote rapid differentiation of MSCs may not be 

beneficial for long term ossification. Moreover, regardless of the variability in 

morphology, macro-textures on the surfaces of femoral stems actually promote 

differentiation of MSCs into rudimentary cartilage and bone although at a slow pace 

as compared to NTFS.  

 Evidence of fibrous tissue at the proximal surfaces of the interface layer may 

promote pre-mature aseptic loosening near the region of greater trochanter. It is 

however true that, loosening of implant in this region of femur is highly attributed 

to stress-shielding and bone loss, it’s impossible to rule out the possibility of a weak 

interface in these areas due to the growth of fibrous tissue at the interface 

(Puthumanapully and Browne, 2011).  

The decrease in the amount of cartilage and bone over the iterative time-scale 

is due to continuous high load at the interface which promotes bone resorption and 

cartilage degeneration (Isaksson et al., 2006a) as also evidenced in earlier studies 

described in previous chapters. Such an observation clearly infers that even the 

recommended activity such as normal walking on a daily basis post-THA during 

early rehabilitation period induce high intermittent stress at the bone-implant 

interface and thus weaken the interface by bone resorption and cartilage 

degeneration. So an optimum level of recommended activity may be prescribed to 

the patient underwent THA (Bergmann et al., 1995) during early rehabilitation 

period.  

Figure 8.8 shows the variation in average tissue stiffness for NTFS and TFS 

under different routine activities. Initially the stiffness of the tissue was same for 

both NTFS and TFS as in both the cases the interface region was filled with 

granulation tissue. Thereafter, post-operative increase in average tissue stiffness was 
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found to be much higher in TFS (ranging from ~8% to ~11%) as compared to NTFS 

(ranging from ~2.3% to ~7%). However, the trends in variation of average stiffness 

over the whole healing phase remains similar for both the types of implant with and 

without macro-textures. The average tissue stiffness for NTFS ranges from ~2.30% 

after 1st week to ~7% after 5th week and thereafter declined to ~3% by the end of 8th 

week. Similarly, the average tissue stiffness for TFS ranges from ~10.69% after 1st 

week to ~11.31% after 5th week and thereafter declined to ~7.95% by the end of 8th 

week. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.8 The temporal variation in average tissue stiffness at the bone-implant interface 

region (NTNW: Non-textured Implant normal walking case; TNW: Textured Implant normal 

walking case; TSC: Textured Implant Stair Climbing case) 

 

The average tissue stiffness thus found to increase up to the end of 5th week 

and thereafter reduced to degenerative process. Due to the inconsistency in type of 

tissue formed at the interface layer, the average tissue stiffness over the whole 

domain was found to be much less. However, there might be presence of site-specific 

peaks and valleys in the magnitude of average tissue stiffness which was also 

evidenced by an earlier study (Puthumanapully and Browne, 2011; Mathai and 

Gupta, 2022).   
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8.3.2 Influence of routine activities on tissue growth  

So far, qualitative assessment of growth of different connective tissues was 

performed comparing NTFS and TFS in the section 8.3.1, Chapter 8. This study was 

further extended to compare tissue growth in TFS under routine activities such as 

normal walking and stair climbing. Figure 8.4 shows the percentage of connective 

tissue phenotypes formed over textured femoral stems under normal walking and 

stair climbing. Comparative to normal walking, fibrous tissue formation was 

relatively higher (85% to 91% from starting day to 8th week) in case of loading under 

stair climbing. However, the formation of fibrous tissue has remained constant 

(~91%) from 6th to 8th week equivalent to the situation observed in case of NTFS 

and TNW. Due to high fibrous tissue, formation of cartilage (5% to 1% from starting 

day to 8th week) and bone (2% to 1% from starting day to 8th week) was much lower 

in case of TSC as compared to TNW. 

The spatial distribution of connective tissues at the interface tissue bed due 

to TFS under stair climbing is shown in Figure 8.9. Similar to TNW, bone growth 

was observed in scare primarily at distal portion of the tissue in the regions of GZ 2 

and GZ 6. However, unlike TNW, the distribution of cartilaginous tissue at the distal 

anterior and posterior regions of the interface tissue was limited. Interestingly, 

similar to NTFS, envelope of fibrous tissue was seen all over the major portion of 

anterior and posterior regions of the interface tissue. In addition, the amount of 

cartilage in the distal section of the interface tissue has declined after 6th week and 

the distribution remained almost similar up to 8th week.  

Formation of fibrous tissue in case of stair climbing was higher as compared 

to that formed during normal walking. Although distribution of bone formed under 

both the activities was sporadic and often patchy (Puthumanapully and Browne, 

2011), especially in case of normal walking case, the amount of bone formation 

during stair climbing was found to be highly reduced. This observation of high 

fibrous matrix and reduced bone growth during stair climbing may be attributed to 

very high torsional moments acting at the bone-implant interface (Bergmann et al., 

1995). An in vivo study by Bergmann et al., (1995) reported torsional moment during 

stair climbing to be twice than that during normal walking. Stair climbing is 

susceptible to early aseptic loosening as compared to than during normal walking 
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due to formation of high fibrous tissue at the proximal surfaces of the interface layer 

in stair climbing. Thus in order to reduce the risk of aseptic loosening and failure of 

implant post-THA, patients should avoid stair climbing or any such activity 

involving high torsional loads during the early rehabilitation period. A different 

study on cemented prosthesis reported that isolated stair climbing is detrimental than 

isolated normal walking when comparing both the load cases (Stolk et al., 2002) 

which also provide sufficient confidence to the prescription presented in this study. 
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Figure 8.8 shows the variation in average tissue stiffness for TFS under daily routine 

activities. Post-operative increase in average tissue stiffness was found to be much 

higher in TNW (ranging from ~8% to ~11%) as compared to TSC (ranging from 

~1.5% to ~3.9%). However, the trends in variation of average stiffness over the 

whole healing phase remains similar under both the routine activities. Similar to 

NTNW and TNW, the average tissue stiffness for TSC ranges from ~3% after 1st 

week to ~3.9% after 5th week and thereafter declined to ~1.5% by the end of 8th 

week.  

8.4 Clinical significance of the study 

 

Regardless of the amount of bone formation, both contact osteogenesis (Mathai and 

Gupta, 2022; Mukherjee and Gupta, 2016) and distance osteogenesis (Kuzyk and 

Schemitsch, 2011; Burke and Kelly, 2012) was evidenced by the present study 

primarily in the NTFS (Fig. 8.5). This is however, contrary to the bone formation in 

case of TFS. Only distance osteogenesis (Fig. 8.7 and Fig 8.9) was observed in case 

of textured stems (TFS) which is also evidenced in the studies performed in earlier 

Chapters. Such an anomaly in type of osteogenesis may be attributed primarily to 

the design of implant surface topologies. However, an earlier study by Choi et al., 

2017 reported that both these types of osteogenesis are not mutually exclusive in 

nature and may occur simultaneously. This finding corroborates with the finding in 

the present study for NTFS.  Interestingly, few animal studies (Berglundh et al., 

2003; Sennerby et al., 1993) on bone growth around endosseous prosthesis 

performed on canines (Berglundh et al., 2003) and cellular response on implantation 

in a tibia of a rabbit (Sennerby et al., 1993) reported appositional bone growth at the 

parent bone site and progresses towards the periphery of the prosthesis.  

8.5 Validation of the present study 

 

It is noteworthy that, the response of any biological tissue such as bone is site-

specific as well as patient-specific which makes it difficult to compare any numerical 

projections with experimental outcomes (Carter et al. 1998; Mathai and Gupta 

2022). However, the presence of bone in the distal end and mediolateral regions of 

the tissue for NTFS is well-supported by previous clinical (Santori et al., 2006a, 

2006b) as well as numerical (Puthumanapully and Browne, 2011; Fernandes et al. 
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2002) investigations on femoral stems. Furthermore, the presence of cartilage at the 

distal end and fibrous envelope at the proximal surfaces is corroborated by an earlier 

study on short-stemmed metaphyseal loading implant (Puthumanapully and 

Browne, 2011) as well as by a study on bone remodelling on uncemented femoral 

stems (Fernandes et al. 2002).  There is a dearth of early in vivo or clinical evidence 

to support the results predicted in the current investigation. However, the estimates 

from these clinical (Santori et al., 2006a, 2006b) and numerical investigations 

(Puthumanapully and Browne, 2011) performed erstwhile thus provide enough 

reliability to the results obtained from the current investigation.  

As it is already discussed in section 5.7, Chapter 5 that there is no established 

relationship between the real healing period and iterative time-scale (Huiskes et al., 

1987; Chennimalai Kumar et al., 2010; Avval et al., 2016) used for computation of 

such mechanoregulatory tissue-differentiation algorithms. However, based on 

clinical suggestions from an experienced orthopaedic surgeon, the time-period of 

healing in the present simulation was kept for 56 days or eight weeks’ post-

operative. 

8.6 Limitations 

There are still certain limitations to this present investigation. Due to poor 

understanding of granulation tissue, the assumption of a homogeneous isotropic 

media has been made, which may not be a true representation of the condition in 

vivo, where the presence of other inflammatory cells may influence the process of 

cell dispersal, proliferation, and differentiation. The present mechanoregulation 

based tissue differentiation scheme assumes a constant diffusion rate for MSCs 

despite the variations in diffusion rates that exists throughout the region of the bone-

implant interface. Moreover, cell-phenotype specific mechanoregulatory algorithms 

might be useful to study the detailed cellular response and their subsequent 

implications of tissue differentiation (Isaksson et al., 2008a; Mukherjee and Gupta, 

2017). However, studies reported that such explicit modelling of cell phenotype has 

limited influence on final outcome of distribution of different tissue phenotypes 

(Andreykiv et al., 2008b; Isaksson et al., 2008a; Mukherjee and Gupta, 2017). 

Furthermore, different mechanoregulatory algorithms will have different outcome 

with respect to quantitative evaluation of tissue growth (Gómez-Benito et al.,2005; 

Ambard and Swider, 2006; Puthumanapully and Browne, 2010). Nevertheless, the 

TH-2978_166103104



Qualitative assessment of growth of connective tissues on femoral stem with macro-

textures 

197 

qualitative trends of tissue growth remain similar. It is noteworthy to state that, the 

current study was limited to only one macro-textured surface topology without 

incorporating the influence of micro-roughness and different other macro-textures 

on tissue growth and regeneration process which might need a more robust multi-

scale approach of prediction of tissue differentiation (Mathai and Gupta, 2022). 

Moreover, a combined bone growth and remodelling approach might be 

incorporated to get an overall outcome of the growth of connective tissues 

(Mukherjee and Gupta, 2017a). Only two loading conditions were taken in this study 

and other common routine activities such as standing and sitting on a chair, might 

be incorporated along with adaptive and dynamic loading conditions such as 

alternating normal walking and stair climbing in a future study. In addition, patient 

variability such as gender, morphology and quality of host bone, material property 

of the bone etc. was not accounted in this present study. Regardless of the following 

limitations, the present study might be useful to appreciate the influence of macro-

textured implant surfaces on tissue growth around an uncemented prosthesis. 

8.7 Summary 

The present study implemented mechanoregulation based tissue differentiation 

algorithm to assess spatial distribution of different connective tissues associated with 

bone formation around femoral stems with and without proximal macro-textures. 

Some of the important conclusions drawn from the study are: 

 The textured surfaces promote more cartilage as compared to non-textured stems 

and thus might promote endochondral ossification.  

 Bone growth was prominent on GZ 2 and GZ 6 as obtained in an earlier study on 

short-stemmed metaphyseal loading implant.  

 Formation of fibrous tissue was higher towards GZ 1 and GZ 7 in all the 

considered situations in the study and thus promotes aseptic loosening.  

 In addition, a prescription has been documented regarding post-operative loading 

conditions.  

 Although both normal walking and stair climbing are part of recommended 

activities post-THA, stair climbing might not be recommended as a part of recovery 

protocol as it may slow down the healing process and promote aseptic loosening by 

forming a fibrous envelope at the proximal implant surfaces.      
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Conclusions and Scope for Future Work 
 

 

his chapter introduces the key accomplishments of this dissertation along 

with some scope of future research studies which concludes the thesis.  
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9.1 Conclusions 

 

The work in this thesis primarily developed a finite element (FE) based framework 

to pre-clinically assess the mechanoregulatory influences of macro-textures on 

ossification and bone on-growth patterns at the bone-implant interface region and 

over the implant surface. A comparative study on influence of three different 

clinically admissible macro-textured surfaces on the growth and distribution of bone 

and other connective tissues was investigated considering fixed radial and varying 

tangential micromotions. In addition, influence of sequential opening and closing of 

bone-implant interface gaps simulated by variable radial micromotions at the 

interface was also studied. Influence of texture density on growth of tissue 

phenotype was later investigated. A full-factorial study based on variation in 

significant design parameters of the macro-textures were performed and bone 

growth was assessed qualitatively. Based upon the results of the full-factorial based 

study, neural networks (NNs) were structured as predictive models of bone growth 

while providing implant texture dimensions as inputs.  Thereafter, design 

optimization of such macro-textures was performed by adopting a suitable design 

optimization scheme supported by state-of-the-art genetic algorithms (GAs) to 

suggest some improved designs. Finally, one such texture was modified and 

modelled on a femoral stem and a comparative study between a textured and non-

textured implant was performed based on a full-scale femur-implant system under 

two recommended routine activities post-THA.  

Based on the results from the thesis some important conclusions have been 

drawn. While some of these conclusions have a broader significance in THA in 

general, some have significant clinical importance.  Therefore, the conclusions from 

this thesis are classified as general conclusions and specific conclusions and 

presented accordingly. 

9.1.1 General Conclusions 

• It is possible to implement the currently used mechanoregulatory tissue 

differentiation algorithm for estimation of bone growth over macro-textured implant 

morphologies. 

• Present study reinforced the idea generated in this dissertation that, it is not only 

micro and nano surface roughness but also macro roughness on the implant surface 
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that might promote endochondral ossification as well as influence the formation and 

distribution of different tissue phenotypes at the bone-implant interface gap. 

However, the idea presented in this thesis no way denies the influence of micro level 

surface roughness on bone formation but rather infer that a proper combination of 

micro and macro-texture on an implant surface will accelerate and enhance the 

amount of bone growth, which is in general believed to be only due to micro-

textures. 

• Textures containing filleted and chamfered edges reduces the formation of fibrous 

tissue thus promoting formation of soft cartilage and bone. 

• Increase in texture density with sharp edges increases the probability of fibrous 

encapsulation. 

• ML techniques such as NN can be efficiently used to formulate non-linear predictive 

mathematical models in qualitative prediction of bone growth with implant design 

parameters as inputs.  

• Soft computing strategies such as combining FEA-NN-GA might be useful to 

establish an unsupervised learning platform for real-time cloud prediction of bone 

growth. Such online platforms will inherently help clinicians to choose an 

appropriate implant design on patient-by-patient basis.  

• Non-textured implants produce more fibrous tissue compared to textured implant 

under similar routine activity which might trigger aseptic loosening of implant.  

• Fibrous tissue formation is more under stair climbing activity compared to that under 

normal walking. This suggests that stair climbing immediately after a hip 

replacement surgery, although falls under recommended activity, appears to be 

detrimental to the patient compared to normal walking.  

• Even low-level activity on a daily-basis might induce high level of stress at the 

bone-implant interface favouring fibrous matrix and thus accelerating the loosening 

of implants during the early rehabilitation period after a successful THA.  

• A trade-off between the type of activity and activity time might be recommended 

by the orthopaedic registrars for proper anchorage of bone with the implant. 
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9.1.2 Specific Conclusions 

• Higher levels of micromotion lead to a higher rate of fibrogenesis and 

chondrogenesis followed by a lower rate of osteogenesis resulting in weak bone-

implant interface strength. 

•  It could be inferred that changes in the bone-implant contact area with large 

surfaces through grooves or macro-textures alter the mechanical environment 

required to trigger endochondral ossification and adherence of optimum bone 

growth to the implant surface.  

• This study observed the presence of distance osteogenesis from the bone site 

towards the implant site, unlike prior studies on micro-roughened surface.  

• Although an increasing trend of ossification is observed at lower normal 

micromotions, higher values of normal micromotion will reduce the opening and 

closing gap. This enhances the formation of fibrous tissue near the implant surface, 

thus destabilizing the interface leading to aseptic loosening of the implants.  

• Soft cartilaginous tissue was observed to have form in abundance at lesser gap 

distance which might promote endochondral ossification at long term. 

• Although a dependence of the formed tissue on the surface texture density is 

observed, a linear relationship between the surface texture density and tissue growth 

was not observed in the present investigation. 

• Both the directional components of micromotion need to be equally reduced to 

enhance the possibility of higher bone growth. 

• A gradual reduction in bone growth was observed with the increase in inter-groove 

spacing of the chosen implant section model. 

• A reduction in the levels of osteogenesis was also observed with the increase in 

groove spacing or groove radius.  

• Bone growth as predicted by NN was found to have a good agreement with those 

obtained from FE based mechanoregulatory analysis reinforcing the efficacy of the 

developed model.  

• The optimized macro-textured surfaces obtained based on the GA search were 

found to offer enhanced biologic fixation and thereby better ossification, compared 

to that offered by discernible textures in three distinct initial models.  

• Reduction in the dimension of ribs/grooves triggers faster ossification and optimal 

bone growth.  
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• Periodic patterns of ribs with higher and lower rib dimensions predicted uniform 

stress regime at the interfacial region, thereby resulting in enhanced ossification.  

• The textured femoral stem promotes more cartilage compared to non-textured stem 

and thus might promote endochondral ossification.  

• As reported in earlier study on short-stemmed metaphyseal loading implant, bone 

growth was prominent on GZ 2 and GZ 6.  

• Formation of fibrous tissue was higher towards GZ 1 and GZ 7 in all the considered 

situations in the study which favours aseptic loosening.  

9.2 Future scope 

Given the growing clinical interest in uncemented intramedullary fixation implants, 

the scope of research in this area is broad and profound and hence, the present work 

could be further extended in following directions: 

• Bone being a highly complex living tissue with site-specific anisotropy, a more 

accurate description of material model for bone might provide a better outcome of 

the presently available results. In this regard, further studies based on highly 

advanced micro-CT scan or micro-MRI images of bone from different body skeletal 

sections of a living subject might be attempted.  

• Granulation tissue, in reality is a thin layer of inflamed tissue with remarkable 

number of inflammatory cells and with sufficient vascularity, which might influence 

the results predicted in the present study. Future studies may introduce novel 

material models to incorporate non-homogeneous nature of the granulation tissue. 

• The present investigation also did not consider the bone adaptation, influences of 

micro and nano-level textures, biomaterials, growth factors such as bone 

morphogenetic proteins (BMPs) and wear of uncemented implants on peri-

prosthetic bone growth. However, the numerical framework used in this study, could 

be extended to incorporate the influences of those factors to obtain a holistic picture 

of the assessment of bone growth around such uncemented implants.  

• Studies on formulating biochemical material models of implant coating used might 

be attempted in future to establish a suitable relationship between material 

biocompatibility as well as osteoconduction.   

• The NN schemes developed in the present study attempt to relate the levels of bone 

growth with the significant dimensions of chosen implant macro-textures under a 

constant relative displacement between implant and bone. Future studies may be 
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attempted to make an online NN platform which may be used to train input data 

from different such macro-textures to pre-clinically predict the type of macro-

textured surface suitable on patient-by-patient basis. 

• Each of the studies performed in the present thesis are based on comparative analysis 

of more than one design with some specific chosen design and loading parameters. 

Future studies may be attempted by considering inter-patient variability, surgical 

variability as well as the impact of differing modelling assumptions.  

• It may be noted that, the full-scale study is based on static analysis considering peak 

load at the hip joint under normal walking and stair climbing. Moreover, the peak 

joint force as well as the associated muscle forces are calculated based on studies 

performed in different subjects. Hence, a patient-specific dynamic study of the 

present model considering the complete gait cycle may be more useful in gaining 

more insight into physiological load transfer and its impact on the bone-implant 

interface environment. 

•  It should be further emphasized that because the CT-scan dataset was based on a 

living patient, one-to-one validation of the numerical results was not possible. To 

compare the numerical results with in vitro observations, additional investigations 

including fabrication of the implants with state-of-the-art 3D printing technique 

followed by bone growth assays may be used. Animal trials could also help to 

confirm the bone growth projections. Nonetheless, clinical trials are most likely the 

best technique to assess the efficacy of new implant designs and, as a result, validate 

the numerical findings of this study. 
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Appendix A: Pseudo-Code for finite element structural 

analysis 

Code for FE structural Analysis: 

Ansys Parametric Design Language (APDL) pseudo-code for FE structural analysis 

(A) For first iteration: 

(A.1) PRE-PROCESSING 

• Import/Create solid/FE model

• Formulate material models for Bone, Granulation tissue and Implant

section

(A.2) SOLUTION 

• Initiate Static Structural FE analysis

• Apply loading and boundary condition

• Solve Static FE analysis

(A.3) POST-PROCESSING 

• Create Element tables to calculate hydrostatic pressure and

deviatoric strain

• Formulate Equation for hydrostatic pressure as:

1 2 3

3
average

  


+ +
=

where 1 2 3( , , )   are 3 principal 

stresses 

• Formulate Equation for deviatoric strain as:

2 2 2

1 2 2 3 3 1( ) ( ) ( )1

1 2
deviatoric

     




− + − + −
=

+  

    where 1 2 3( , , )    are 3 principal strains and  is the effective Poisson’s ratio. 

• Create Array to store element wise stress and strain data
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• Store data to a text file for exporting it to MATLAB to run tissue

differentiation algorithm.

 (B) For other iterations: 

(B.1) PRE-PROCESSING 

• Import/Create solid/FE model

• Import element wise updated material property file from MATLAB

• Create Array in ANSYS to store updated material property data

• Formulate material models for Bone, Implant section and update new

material property for Granulation tissue

(B.2) SOLUTION 

• Initiate Static Structural FE analysis

• Apply loading and boundary condition

• Solve Static FE analysis

(B.3) POST-PROCESSING 

• Create Element tables to calculate hydrostatic pressure and

deviatoric strain

• Formulate Equation for hydrostatic pressure as:

1 2 3

3
average

  


+ +
=

 where 1 2 3( , , )   are 3 principal stresses 

• Formulate Equation for deviatoric strain as:

2 2 2

1 2 2 3 3 1( ) ( ) ( )1

1 2
deviatoric

     




− + − + −
=

+  

where 1 2 3( , , )    are 3 principal strains and  is the effective Poisson’s ratio. 

• Create Array to store element wise stress and strain data

• Store data to a text file for exporting it to MATLAB to run tissue

differentiation algorithm.
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Appendix B: Pseudo-Code for mechanoregulation based tissue 

differentiation algorithm 

MATLAB pseudo-code for mechanoregulation based tissue differentiation algorithm 

B.1 Mechanoregulatory tissue differentiation code 

for iteration = 1 to number of finite elements in the bone-implant gap size 

if {Hydrostatic Pressure = 0 and Deviatoric Strain = 0} 

        Young’s Modulus =1; 

        Poisson’s Ratio =0.167; 

elseif {Hydrostatic Pressure > 0.15 and Deviatoric Strain > 0} 

   Young’s Modulus = 2; 

       Poisson’s Ratio =0.167; 

elseif {Hydrostatic Pressure > 0.15 and Deviatoric Strain < 0} 

       Young’s Modulus = 2; 

       Poisson’s Ratio =0.167; 

elseif {Hydrostatic Pressure > -0.15 and Deviatoric Strain > 0.05} 

       Young’s Modulus = 2; 

       Poisson’s Ratio =0.167; 

elseif {Hydrostatic Pressure > -0.15 and Deviatoric Strain < -0.05} 

       Young’s Modulus = 2; 

       Poisson’s Ratio =0.167; 

elseif {Hydrostatic Pressure < -0.15} 

       if {Deviatoric Strain < -0.15 or Deviatoric Strain > 0.15} 

Young’s Modulus = 10; 

Poisson’s Ratio =0.167; 
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       else 

Young’s Modulus = 1000; 

Poisson’s Ratio =0.3; 

       end 

elseif {Hydrostatic Pressure >= -0.15 and Hydrostatic Pressure <= 0.15 and Deviatoric 

Strain >= -0.05 and Deviatoric Strain <= 0.05} 

Young’s Modulus = 6000; 

Poisson’s Ratio =0.3; 

else 

warning ('Current values of hydrostatic pressure and deviatoric strain not covered by 

simulation') 

       end 

  end 

B.2 Code for Temporal smoothing and Rule of Mixture for Young’s 

Modulus 

(A) For first iteration: 

Initialize an array A (number of finite elements x 10) with Young’s Modulus of granulation 

tissue 

for iter = 1 to number of finite elements in the bone-implant gap size 

for X= 2 to 10 

A (iter, X-1) = A(iter, X); 

end 

        A(iter,10) = Young’s Modulus (iter,1); 

Smoothed Young’s Modulus = Summation (A,2)/10; 

end 
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for iter = 1 to number of finite elements in the bone-implant gap size 

   Updated Young’s Modulus = ((1 – element specific cell-concentration) * Young’s 

Modulus of granulation tissue) + (element specific cell-concentration * Smoothed Young’s 

Modulus);     

end 

(B) For other iterations: 

for iter = 1 to number of finite elements in the bone-implant gap size 

for X= 2 to 9 

          A (iter, X-1) = A (iter, X); 

end 

        A(iter,9) = Updated Young’s Modulus (iter,1); 

        A(iter,10) = Young’s Modulus (iter,1); 

Smoothed Young’s Modulus = Summation (A,2)/10; 

end 

for iter = 1 to number of finite elements in the bone-implant gap size 

 Updated Young’s Modulus = ((1 – element specific cell-concentration) * Young’s 

Modulus of granulation tissue) + (element specific cell-concentration * Smoothed Young’s 

Modulus);     

end 

B.3 Code for Temporal smoothing and Rule of Mixture for Poisson’s 

Ratio 

(A) For first iteration: 

Initialize an array B (number of finite elements x 10) with Zeros 

for iter = 1 to number of finite elements in the bone-implant gap size 

for Y= 1 to 10 

       Appendix B: Pseudo-Code for mechanoregulation based tissue differentiation algorithm 
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B (iter, Y) = Poisson’s Ratio of granulation tissue; 

end 

end 

for iter = 1 to number of finite elements in the bone-implant gap size 

for Y= 2 to 10 

        B (iter, Y-1) = B(iter, Y); 

end 

        B(iter,10) = Poisson’s Ratio(iter,1); 

Smoothed Poisson’s Ratio = Summation (B,2)/10; 

end 

for iter = 1 to number of finite elements in the bone-implant gap size 

Updated Poisson’s Ratio = ((1 – element specific cell-concentration) * Poisson’s Ratio of 

granulation tissue) + (element specific cell-concentration * Smoothed Poisson’s Ratio);     

end 

(B) For other iterations: 

for iter = 1 to number of finite elements in the bone-implant gap size 

for Y= 2 to 9 

          B (iter, Y-1) = B (iter, Y); 

end 

        B(iter,9) = Updated Poisson’s Ratio (iter,1); 

        B(iter,10) = Poisson’s Ratio (iter,1); 

Smoothed Poisson’s Ratio = Summation (B,2)/10; 

end 

         Appendix B: Pseudo-Code for mechanoregulation based tissue differentiation algorithm 
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for iter = 1 to number of finite elements in the bone-implant gap size 

Updated Poisson’s Ratio = ((1 – element specific cell-concentration) * Poisson’s Ratio of 

granulation tissue) + (element specific cell-concentration * Smoothed Poisson’s Ratio);     

end 

         Appendix B: Pseudo-Code for mechanoregulation based tissue differentiation algorithm 
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Appendix C: Pseudo-Code for forward and backward 

calculation for neural network 

MATLAB pseudo-codes for forward and backward calculation for BPNN 

C.1 Forward step code 

       (A) MAIN PROGRAM-General Input: Normalized Input, Normalized Output 

       (B) MAIN PROGRAM-Input for Forward calculation: 

• number of epochs,

• learning rate,

• momentum constant,

• number of input layer neurons,

• number of hidden layer neurons,

• number of output neuron,

• initialize bias for hidden and output layer,

• initialize weights connecting input to hidden neurons,

• initialize weights connecting hidden to output neuron

(C) MAIN FUNCTION-Choice of activation functions for hidden and output 

layer:  

▪ Function: logistic-sigmoid function

▪ Input: inputs from hidden layer when hidden layer

activation function is calculated else input from

output layer when output layer activation function is

calculated

▪ Output: logistic-sigmoid function value for either

hidden layer or output layer
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       (D) MAIN PROGRAM-For loop: 

 For every epoch, 

▪ Input layer output = input + bias;

▪ Hidden layer input = input * weights connecting input to

hidden layer +bias;

▪ Hidden layer output = Call function (logistic-sigmoid function

with input hidden layer input);

▪ Output layer input = Hidden layer output * weights connecting

hidden to output layer +bias;

▪ Output layer output = Call function (logistic-sigmoid function

with input as hidden layer input);

 End for 

C.2 Backward step code 

  (A) MAIN FUNCTION-Gradients of activation functions for hidden and 

output layer:  

▪ Function: gradient_logistic-sigmoid function

▪ Input: Hidden layer output and Output layer output

▪ Output: gradient of logistic-sigmoid function for

either hidden layer or output layer

          (B) MAIN PROGRAM- Initialize change in weights for hidden and output layers 

          (C) Calculation of Mean Squared Error: 

For every epoch, 

• Error Signal= Normalized Output - Output layer output;

• Mean Squared error = [Sum over k=1 to 

k=ξ{(Error)2}]/(2*ξ), where ξ= number of training cases;
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         (D) Update of weights in each layer: 

 If Mean Squared error > ε where ε = error limit 

▪ Gradient of output layer = Call function

(gradient_logistic_sigmoid function with input as

output layer output);

▪ Gradient of hidden layer = Call function

(gradient_logistic_sigmoid function with input as

hidden layer output);

▪ Adjustment in weights connecting hidden and

output layer at epoch = - {Gradient of output layer *

Error * Hidden layer output * learning rate} +

{Adjustment in weights connecting hidden and

output layer at epoch-- * momentum constant};

▪ Adjustment in weights connecting input and hidden

layer at epoch = - {Gradient of output layer * Error

* weights connecting hidden and output layer *

Gradient of Hidden layer * input * learning rate} + 

{Adjustment in weights connecting input and 

hidden layer at epoch-- * momentum constant}; 

▪ New weights connecting hidden and output layer for

epoch++ = [weights connecting hidden and output

layer at epoch + Adjustment in weights connecting

hidden and output layer at epoch];

▪ New weights connecting input and hidden layer for

epoch++ = [weights connecting input and hidden

layer at epoch + Adjustment in weights connecting

input and hidden layer at epoch];

End If 

    End for 
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