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5 Abstract 

Abstract 

This PhD thesis explores, through the use of a mechanobiological simulation of 

prenatal joint morphogenesis, the hypotheses on how fetal movements, shapes and 

position impact on the shape of the developing joint. 

A novel mechanoregulation algorithm specific for cartilage growth was developed 

and, for the first time, a 3D mechanobiological simulation of joint morphogenesis in 

which the effects of a range of movements and different initial joint shapes was 

proposed. Both pre- and post-cavitational phases of joint development were 

simulated and the effect of rigid paralysis on joint shape was also explored. This 

study concluded that the starting joint configuration and applied movement are 

fundamental for the development of specific and anatomically recognisable joint 

shapes. 

Moreover, for the first time, a mechanobiological simulation of prenatal hip joint 

morphogenesis was used to investigated the effects of reduced, or asymmetric, 

movement at various stages of fetal hip joint development. This study concluded that 

normal fetal movements are important for the emergence of a physiological hip joint 

shape and that movements during development tend to minimise the natural trend of 

decreasing stability. Results showed that reduced movements at an early stage of 

development lead to decreased sphericity and acetabular coverage of the femoral 

head, increasing the risk of subluxation or dislocation of the hip. It also shows that, 

in the case of mal-positioning or joint laxity in utero, movements may actually lead 

to an abnormal hip joint shape with characteristics of developmental dysplasia of the 

hip (DDH). 

This PhD thesis has advanced the basic understanding of prenatal joint shape 

development and the implication that different mechanical environments within the 

joint region, might have on developmental skeletal diseases such as DDH.  
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1 Introduction and Objectives 

1.1 Introduction 

During prenatal joint development, the two opposing cartilaginous rudiments of a 

joint develop their reciprocal and interlocking shapes through a process known as 

morphogenesis (Pacifici et al., 2005). Pacifici et al. (2005) describe the process of 

synovial joint formation as a well-defined sequence of three events: 1) a layer of 

compact and closely associated mesenchymal cells form the interzone, 2) cavitation 

results in the physical separation of the adjacent skeletal elements within the 

interzone, and 3) joint shape occurs through the process of morphogenesis. Recent 

studies, however, have shown that joint morphogenesis is a continuous process 

which commences prior to, and continues after, joint cavitation (Nowlan and Sharpe, 

2014). 

The consequences of incomplete or abnormal morphogenesis can be debilitating, 

such as in the case of musculoskeletal diseases. A number of experimental studies 

have shown that fetal immobilisation can alter joint shape development (Kahn et al., 

2009; Mikic et al., 2000; Nowlan et al., 2010b; Osborne et al., 2002; Roddy et al., 

2011b), therefore shedding light on the influence of fetal movements on joint 

formation. However, the mechanism by which these movements affect joint 

morphogenesis is still unknown (Pacifici et al., 2005). 

A lack of movements or an abnormal mechanical environment during prenatal 

development have been strongly linked to developmental dysplasia of the hip, also 

known as DDH, which is the most common congenital abnormality of the hip joint. 

DDH occurs when the hip joint is malformed, unstable or dislocated (Aronsson et 

al., 1994), and occurs in 1.3 per 1000 births (Leck, 2000). Two types of dislocation 

have been defined (Ponseti, 1978), one known as teratologic dislocation which 

occurs early in utero and is usually associated with neuromuscular problems 

(Aronsson et al., 1994; Nowlan et al., 2014), and one known as typical dislocation 

which occurs in utero or after birth and is usually associated with breech position or 

oligohydramnios (Aronsson et al., 1994; Nowlan et al., 2014). 

Thanks to the growing literature regarding material properties and mechanics of the 

human body, the use of computational models in the field of biomechanics is 
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growing rapidly. However, only one computational study has explored the role of 

motion on joint morphogenesis (Heegaard et al., 1999), using an idealised planar 

biomechanical model of the proximal interphalangeal joint in which epiphyseal 

growth was simulated using a modified version of the endochondral ossification 

theory proposed by Carter et al. (1987).  

In this thesis, a novel mechanobiology theory for cartilage growth is proposed and 

employed, through the use of mechanobiological simulations, to provide new and 

important insights into normal and abnormal joint development. This study delivers 

a deeper understanding of the importance of fetal movements in promoting normal 

and abnormal joint morphogenesis and their implications in musculoskeletal diseases 

such as the developmental dysplasia of the hip (DDH). 

1.2 Objectives 

The consequences of an incomplete or abnormal process of morphogenesis can be 

debilitating, such as in the case of musculoskeletal diseases. For example, the fetal 

akinesia deformation sequence (FADS), which occurs when little or no fetal 

movements take place (Witters et al., 2002); arthorogrypososis, which  is due to a 

substantial reduction in fetal movements (Bamshad et al., 2009) and, the 

developmental dysplasia of the hip (DDH) which is the most common congenital 

abnormality strongly linked to abnormal movements or intrauterine conditions 

(Aronsson et al., 1994). Therefore, understanding the factors driving joint 

morphogenesis during prenatal development is critical for developing strategies for 

early diagnosis and preventative treatments for these diseases.  

The first objective and challenge of this work is to develop a novel 

mechanobiological simulation of prenatal joint morphogenesis based on a 

mechanoregulation theory developed specifically for cartilage growth. A secondary 

objective of the work is to propose and test hypotheses on how fetal movements and 

position impact upon the shape of the developing hip joint. The body of work 

involved the following steps: 

1. Understanding the effectiveness of the endochondral ossification 

mechanobiological theory proposed by Carter et al. (1987) as an algorithm 

to predict prenatal joint development. The study of the mechanobiological 

growth theory began by presenting and replicating the first computational 
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model developed for prenatal joint morphogenesis (Heegaard et al., 1999), 

and then described the growth theory evolution through the different models: 

“rectangular shape”, “proximal interphalangeal joint”, and “hinge joint 

motion”. (Chapter 3). 

2. Proposing a novel mechanobiological simulation of prenatal joint 

morphogenesis. A novel mechanobiology theory for cartilage growth was 

developed and used in the first 3D mechanobiological simulation of joint 

morphogenesis which included the effects of a range of movements (or lack 

of movement) and different initial joint shapes is developed (Chapter 4). 

3. Sensitivity analysis, there are many parameters in the model that played an 

important role in the resultant shapes and therefore, this chapter aimed to 

provide additional evidence for the choices made within the model (Chapter 

5). 

4. Proposing and testing hypotheses on how fetal movements impact upon the 

shape of the developing hip joint. A dynamic mechanobiological simulation 

of the prenatal hip joint was used to explore the effects of normal, reduced 

and asymmetric fetal movements on hip joint growth and morphogenesis 

(Chapter 6). 

 

Finally, conclusions are drawn in Chapter 7. The main outcomes of this thesis as 

well as contributions to the field of developmental mechanobiology are discussed, 

and perspectives for future research are presented. 
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2 Background 

2.1 Prenatal development & fetal growth 

The prenatal development of the human skeleton is divided into two periods, the 

embryonic and fetal phase. Embryonic development is defined as the first 8 weeks of 

intra-uterine life and fetal development is the remaining period until birth (Scheuer 

and Black, 2004). The embryonic development of the skeleton has been thoroughly 

described by Bardeen and Lewis in 1901 in a study observing the typical stages 

during the development of the back, limbs and the body-wall in humans. They 

reported that in an embryo of approximately 2 weeks of gestational age (~2.1mm 

embryos length), its axis is curved and it contains the neural tube, notochord, 

mesenchyme and myotomes in the cervical region. The limb buds start to be present 

around gestational week 3, when the embryo length is approximately 4.3mm. 

Between gestational weeks 4 and 5 (~11mm embryos length) several anatomical 

features start to be more visible. The segmentation of the limbs has begun; the arm is 

in an advanced stage showing flatter hands, which are now clearly distinguishable 

from the forearm, the swellings of the digits are visible and the first sign of the 

shoulder can be detected. At this stage the lower limb shows differentiation of foot 

and leg. Between gestational weeks 5 and 6, while the digits in the hand are well 

marked, digitation on the foot has just begun. Within the same period ribs extend 

ventrally and the vertebral bodies have chondrified. By gestational week 7 (~20mm 

embryos length) most of the adult anatomical skeletal structures have appeared 

(Bardeen and Lewis, 1901); the intervertebral discs are present and the vertebrae, as 

well as the ribs, are composed of hyaline cartilage. At this stage both, vertebrae and 

ribs are surrounded by a dense mesenchyme, the musculature of the back and 

abdominal walls, and the main blood-vessels resemble those of the adult. The 

posterior limb is well differentiated and all its rudiments are present in cartilaginous 

form with exception for the terminal phalanges of the three outer toes which are still 

not present at this time. Torsion of the ankle joint has not begun yet at this stage. 

Likewise, the rudiments of the arm are all made of hyaline cartilage except for the 

distal phalanges of the 2
nd

, 3
rd

, 4
th

 and 5
th

 digits, which are made of undifferentiated 

condensed tissue. From now on, the fetal phase begins and further development 

depends mainly on growth and relative shifting of parts (Bardeen and Lewis, 1901). 



 
32 Mechanobiological Predictions of Fetal Joint Morphogenesis 

Progressive growth, formation and progression of the primary and secondary 

ossification centres, and further shape development are the main events of the fetal 

development of the skeleton. The development of long bones, during their fetal 

period, has been studied in detail by several researchers (Bagnall et al., 1982; 

Gardner and Gray, 1953, 1970) and has been shown that the primary ossification 

centres for the major long bones (femur, tibia, fibula, humerus, radius and ulna) can 

be identified histologically in the center of the shaft around gestational week 9 

(Bardeen and Lewis, 1901; Gardner and Gray, 1970; Scheuer and Black, 2004), 

while the appearance of the secondary ossification centres varies among bones. For 

example, at birth, the proximal end of the femur is entirely cartilagineous and the 

secondary ossification centre for the femoral head starts to be detectable by the age 

of 1 year (Elgenmark, 1945; Ryder and Mellin, 1966). Different timings can be seen 

for the distal femur and the proximal tibia, which are usually present at birth 

(Christie, 1949; Hill, 1939; Scheuer and Black, 2004). Moreover, the rate of fetal 

growth, which can be determined by the weight (Doubilet et al., 1997) or the length 

(O'Rahilly and Müller, 1996) of the fetus, has been reported, by researcher, to slow 

down over the gestation period (Table 2-1) (Doubilet et al., 1997; O'Rahilly and 

Müller, 1996). Morphogenesis, the biological process through which an organism 

develops its shape, will be addressed in detail, with focus on joint morphogenesis, in 

section 2.3.1. 
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Table 2-1 Average fetal weight adapted from (Doubilet et al., 1997). 

Gestational 

age 

Mass (g)  Gestational 

age 

Mass (g)  Gestational 

age 

Mass (g)  

8 weeks 1 20 weeks 300 32 weeks 1702 

9 weeks 2 21 weeks 360 33 weeks 1918 

10 weeks 4 22 weeks 430 34 weeks 2146 

11 weeks 7 23 weeks 501 35 weeks 2383 

12 weeks 14 24 weeks 600 36 weeks 2622 

13 weeks 23 25 weeks 660 37 weeks 2859 

14 weeks 43 26 weeks 760 38 weeks 3083 

15 weeks 70 27 weeks 875 39 weeks 3288 

16 weeks 100 28 weeks 1005 40 weeks 3462 

17 weeks 140 29 weeks 1153 41 weeks 3597 

18 weeks 190 30 weeks 1319 42 weeks 3685 

19 weeks 240 31 weeks 1502   
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2.2 Cartilage & synovial joints 

2.2.1 Cartilage 

Cartilage is a highly specialized, resilient connective tissue consisting of dispersed 

chondrocytes, derived from embryonic mesenchyme and embedded in an 

extracellular matrix (ECM) (Hall, 1983). Cartilage has a relatively simple structure, 

which does not contains blood vessels (avascular) and progenitors cells (Hunziker, 

2000; Mankin, 1982; Silver and Glasgold, 1995). The biochemical composition of 

the extracellular matrix, which is mainly composed of collagen, proteoglycans and 

water, determines the biomechanical characteristics of the tissue and is directly 

responsible for the unique functional properties of cartilage providing resilience and 

resistance against compression and shear (Lorenzo et al., 2004; Mow et al., 1984). 

There are three types of cartilage: hyaline cartilage, fibrocartilage and elastic 

cartilage (Figure 2-1), which differ in functional properties and biochemical 

contents. Hyaline cartilage is involved in skeletal development in the process of 

endochondral ossification, and therefore the type of cartilage of interest for this 

project (from now on simply called cartilage).  It is rich in Type II collagen and 

proteoglycans with an amount of water that constitutes 60% to 80% of its total 

weight (Dijkgraaf et al., 1995). Fibrocartilage mainly contains Type I collagen, or a 

combination of Type I and Type II collagen (Dijkgraaf et al., 1995). Fibrocartilage is 

considered the strongest kind due to the alternating layers of hyaline cartilage matrix 

and dense collagen fibres oriented in the direction of functional stresses and it is 

found mainly in tissues that are subject to tensile forces such as the intervertebral 

disk (Fisher et al., 2007). Elastic cartilage consists of a network of elastic fibres, not 

exclusively collagen which provides strength and elasticity. The elastic fibres give 

this type of cartilage the ability to be deformed and return to shape. Examples of 

elastic cartilage include external ear, epiglottis, and upper portion of larynx (Fisher et 

al., 2007).  
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Figure 2-1 Different types of cartilage. A) Hyaline cartilage; B) fibrocartilage; C) elastic cartilage. Images 

adapted from http://medcell.med.yale.edu 

 

One of the primary functions of hyaline cartilage is to support load. Cartilage can 

respond to its loading environment by producing more matrix (anabolic), by causing 

tissue destruction (catabolic) or by calcifying and turning to bone (endochondral 

ossification). These mechano-adaptive processes indicate that chondrocytes are able 

to respond to mechanical forces and, in the past years, researchers have studied 

cellular mechano-transduction in different connective tissues (Carter et al., 1998b; 

Gillard et al., 1979; Koob et al., 1992; Woo and Buckwalter, 1988).  

2.2.2 Mechanobiology of cartilage 

During embryonic development, cartilage undergoes numerous changes in cellular 

and extracellular composition. Various experimental studies suggested that an 

appropriate mechanical environment is crucial to develop a proper fully functioning 

joint.  For example, paralysis of embryonic chicks limbs may block joint cavity 

formation or lead to abnormal joint shape (Mikic et al., 2000; Ward and Pitsillides, 

1998). These studies indicate that mechanical loading has an important effect on 

cartilage during development and that growth and ossification of this tissue are 

locally regulated by the stresses and strains generated by muscle contractions, pre- 

and post-natally (Carter and Wong, 2003).  

A mature version of hyaline cartilage, known as articular cartilage, is found in the 

mature skeleton, primarily at the joints surfaces, and has been used by several 

researchers to understand how cartilage is affected by different mechanical loading 

conditions (Beaupré et al., 2000; Carter and Wong, 2003; Grodzinsky et al., 2000; 

Lu and Mow, 2008). Articular cartilage is known to experience a wide range of static 

and dynamic mechanical loads in synovial joints (Correia et al., 2012; Herberhold et 

al., 1998; Maxian et al., 1995) and its ability to resist to compressive, tensile and 
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shear forces depends on the composition and integrity of its ECM (Asanbaeva et al., 

2008; Grodzinsky et al., 2000). In vitro models such as cartilage explants were used 

to study the mechanisms by which chondrocytes respond to mechanical stimuli, and 

by using these models, the effect of static and dynamic compression have been 

studied. Li et al. (2001), looked at the biosynthetic and proliferative response of 

different stages of bovine cartilage maturation (fetal, calf and adult) to well defined 

static and dynamic unconfined loading protocols. The results showed that cartilage 

synthesis was inhibited in all tissues by static loading and it was stimulated by the 

dynamic load in calf cartilage. No significant effects, due to dynamic load on 

glycosamionglycans synthesis were found on fetal and adult cartilage. A subsequent 

study (Davisson et al., 2002), focused on determining the effects of static and 

dynamic compression on the metabolism of sulfated glycosamionglycans (S-GAG) 

and proteins in tissue engineered cartilage, showed that static compression 

suppressed the synthesis by 35% and 57% respectively while dynamic compression 

stimulated synthesis. If researchers agree on the inhibitive effects of static 

compression on the synthesis of cartilage, contradictory results can be found in 

literature regarding the effects on biosynthesis due to dynamic compression which 

have been reported several times as stimulatory (Davisson et al., 2002; Farquhar et 

al., 1996; Korver et al., 1992; Larsson et al., 1991; Palmoski and Brandt, 1984; Sah 

et al., 1989) as well, in some cases, as inhibitory (Palmoski and Brandt, 1984; 

Steinmeyer et al., 1997; Torzilli et al., 1997). However, a large number of studies 

showed that the application of mechanical compression directly to cartilage explants 

with specific range of amplitudes and frequencies inhibits cartilage growth when 

statically loaded (Burton-Wurster et al., 1993; Grodzinsky et al., 2000; Guilak et al., 

1994) while promotes cartilage growth under cyclic compressive loads (Grodzinsky 

et al., 2000; Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992).  

2.2.3 Synovial joints 

Synovial joints are the most movable type of joints and the differences which 

distinguish synovial joints from other type of joints, such as cartilaginous joints (e.g. 

intervertebral discs) and fibrous joint (e.g. suture between bones of the skull), lie in 

its structure and function. Unlike cartilaginous and fibrous joints, the articulating 

surfaces of a synovial joint are surrounded by a capsule filled with synovial fluid. 

The articular capsule consists of an external fibrous membrane which contains the 
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ligaments, and an internal synovial membrane that secretes the lubricating and shock 

absorbing synovial fluid. This fluid is secreted within the synovial cavity, the 

characteristic space between the two opposing rudiments typical of synovial joints 

(Figure 2-2, A). Examples of synovial joints are the elbow, the wrist, the shoulder, 

the hip and the knee joint.  

 

Figure 2-2 A) Example of a synovial joint including its main structural components such as the joint cavity, 

synovial fluid, joint capsule, synovial membrane and articular cartilage. Image adapted from http://biology-

forums.com/index.php?action=gallery;sa=view;id=8793; B) Anterior view of an hip joint where the iliofemoral 

and pubofemoral ligaments can be seen (Image adapted from 

http://www.gla.ac.uk/t4/~fbls/files/fab/tutorial/anatomy/hipt.html);  C) Posterior view of an hip joint where the 

Ischiofemoral ligament can be seen (Image adapted from 

http://www.gla.ac.uk/t4/~fbls/files/fab/tutorial/anatomy/hipt.html). 

 

2.2.4 Hip joint: Synovial capsule 

The joint capsule is vital to the function of synovial joints. It seals the joint space and 

provides for its stability by, for example, limiting movements. In adults it is a dense 

fibrous connective tissue that is attached to the bones via specialised attachment 

zones and it forms a cover around the joint. Inside the capsule, the surfaces of the hip 

joint are covered by a thin tissue called the synovial membrane as shown in Figure 

2-2, A (Ralphs and Benjamin, 1994).  

There are three main ligaments which play an important role in joint stability: 

 Iliofemoral ligament, which passes over the front of the hip joint and 

connects the ilium to the femur. The iliofemoral ligament restrains the 

movement of the hip joint in the pelvic region by preventing overextension. 

This ligament also restrains external rotation of the hip joint when flexed, and 

it restrains both internal and external rotation when the joint is extended 

(Platzer and Spitzer, 2003) (Figure 2-2, B). 

http://biology-forums.com/index.php?action=gallery;sa=view;id=8793
http://biology-forums.com/index.php?action=gallery;sa=view;id=8793
http://www.gla.ac.uk/t4/~fbls/files/fab/tutorial/anatomy/hipt.html
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 Pubofemoral ligament, which is located on the interior side of the hip joint 

and extends from the pubic portion of the acetabular rim passing below the 

neck of the femur. The pubofemoral ligament prevents joint hyperextension 

and over-abduction, and it also limits external rotation (Platzer and Spitzer, 

2003) (Figure 2-2, B).  

 Ischiofemoral ligament, which is a band of very strong fibres located on the 

posterior side of the hip joint that connect the pelvis and the femur. Its main 

function is to stabilise the hip joint and limits extension and medial rotation 

of the hip (Platzer and Spitzer, 2003) (Figure 2-2, C).  

The integrity of the synovial capsule is of paramount importance; if injured, it can 

induce, for example, joint laxity and therefore leading to important rheumatic disease 

such as arthritis and osteoarthritis (Ralphs and Benjamin, 1994).  

 

2.3 Prenatal joint development 

Embryonic joint formation has been described by Pacifici et al. (2005) as a well-

defined sequence of four events: joint site determination, interzone formation, 

cavitation and joint morphogenesis (Figure 2-3). Joint development starts with 

formation of uninterrupted mesenchymal condensations within the limb bud forming 

the template of the future limb rudiments which undergoes chondrification. The 

future joint location, known as interzone, becomes evident as a layer of compact and 

closely associated mesenchymal cells (Khan et al., 2007; Pacifici et al., 2005). This 

is the control centre for further joint development from which signalling molecules, 

growth and transcription factors are expressed (Archer et al., 2003; Storm and 

Kingsley, 1996). Chondrocyte proliferation drives growth of the skeletal elements 

while the joint undergoes cavitation and morphogenesis (Bellairs and Osmond, 

2005). Cavitation is the physical separation of the adjacent skeletal elements within 

the interzone creating two articular surfaces and a joint cavity (Pacifici et al., 2005). 

Joint morphogenesis, described by Pacifici et al. (2005) as the final step involved 

during joint development, is the process in which distinct and functional joint shape 

start to appear. Contrary to what was said by Pacifici et al. (2005), Nowlan and 

Sharpe (2014) recently have studied the development of the prenatal hip joint shape 
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in embryonic chicks using 3D imaging, with their histological results suggesting that 

morphogenesis precedes cavitation and continues to mould the joint shape after it. 

 

Figure 2-3 Scheme depicting the major steps in digit synovial joint formation. A-B) Uninterrupted mesenchymal 

condensation; C) interzone formation; D) cavitation; E) morphogenesis; F) schematic example of a synovial joint 

including all its major structure. Image adapted from (Pacifici et al., 2005) 

 

2.3.1 Joint morphogenesis & fetal movements 

Many studies have shown fusion across the joint site and abnormal joint shape under 

immobilised conditions suggesting that the stages of cavitation and morphogenesis 

are dependent on mechanical forces generated by prenatal movements (Drachman, 

1966). Contrarily, joint site determination and interzone formation are not believed 

to be mechanobiologically determined since they remained unaltered in 

experimentally immobilised embryos (Kahn et al., 2009; Murray and Drachman, 

1969; Osborne et al., 2002). The mechanisms by which these movements affect 

morphogenesis are still unknown. Immobilisation techniques have been used to 

address some questions on the importance of prenatal movements on joint 

morphogenesis. Drachman and Sokoloff (1966) were among the first to study the 

effect of paralysis on joint formation and they used pharmaceutical agents and spinal 

cord extirpation to eliminate muscular contraction in developing chick embryos. 

Their study showed absent or minimal joint cavity formation, joint fusion and 

flattened articular surfaces in immobilised joints, compared with embryos developed 

under normal conditions (Figure 2-4).  
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Figure 2-4 Effect of paralysis on the developing chick knee joint. A) Sagittal histological section of control, joint 

cavities are clearly seen (white regions); B) pharmaceutically immobilization, joint cavities are absent; C) spinal 

cord expiration, joint cavities are absent. Image adapted from (Drachman, 1966) 

Similar results were reported in following studies where neuromuscular blocking 

agents were used on chick embryos to investigate patterns of extracellular matrix 

proteins during joint formation (Mikic et al., 2000), or to explore the effects of rigid 

and flaccid paralysis on joint development during pre and post cavitation (Osborne et 

al., 2002). The former found, in the immobilized embryos, the generation of a non-

interlocking joint shape with partial or absent cavitation (Figure 2-5) during the post-

cavitational stages of joint development. The latter showed a loss of joint cavity 

when induced before the normal period of cavitation while only flaccid paralysis led 

to the loss of joint cavity in post-cavitation phase.  

More recent studies, using similar techniques, studied the effects of prenatal 

movements during knee (Roddy et al., 2011b) and hip (Nowlan et al., 2014) joint 

development in chick embryos. Roddy et al. (2011b) showed, when chicks were 

immobilised up to 5 days, 1) a reduction in width of the intercondylar fossa of the 

distal femur and of the proximal epiphysis of the tibiotarsus and fibula, 2) flattened 

articular surfaces of the condyles and 3) an overall simplified joint shape. Nowlan et 

al. (2014), induced immobilisation from day 4 and looked at its effects over the 

period between 7 and 9 days of incubation. The results showed minor impact of 

absent movements on joint morphogenesis prior to cavitation. At day 7 they reported 

no effect on any aspect of hip joint shape due to immobilisation while at day 8 a 

decrease in length of the pre-acetabular portion of the ilium was observed. However, 

massive changes on joint shape were observed after cavitation should have arisen 

(day 9), the joint showed abnormal positioning and orientation of the pelvis and 

abnormal shaping of the femoral head and acetabulum. Similarly, studies of 

genetically modified “muscleless limb” mice have revealed changes in joint 

morphogenesis. Kahn et al (2009) used mouse models to demonstrate that 
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contracting musculature is crucial to maintain joint progenitor’s cell fate reporting 

the failure of joint formation in absence of contracting musculature. Nowlan et al. 

(2010a), studying skeletal development of mutant muscleless limb mouse, revealed 

abnormal growth and ossification in the scapular blade, humerus, ulna and femur but 

no significant changes in the tibia. 

 

Figure 2-5 Interphalangeal joint development at day 16th. A) Sagittal section of the control joint showing the 

development of a functioning and congruent joint; B) sagittal section of the immobilised joint showing the 

development of an abnormal joint shape. Scale bar=0.54mm. Imaged adapted from (Mikic et al., 2000) 
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2.4 Prenatal Hip joint development & Developmental 

Dysplasia of the Hip (DDH) 

2.4.1 Introduction to prenatal hip joint development 

Hip joint development is a complex phenomenon which includes two parts, a 

growing proximal femur, and a growing acetabulum. Clarifying the steps involved 

during hip development is important to understand the mechanism which leads to hip 

diseases and deformities. 

The prenatal development of the human hip joint has been well described by several 

researchers over the past 70 years (Gardner and Gray, 1950; O'Rahilly and Gardner, 

1975; Scheuer and Black, 2004; Strayer Jr, 1943). In humans, the lower limb buds 

start to appear around day 28 (O'Rahilly and Gardner, 1975) in a form of a 

concentration of mesenchymal cells lying within a border of ectoderm (O'Rahilly et 

al., 1956). By the sixth week of intrauterine life, the lower limb buds have elongated, 

a shallow acetabulum is visible, proximal to the head of the femur, and condensation 

of cartilage cells first appear in the primitive ilium, and then in the pubis and ischium 

(Lee and Eberson, 2006). In the iliac mass the chondrification process starts around 

weeks 6
th

 - 7
th

  of the intra uterine development (O'Rahilly and Gardner, 1975), 

whereas the pubis and the ischium start to chondrify around weeks 7
th

 - 8
th

  

(O'Rahilly and Gardner, 1975). At the end of the eighth week, the three 

chondrification centres fuse forming a shallow acetabulum (Figure 2-6) (Tachdjian 

and Wenger, 1983). 

 

Figure 2-6 Complete cartilaginous differentiation of the os innominatum and femur showing the shallow 

acetabulum. Image from (Tachdjian and Wenger, 1983) 
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The junction of the cartilaginous ends of the ilium, ischium and pubis is known as 

triradiate cartilage, an expanding structure composed by three growth plates, which 

is believed to be responsible for the acetabular growth during its fetal life (Portinaro 

et al., 1994). The joint cavity initiates around the 7
th

 and 8
th

 gestational weeks and it 

is well defined and fully opened around the 11
th

 gestational week. By the eight week 

of development, the primary ossification centre of the femur appears in its shaft and 

ossification proceeds proximally and distally from this centre (Lee and Eberson, 

2006). Around the 11
th

 gestational week (the first trimester), a globular femoral head 

is almost completely enclosed by a deep-set acetabulum (Ráliš and McKibbin, 1973) 

(Figure 2-7) and the infantile configuration of the hip joint is achieved (Lee and 

Eberson, 2006). 

 

Figure 2-7 Hip joint at the twelfth week of gestation. The femoral head (FH) is almost completely enclosed by a 

deep-set acetabulum. Image from (Tachdjian and Wenger, 1983) 

By week 16 of development, the ossification of the femur has reached the lesser 

trochanter and meanwhile, the primary ossification centres have appeared in the 

ilium, ischium and pubis (Lee and Eberson, 2006). The ossification centre of the 

acetabulum will not appear until adolescence (Lee and Eberson, 2006). 

Week 11 is believed to be the most stable period during hip joint development 

(Ippolito et al., 1984; Ráliš and McKibbin, 1973). From that time until birth, the 

acetabulum becomes shallower and the femoral head loses substantial sphericity, 

becoming more hemi-spherical (Figure 2-8). 
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Figure 2-8 A) Changes in acetabular shape in relation to age, measured as ration of the height to diameter of its 

concave; B) changes in femoral head shape in relation to age, measured as the ration of the height to diameter of 

its rounded end. Image from (Ráliš and McKibbin, 1973) 

An increase in femoral head sphericity and coverage by the acetabulum is then 

regained after birth, although never to the extent evident in early development 

(Figure 2-8). Therefore, the coverage of the femoral head is never as low as it is at 

birth, which most likely means that the hip joint is at its most unstable shape at this 

time. Alterations of the normal process of joint morphogenesis are highly relevant to 

postnatal skeletal malformations, particularly to developmental dysplasia of the hip 

(DDH). Figure 2-9 shows different stages of fetus development with focus on hip 

joint development. 
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Figure 2-9 A) Fetus at the age of 6 weeks, the limbs bus have begun the process of differentiation; B) fetus at the 

age of 8 weeks, differentiation is more advanced; C) fetus at the age of 11 weeks, the infantile configuration of 

the hip joint is now present; D) fetus at the age of 16 weeks, the lower extremities lie in a position of stability. 

Image adapted from (Lee and Eberson, 2006) 

 

2.4.2 Developmental dysplasia of the hip (DDH) 

Developmental dysplasia of the hip, also known as DDH, is the most common 

congenital abnormality of the hip joint, which is thought to be strongly linked to 

abnormal fetal movement. As deeply described in Section 1.1, two types of 

dislocation have been defined (American Academy of Pediatrics, 2000), one known 

as paralytic dislocations, and one known as typical dislocations. In the most severe 

cases of DDH, the femoral head is completely dislocated from the acetabulum 

(Figure 2-10, type 3), while in less severe manifestations, the femoral head is 

partially dislocated (Figure 2-10, type 2) or easily dislocatable from the acetabulum 

(Figure 2-10, type 1) (Ponseti, 1978; Tachdjian and Wenger, 1983). Both 

environment and genetic factors are thought to play a role in DDH; the former is 

usually referred to as abnormal mechanical environment (Stevenson et al., 2009) 

and/or a lack of physiological fetal movement patterns (Muller and Seddon, 1953), 
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the latter to genetic risks associated with positive family history (Stevenson et al., 

2009; Wynne-Davies, 1970) and female gender (Chan et al., 1997).  

 

Figure 2-10 A) Normal hip joint; B) type 1 dislocation; C) type 2 dislocation; D) type 3 dislocation. Image 

adapted from (Tachdjian and Wenger, 1983) 

An interesting study has been done by Bialik et al. (1999) where two categories of 

neonatal hip pathology were distinguished, once that regress naturally developing 

into a normal hip and another which develops into DDH, showing that many 

detected cases of hip instability in newborns progress into a normal hip without any 

medical intervention. It has also been shown that some geographical regions and 

ethnicities have higher incidence rates of DDH, such as the Northern Italian (Riboni 

et al., 2003) and the Japanese (Yamamuro and Ishida, 1984) populations. Moreover, 

the risk of the condition increases with abnormal movements or intrauterine 

conditions that reduce or restrict the movements in utero. For example fetal breech 

position (Figure 2-11), particularly extended breech where the hips are flexed and 

knees extended, has been shown to increase the risk of hip instability and dysplasia 

(Luterkort et al., 1986).  Portinaro et al. (1994), hypothesised that ligamentous laxity 

or malpositioning in utero leads to abnormal loading allowing the femoral head to 

displace and encourage deformity. It has been also proposed that the reason why the 

left hip has a higher risk of DDH is due to the position of the left leg beside the 

mother’s spine, which limits hip abduction (Aronsson et al., 1994; Homer et al., 

2000).  
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Figure 2-11 Schematic representation of particularly extended breech with flexed hips and extended knees. 

Image adapted from (Health, 2003) 

Oligohydramnios, which is a condition during pregnancy where a deficiency of 

amniotic fluid occurs, has been also associated to abnormalities in fetal movements 

which may lead to DDH. Sival et al. (1990) monitored 19 fetuses affected by 

oligohydramnios weekly and found that moderate and severe loss of amniotic fluid 

have an influence on fetal movements. Moderate loss impacted the amplitude of the 

movements, while severe loss impacted the speed and amplitude of movements. 

Despite the likely influence of fetal movements on hip joint formation, the 

mechanism by which these movements affect hip morphogenesis is still unknown. 

 

2.4.3 From Developmental Hip Disorders to Osteoarthritis  

Osteoarthritis (OA) is the most common disabling joint disease observed worldwide 

(Sandell, 2012). The primary risk factor for OA is age, however altered mechanical 

loading, joint injury and genetics mutation have been strongly linked with this 

disease (Hogervorst et al., 2012; Sandell, 2012). 

Developmental hip disorders such as DDH, Femoroacetabular Impingement (FAI) or 

Slipped Capitis Femoris Epiphysis (SCFE), all conditions which share a common 

mechanism of local cumulative mechanical overload, and which lead to an altered 

joint morphology, are strongly linked to OA (Hogervorst et al., 2012). For example, 

in DDH, the presence of a maloriented and/or insufficient articular surface, with 

decreased contact area and increased shear force at the acetabular rim, leads to 
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excessive and eccentric loading on the acetabular rim. If DDH remains undetected, it 

will lead to OA later in life (Sandell, 2012). 

Because OA development is related to morphology variants of developmental hip 

disorder, understanding the mechanism involved during hip joint morphogenesis will 

help to decrease developmental hip disorders incidence and therefore decrease the 

chance to develop OA.  
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2.5 Computational models 

2.5.1 Introduction to FEM/FEA 

Finite-element method (FEM) is a numerical technique that provides solutions to 

boundary value problems based on approximation of differential equations (Reddy, 

1993). Established in the 1960s, FEM is best understood for its practical application: 

Finite-element analysis (FEA). FEA is a computational tool for engineering analysis 

which uses mesh generation techniques to divide complex geometries into small 

discrete problems. The geometric representation consists of a mesh of polygonal or 

polyhedral elements interconnected at points called nodal points. Strains and stresses 

of the whole structure are calculated from the nodal displacement which will deform 

the elements in a specific way dictated by the element formulation (Reddy, 1993). 

Due to the fast evolution of these techniques and the growing literature regarding 

material properties and boundary conditions, which are becoming day by day more 

reliable, FEA is nowadays widely used in the field of biomechanics to create 

accurate numerical representations of organs, tissues, and joints with complex 

geometries. 

2.5.2 Computational models in developmental biomechanics 

As explained in section 2.2.1 and 2.2.2, during embryonic development cartilage 

undergoes numerous changes in cellular and extracellular composition based on the 

type of loading environment it experiences. The mechanisms behind these mechano-

adaptive processes are still not very well understood. Several mechano-regulation 

algorithms for investigating the influences of mechanical stimuli on tissue 

differentiation have been proposed (Carter and Wong, 1988b; Claes and Heigele, 

1999; Lacroix et al., 2002; Prendergast et al., 1997) and computational models have 

been used to examine different aspect of skeletal development, such as ossification 

(Carter et al., 1987), evolution of long bone epiphyses (Tanck et al., 2000), alteration 

of ossification in culture (Wong and Carter, 1990a), sesamoid bone formation (Sarin 

and Carter, 2000), developmental bone deformities, such as post natal DDH 

(Shefelbine and Carter, 2004) or the fracture healing process (Isaksson et al., 2006). 

However, only one mechanobiological simulation of prenatal joint development has 

been proposed (Heegaard et al., 1999). 
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In 1987, Carter et al. (1987) proposed a theory to describe the influences of 

mechanical stress on chondrosseous biology. The mechano-regulation algorithm 

developed suggested that intermittent hydrostatic pressure inhibits degeneration and 

ossification of cartilage, while intermittent strain or shear stresses accelerate 

ossification and degeneration. A single phase 2D plane strain model of the human 

femur was generated and used to simulate 3 embryonic stages, and 2 postnatal 

stages. Although a much simplified model, it gave insightful results. Initially, high 

strain energy density values were predicted at the mid shaft region in all cartilage 

model, but in later stages regions of high strain energy shifted to the center of the 

chondroepiphysis, where the secondary ossification centres appeared. Compressive 

stresses were predicted near the joint surface and therefore the authors proposed that 

this stimulus inhibited ossification, therefore maintaining the articular cartilage. 

However no quantitative limits were set for when the various tissues were from.  

Following this mechanobiological theory, or a variation of it, several studies have 

been performed. Wong and Carter (1990b), conducted a finite element analysis of in 

vitro organ culture experiments done by Klein-Nulend et al. (1986). They predicted 

ossification patterns by calculating an osteogenic index as a combination of the 

influence of tissue shear and hydrostatic stresses based on the previous 

mechanobiological theory. They hypothesised that the local shear stress at the 

mineralisation front may lead to increased calcification. The osteogenic index was 

given by: 

𝐼 = ∑ 𝑛𝑖(𝑆𝑖 + 𝑘𝐷𝑖)

𝑐

𝑖=1

 

, where 𝑛𝑖= number of load cycles, 𝑆𝑖= cyclic octahedral stress, 𝐷𝑖= dilatational 

hydrostatic stress, k= empirical constant, and c= total number of load cases. 

However, when a model of the same experiment was created with poroelastic 

material properties (Tanck et al., 1999) the hypothesis of Wong and Carter could not 

be confirmed.  

Sarin and Carter (2000) used 2D finite element analysis to predict the distribution of 

octahedral shear and hydrostatic stresses in an idealised model of a sesamoid 

cartilage subjected to in vivo loading. They found that regions with high octahedral 
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stresses were likely sites where the process of endochondral ossification could begin, 

and that high contact pressures inhibited ossification. 

Shefelbine and Carter (2004) implemented a finite element model to predict the rate 

of progression of the growth plate and formation of coxa valga in DDH. They 

developed a 3D single phase model of an approximately two month old proximal 

femur and hip joint forces with different angles were tested. The specific growth rate 

was a function of biological and mechanobiological growth where the 

mechanobiological growth was determined from the maximum octahedral shear 

stress (σs) and the minimum hydrostatic stress (σh) throughout the load history as 

shown in the following equation:  

𝜀𝑚̇ = 𝑎𝑀𝑎𝑥𝜎𝑠 + 𝑏𝑀𝑖𝑛𝜎ℎ  

, with a and b as constant. The biological growth rate was assumed to be constant 

too. Their simulations showed that hydrostatic compression on the lateral side 

inhibited growth, while octahedral shear and hydrostatic tension promoted growth 

and ossification on the medial side (Figure 2-12). However, because the loading 

conditions of the fetal and neonatal hip are still unknown, several assumptions on the 

loading conditions were made on the model, such as that the angle of the resultant 

hip force was greater in the dysplastic hip than in the normal hip. 

 

 

Figure 2-12 Minimum hydrostatic stress and octahedral shear stress patterns for normal and DDH conditions. 

Image adapted from (Shefelbine and Carter, 2004) 
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In 1997, Prendergast et al. (1997) introduced a new model of tissue differentiation 

based on poroelastic FE analysis. They proposed two biophysical stimuli as 

mechano-transduction variables: shear strain and fluid velocity. Following this 

mechanobiology theory, Lacroix et al (2002) investigated the fracture healing 

process of a long bone using an axisymmetric finite element model. Their model 

simulated periosteal bone formation, endochondral ossification in the external callus 

and resumption of the external callus. Tanck et al. (2000) used a 3D poroelastic finite 

element model of a fetal mouse metatarsal rudiment in order to explore the result of 

an organ culture experiment where a curved mineralisation front was found. Their 

simulations showed that during flexion and extension, fluid pressure was 

approximately the same at the centre and at the periphery. A high rate of 

mineralisation was observed at the centre, leading the authors to conclude that 

pressure was unlikely to be involved in the regulation of growth of the mineralisation 

front. 

While computational models have been used to examine different aspect of skeletal 

development, only one mechanobiological simulation of prenatal joint development 

has been proposed so far. Heegaard et al. (1999), used a mechanobiological 

simulation to predict finger joint morphogenesis. The authors used an idealised 

planar biomechanical model of the proximal interphalangeal joint and simulated 

rudiment growth using a mechanoregulation theory for endochondral ossification 

(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 

1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 

1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 

1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 

1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 1999)(Stevens et al., 

1999)(Stevens et al., 1999) in which growth and shape depends on the biological 

growth (i.e. the intrinsic growth due to hormones, genes and nutrients), and 

mechanical growth (i.e. region-specific growth due to muscle, ligament and joint 

forces). The model predicted joint shape changes between 55 and 70 embryonic days 

and revealed the development of congruent surfaces within the joint region with the 

acquisition by the distal phalanx of a slightly concave surface (Figure 2-13). This 

study was pioneering in that and it was the first ever mechanobiological simulation 

of any aspect of prenatal joint development. However, it is important to note that, at 
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the stage of development modelled by them, the joints are entirely cartilaginous and 

there is no experimental evidence to suggest that endochondral ossification has an 

influence on prenatal joint shape development. The mechanical stimulus for cartilage 

during growth (where ossification does not occur) is likely to be different than the 

mechanical stimulus during endochondral growth and ossification (where cartilage 

growth occurs but the endpoint is ossification). In the former, the cartilage is trying 

to make more cartilage; in the latter it is trying to turn into bone. 

 

 

Figure 2-13 A) Predicted geometry (only biological contribution) of the chondroepiphysis ad different stage of 

development (60, 65, 70 days); B) predicted geometry (both biological and mechanobiological contribution) of 

the chondroepiphysis ad different stage of development (60, 65, 70 days). From (Heegaard et al., 1999) 

 

2.5.3 Growth-generated biophysical stimuli 

During early development, cells receive extrinsic signals that lead to particular 

changes in cell behaviour, such as differentiation, migration or proliferation. In 

addition, morphogenesis is regulated by inductive signals transmitted within cells 

through direct contact, diffusible molecules, and gap junctions (Henderson and 

Carter, 2002). During development, different tissues form and begin to grow at 

different rates. The tissue with faster growth will experience compression, while the 

slower growing tissue will experience tension (Figure 2-14).  
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Figure 2-14. A) example of regions of undifferentiated tissue; B) differentiate tissue which leads to alteration in 

rate of growth. 

The growth-generated strain and pressures are used to refer to the local deformation 

and corresponding forces generated by this differential growth. Four ways were 

proposed on how growth-generated strain and stresses can send inductive signals to 

the cells (Figure 2-15): 1) direct contact, 2) diffusible molecules, 3) gap junctions, 

and 4) imposed tension and pressures. 

 

 

Figure 2-15 Four ways on how growth-related strain and stresses send inductive signals to cells: A) Direct 

contact; B) inductive signal; C) gap junctions; D) imposed tension and pressure. Image from (Henderson and 

Carter, 2002). 

 

Direct contact occurs when a receptor on the target cell surface connect to a ligand 

on another cell or in the Extra Cellular Matrix (ECM); inductive signals occur when 

a diffusible molecule connect to a receptor on the target cell; gap junctions consist of 

channel-forming proteins that allow the passage of small molecules, such as ions, 

between the two cells; imposed tension and pressure occur due to tension and 

pressure generated in other sites and then transmitted to the cells by anatomical 

structures. 

It has been suggested that growth-generated strains and pressures may influence the 

process of morphogenesis by modulating growth rates (Henderson and Carter, 2002). 
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Mechanical modulation of growth rate occurs when a cell receives a signal in the 

form of an imposed strain or pressure from the mechanical environment and the 

signal is transduced into an alteration of the cells rate of hypertrophy, mitotic rate, or 

rate of ECM production. 

 

2.6 Summary 

This chapter has presented a review of prenatal development, cartilage and synovial 

joint with detailed focus on prenatal joint development, mechanobiology of cartilage, 

developmental dysplasia of the hip (DDH) and mechanoregulation algorithms used 

in computational modelling.  

Now is known that cartilage is a mechano-adaptive tissue able to respond to 

mechanical forces, for example, by producing more matrix, by causing tissue 

destruction or by calcifying and turning into bone. An abnormal mechanical 

environment can incorrectly stimulate the cartilaginous tissue, altering the process of 

morphogenesis and leading to postnatal skeletal malformations, particularly to 

developmental dysplasia of the hip (DDH). FEA can be used to model and better 

understand the influence of mechanics during joint development and therefore, in 

this thesis a novel mechanoregulation algorithm for cartilage growth wad proposed 

and used: 1) in 3D mechanobiological simulations of joint morphogenesis to explore 

the effects of a range of movements and different initial joint shapes for both pre- 

and post-cavitational phases and, 2) in dynamic mechanobiological simulations to 

explore the effects of normal, reduced and abnormal prenatal movements on hip joint 

shape. 
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3 Models and Algorithms 

In this section the evolution of the algorithms used to model joint morphogenesis is 

discussed. A model very similar to that of Heegard et al. (1999) was initially used. 

Their work was the first computational model developed for prenatal joint 

morphogenesis and the achievements and limitations of this pioneering study will be 

explored by re-implementing it. The evolution of the model presented in this thesis 

will be described through three phases: “rectangular shape”, “proximal 

interphalangeal joint”, and “hinge joint motion”.  For each model its purpose, its 

defining features and the results will be described. Given the exploratory nature of 

this chapter, some boundary conditions, such as loads or displacements, are 

arbitrarily chosen at this stage. 

3.1 Introduction 

3.1.1 First simulation for prenatal joint morphogenesis 

As described in Section 2.5.2, Heegaard et al. (1999) developed the first 

computational model for joint morphogenesis. This model explores how the stresses 

generated by joint motion may modulate the growth of the cartilaginous rudiments 

and lead to the development of a congruent articular surface. 

They developed a planar biomechanical model of the proximal interphalangeal joint 

(idealised shape between 55 and 70 days of fetal life) (Figure 3-1) to simulate, using 

finite element analysis, the joint kinematics resulting from muscles contraction, as 

well as the corresponding stress distribution (Figure 3-2). The model consisted of 

two cartilaginous phalanges of the same dimension connected by an array of nine 

fibres representing a retinacular ligament. The extensor and flexor tendons were also 

modelled and the joint motion was obtained by the application of a force on the 

extensor tendon (Figure 3-1). 
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Figure 3-1 Model with all its components and boundary conditions of the proximal interphalangeal joint at day 

55. Image taken from (Heegaard et al., 1999) 

 

 

Figure 3-2 A) Compressive hydrostatic stress distribution over a joint flexion; B) Tensile hydrostatic stress 

distribution over a joint flexion. Image adapted from (Heegaard et al., 1999) 

The growth rate was a function of: (1) a biological growth rate, and (2) a 

mechanobiological growth rate. The changes in shape were obtained through a 
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procedure similar to the thermal expansion allowing isotropic growth of the proximal 

and distal rudiments with the sum of the biological and mechanobiological growth 

rate used as the “temperature” for expansion. The model revealed the development 

of congruent surfaces within the joint region with the acquisition by the distal 

phalanx of a slightly concave surface making this study the first ever 

mechanobiological simulation of prenatal joint development (Figure 2-13). 

3.2 Models 

In this section the three main models developed to understand and investigate the 

effectiveness of the endochondral ossification growth theory to predict prenatal joint 

morphogenesis are described. 

3.2.1 Model 1, Rectangular shape: Introduction 

This model was created to better understand the contribution to growth due to 

compressive and tensile hydrostatic stresses and octahedral shear stresses using the 

mechanoregulation theory for endochondral ossification presented by Carter et al. 

(1987). An iterative simulation was developed, which allowed simulation of growth 

from multiple load cycles. This simple model allowed to explore separately the 

biological and mechanobiological contribution to growth. Given its simplicity, it 

allowed to check the proper functioning of the framework and the correct behaviour 

of the model.  

3.2.2 Model 1, Rectangular shape: Material and methods 

A simple rectangular shape model with arbitrary dimensions (0.2*0.25mm) was 

created in Abaqus (Dassault Systemes, CAE module, version 6.12) (Figure 3-4, A). 

A pressure of 1N, chosen to test the reliability of the model, was applied in the 

middle of the top edge as shown in Figure 3-4 A and the bottom edge was fixed in 

all directions. The material properties were assumed to be linear elastic with E=1.0 

MPa and ʋ=0.4 (Heegaard et al., 1999). The mesh model was generated by using 

linear plane stress quadrilateral elements (CPS4) and the stress components were 

calculated at the integration points. The overall mechanobiological contribution to 

growth, obtained using Matlab (R2011b, The MathWorks, Inc.), was calculated at 

each node of the model as a function of biological growth and mechanobiological 

growth. The former was not influenced by mechanical loading while the latter was 
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influenced by mechanical loading. The total growth was expressed by the equation 

below: 

𝑑𝜀

𝑑𝑡
=

𝑑(𝜀𝑏)

𝑑𝑡
+

𝑑(𝜀𝑚)

𝑑𝑡
 

Where 𝜀𝑏̇ and 𝜀𝑚̇ are the biological and mechanobiological contribution to growth 

respectively (Shefelbine and Carter, 2004). At this stage, the biological growth was 

assumed to be constant while the mechanical contribution at each node was defined 

as: 

𝑑(𝜀𝑚𝑖)

𝑑𝑡
= (𝑎𝜎𝑠𝑖 + 𝑏𝜎ℎ𝑖) 

Where σs and σh are the octahedral shear stress and the hydrostatic stress calculated 

at each node i. “a” and “b” are constants used to determine the relative influence of 

octahedral shear and hydrostatic stress and a ratio of  b/a=0.5 was used in this model 

based on previous parametric studies which have shown that this value produces 

accurate prediction of articular cartilage thickness and secondary ossification center 

appearance (Carter and Wong, 1988a; Wong and Carter, 1990a). Morphological 

changes due to growth were obtained using the orthonormal thermal expansion 

capabilities of the FE solver Abaqus which allowed, for this simple model, 

orthotropic expansion along the “y” axis with the sum of the biological and 

mechanobiological growth rates used as the ‘temperature’ for expansion. In order to 

simulate the growth resulting from multiple load cycles, the new geometry was then 

re-loaded and prepared for another step of growth. Three loading cycles were 

simulated with this model. A graphical representation of the process explained above 

can be seen in Figure 3-3. 
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Figure 3-3 Graphical representation of the process used to predict the changes in shape of the rectangular model. 

 

3.2.3 Model 1, Rectangular shape: Results 

Following the endochondral theory, hydrostatic compressive stresses occurred 

directly under the applied load and, inhibited growth in this region. Hydrostatic 

tensile stresses, which promote cartilage growth, were seen along the sides of the 

model with high values on the left and right top corners (Figure 3-4 B). Octahedral 

shear stress had a similar distribution with higher values in the region under the 

applied load (Figure 3-4 C). When morphogenesis was simulated, the model 

increased its size along the y direction due to the orthonormal properties and the 
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onset of a concave profile was visible on its top region (Figure 3-4) showing a 

reasonable shape according to the computational framework developed. 

 

Figure 3-4 A) Initial rectangular model with the applied load; B) hydrostatic stress distribution; C) Octahedral 

shear stress distribution; D) resulting shape predicted by the simulation. 

This simulation was then run for three loading cycles and the model increased its 

size at each step (Figure 3-5, A, B). When only the biological contribution was 

included, the model grew along the “y” direction while at the same time maintained 

its original shape (Figure 3-5, A). The biological contribution was constant and was 

not influenced by the applied load. When both biological and mechanobiological 

contributions were included, the model grew even more, developing a growing 

concave surface on its top region (Figure 3-5, B). 

 

Figure 3-5 A) Initial shape and development over 3 steps (loading cycles) when only the biological contribution 

was included; B) initial shape and development over 3 steps (loading cycles) when both, biological and 

mechanobiological contribution were included. 
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3.2.4 Model 1, Rectangular shape: Conclusion 

With this model the mechanobiological theory presented in literature (Carter et al., 

1987) was tested on a model representing a region of cartilage and a better 

understanding of the influence to growth due to the biological and 

mechanobiological contributions was achieved. Biological growth was not 

influenced by the applied load, and did not change shape over successive iterations.  

With the addition of the mechanobiological factor, local changes in shape occurred. 

Moreover, by separating the mechanobiological contribution in its components, the 

compressive and tensile hydrostatic stresses and octahedral shear stresses, a better 

picture of their local contribution on shape changes was gained. The simplicity of 

this model helped to have a better understanding on how the mechanoregulation 

theory for endochondral ossification presented by Carter et al. (1987) works, and 

where to expect shape changes and direction of growth. Thanks to this model, 

enough knowledge was acquired to apply this algorithm to a more complex 

simulation representing a joint. With this new simulation the reliability of this 

algorithm in predicting prenatal joint morphogenesis was explored. 

 

3.2.5 Model 2, Proximal interphalangeal joint: Introduction 

This model was created to verify the reliability of the computational framework 

previously developed and to increase the overall knowledge in joint modelling. By 

replicating, as closely as possible, the computational model proposed by Heegaard et 

al. (1999), I wanted to achieve comparable results to their in order to understand the 

difficulties involved in simulating prenatal joint development and understand 

where/how improve it. 

3.2.6 Model 2, Proximal interphalangeal joint: Material and methods 

A planar model of the proximal interphalangeal joint was developed to calculate the 

joint kinematics resulting from muscle contraction as well as the corresponding 

stress distribution. A hinge joint configuration was composed of two cartilaginous 

phalanges of the same dimensions with convex opposing ends (Heegaard et al., 

1999) as shown in Figure 3-6 A. The material properties were assumed to be linear 

elastic with E=1.0 MPa and ʋ=0.4. The rudiments were initially connected by an 
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array of nine fibres simulating a retinacular ligament (Heegaard et al., 1999), and 

then reduced to only one fibre tied, at its extremities, with the centre of the two 

hemispherical ends as shown in Figure 3-6 A. One fibre allowed mobility of the 

joint, whereas nine fibres held it rigidly in place in my model. The single fibre, 

which represented the joint ligaments, was modelled with the same material 

properties as the rudiments. Both the tendons, the extensor and flexor, were added to 

the model and tied with the distal phalange as shown in Figure 3-6, A. Their material 

properties were assumed to be linear elastic with E= 3.0 MPa and ʋ=0.2. All 

components were meshed using linear plane stress quadrilateral elements (CPS4) and 

the stresses were calculated at the integration points. A displacement of 0.1mm was 

applied on the tendons with opposite directions in order to obtain the finger joint 

motion as shown in Figure 3-6 B. Frictionless, impenetrable contact was modelled 

between the two components of the model. Growth and morphogenesis of the 

rudiments were controlled by biological and mechanical growth rates so that the 

growth rate 𝜀̇ was as described in Section 3.2.2. The equation for the local 

chondrocyte density along the axis of a rudiment was calculated by Heegaard et al. 

(1999) by fitting a polynomial curve to the grey level distribution on a sagittal 

micrograph of a joint, where darker areas indicated higher chondrocyte density 

(Figure 3-7). The chondrocyte density Cd is greater towards the ends of the 

rudiments and lower towards the diaphysis, and therefore expressed by the formula: 

𝜀𝑏̇ = 𝐶𝑑 = 𝑘 ∗ (0.14 − 0.87𝜉 + 4.40𝜉2 − 2.66𝜉3) 

with Cd being the chondrocyte density, k = 0.04 being a constant determining the 

amount of biological growth (Heegaard et al., 1999) and ξ the distance along the 

proximal-distal axis of the rudiment starting from the distal end (Heegaard et al., 

1999).  

𝜀𝑚̇, the mechanobiological contribution to growth, was calculated at each node of the 

model as the local peak hydrostatic stress obtained throughout a full joint motion. 

When the joint motion was simulated, high tensile stresses appeared in areas where 

the tie condition was present (Figure 3-6 B – black arrows), causing an excessive 

deformation of the adjacent elements during growth. In order to eliminate these high 

tensile hydrostatic stresses, which are clearly visible between the flexor tendon and 

the distal phalange, and at the attaching points between the fibre and the proximal 

phalange (Figure 3-6, B – black arrows), given the exploratory nature of this chapter, 
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the hydrostatic stresses were scaled down using the maximum and minimum value 

of the biological contribution in order to obtain comparable values. A graphical 

representation of the process explained above can be seen in Figure 3-8. 

 

Figure 3-6 A) Planar model of the proximal interphalangeal joint showing the initial model configuration and 

boundary conditions; B) joint motion due to the applied boundary conditions; the colour plot shows the Von 

Mises stress.  

 

 

Figure 3-7 Polynomial curve representing the biological contribution which was considered to be proportional to 

the chondrocyte density. Image adapted from (Heegaard et al., 1999) 
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Figure 3-8 Graphical representation of the process used to predict the changes in shape of the proximal 

interphalangeal joint model. 

 

3.2.7 Model 2, Proximal interphalangeal joint: Results 

When only the biological growth was applied, as expected, the chondrocyte density 

increased as it approached the epiphysis of the rudiments (Figure 3-9 A). When the 

mechanobiological contribution was included (Figure 3-9 B), high stresses were 

concentrated within the joint region (red circle), on the left side of the proximal 

phalange (purple arrow) and at the attaching point between the flexor tendon and the 

distal phalange (black arrow). By comparing the stress distribution obtained with the 

stresses predicted by Heegaard et al. (1999) (Figure 3-10 A - B), an almost identical 

stress distribution for the two conditions can be clearly seen: 1) only the biological 

contribution (Figure 3-10 A) and 2) the mechanobiological contribution (Figure 3-10 

B). Then, three steps of growth were simulated and the model progressively changed 
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its shape ending with a right side bend of the proximal rudiment and the formation of 

a slightly concave surface at the top of the distal phalange (Figure 3-11). The 

predicted joint shape matched with the shape presented by Heegaard et al. (1999) 

(Figure 3-12). 

 

 

Figure 3-9 A) Biological contribution to growth; B) biological + mechanobiological contribution to growth.  
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Figure 3-10 A) Biological contribution comparison between the Heegaard et al. (1999) and our prediction; B) 

Biological + mechanobiological comparison between the two models. 

 

Figure 3-11 Joint morphogenesis over 3 steps of growth. The joint progressively changed its shape acquiring a 

right side bend of the proximal rudiment and the formation of a slightly concave surface at the top of the distal 

phalange. 
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Figure 3-12 Joint morphogenesis comparison between Heegaard et al. (1999) and our model; both models 

acquired a right side bend of the proximal rudiment and the formation of a slightly concave surface at the top of 

the distal phalange.  

 

3.2.8 Model 2, Proximal interphalangeal joint: Conclusion 

The biological and mechanobiological contribution showed comparable patterns with 

the Heegaard et al. (1999) model. The final shape, predicted after 3 steps of growth, 

presented a right side bending of the proximal rudiment and the onset of a concave 

surface at the top of the distal rudiment. There are some limitations in this study. 

Because of the 8 linear plane stresses quadrilateral elements (CPS4) used to model 

the fibre which connected the rudiments, high stresses were generated close the 

region of interest. The use of springs would have probably reduced this effect. 

However, the stress distribution and the predicted joint shape matched with the shape 

presented by Heegaard and therefore no further investigation was necessary at this 

stage. Interestingly, no high stresses were shown by Heegaard et al. (1999) in the 

regions where the nine fibre array was connected with the rudiments (Figure 3-1, 

Figure 3-2). Heegaard et al. (1999) may have modelled the connection differently. In 

the model, which is presented next, I addressed my concerns to the right side bend of 

the model. I believe this may be a consequence of the stresses generated by the 

tendons during motion instead of a result of the applied mechanoregulation 

algorithm. I will also address my concern regarding the acquisition of the 

concave/convex profile in the joint region, which I think to be due to the contacts 

conditions during expansion. In summary, I believe that, in the Heegaard et al. 
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(1999) model, the boundary conditions during movement and the contact conditions 

during growth were likely to play more of a role in shape change than the growth law 

itself. 

3.2.9 Model 3: Hinge joint: Introduction 

In the next stage of model development, a different method was used to simulate the 

joint motion. Joint motion was represented by a number of steps during which a 

displacement was applied to the lower surface of the distal rudiment towards the 

proximal element, with the angle and position of the displacement determined by the 

type of movement being applied. With this new method I reduced to a minimum the 

effects of boundary conditions on the growth. This allowed me to appreciate the 

effects on growth due to the growth law itself and to study the effects of a range of 

movements (or lack of movement) and different initial joint shapes during the 

process of prenatal joint morphogenesis. 3D models were also developed to gain 

insight to the complexities of 3D joint development and its volumetric changes. 

 

3.2.9.1 Model 3: 2D - Material and methods 

The same two-dimensional biomechanical model previously presented, but with 

different boundary and loading conditions, was used to simulate a single plane 

motion from 0 to 120 degrees mimicking a hinge movement (Figure 3-13, B). The 

process used to simulate the joint morphogenesis is the same presented in section 

3.2.6, Figure 3-8. Motion was no longer obtained through the use of tendons and 

fibres but by the application of a displacement of 0.01mm on the lower surface of the 

bottom phalange. The bottom phalange was then rotated by 0, 40, 60, 90 & 120 

degrees relative to the vertical axis of the top phalange in order to simulate the knee 

bending. General contact conditions with frictionless interaction properties were 

maintained to model surface contact between the two joint surfaces, and linear plane 

stress triangle elements (CPS3) were used to mesh both rudiments. The stresses were 

calculated at the integration points.   



 
71 Models and Algorithms 

 

Figure 3-13 A) two-dimensional biomechanical model theoretical joint shape with boundary conditions; B) 

representation of the hinge movement (rotation between 0 and 120 degrees); 

 

The direct contact between the two rudiments led to the generation of high stresses in 

small regions (Figure 3-14). These stresses caused an excessive localised 

morphogenesis instead of a well distributed pattern within the entire joint region. 

 

Figure 3-14 2D hinge joint motion showing the high stresses generated on the contact nodes. 

 

To avoid this problem I decided to introduce a third component to the model, the 

inter-rudiment space (Figure 3-15, A). The inter-rudiment space, which is a 

physiological component of synovial joints (Chapter 2, Section 2.2), was included in 

my simulations to avoid direct contact between the two rudiments. This function is 

performed biologically by the interzone during early joint development and by the 

synovial fluid during later development. Mathematically, it acted as a smoothing 

function to spread the loads, therefore eliminating areas of high stress due to direct 
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contacts between the two rudiments; condition which is unlikely to happen in 

healthy joints (Figure 3-15, B; Figure 3-16). The material properties of the interzone 

are still unknown. However, Roddy et al. (2011a) tried to measure and analyse its 

properties by using AFM (Atomic Force Microscopy) and the Hertz model 

respectively. In their analysis, up to 40% of the force curves were removed for 

technical reasons and approximately a further 20% of curves were eliminated from 

the analysis because did not fit the Hertz model. Therefore, based on their work, the 

material properties of the interzone were assumed to be single phase, linear elastic, 

isotropic and homogeneous with E=0.287 kPa (Roddy et al., 2011a) and ʋ=0.4 

(McCarty et al., 2011). 

 

Figure 3-15 A) new model with the inter-rudiment space included between the two rudiments; B) example of the 

well distribute strain achieved with the inter-rudiment space; figure shows the maximum strain on principal 

plane. 

 

Figure 3-16 Stress distribution comparison when the inter-rudiment space included in the model;  The capsule is 

acting as a smoothing function to spread the loads avoiding high stresses due to direct contact. 

Inclusion of the inter-rudiment space spread the stresses more evenly across the 

joint.  However, the results indicated that peak stresses occurred primarily at the 
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initial contact region (Figure 3-17). I expected to see stresses distributed across the 

surface of the proximal rudiment and at the centre of the surface of the distal 

rudiment. I then altered the formulation to obtain average, rather than peak, stresses 

throughout the full joint motion: 
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Figure 3-17 the shape obtained after five steps of growth showing high values of growth concentrate mainly on 

the initial contact region. 

 

With this updated version of model 3, I ran four different simulations: (1) a single 

plane motion from 0 to 120 degrees mimicking a hinge movement, (2) a rotational 

movement from 60 to -60 degrees mimicking a ball and socket joint, (3) rigid 

paralysis condition, where axial force was applied but muscle contractions were 

inhibited, mimicking chicks immobilisation experiments (Mikic et al., 2000) and (4) 

only biological growth (Figure 3-18). In all cases, except when only the biological 

contribution was simulated, a displacement of 0.01mm was applied on the lower 

surface of the bottom phalange. While during the single plane and the rotational 

movement, the bottom phalange was rotated relative to the vertical axis of the top 

phalange in order to simulate the appropriate movement, in the immobilized case, no 
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movement was applied. General contact conditions with frictionless interaction 

properties were added to model impenetrability between all the components.  

 

 

Figure 3-18 A) representation of the rotational movement between -60 and +60 degrees; C) representation of the 

single plane motion between 0 and 120 degrees; D) model used when muscle contraction are inhibited.  

 

3.2.9.2 Model 3: 2D - Results 

With rotational movement, the hydrostatic stress distribution was mostly 

compressive at the proximal region of the distal rudiment, while on the proximal 

rudiment, the hydrostatic stresses followed the movement of the distal rudiment 

(Figure 3-19). The top phalange acquired a more rounded convex profile whereas the 

bottom phalange acquired a concave profile showing the onset of a ball and socket 

joint (Figure 3-19). When the single plane motion was simulated, tensile hydrostatic 

stresses showed a tendency for the proximal rudiment to growth more on its right 

side, while compressive hydrostatic stresses were seen on the top region of the distal 

rudiment (Figure 3-20). The top phalange bent toward the right side and it acquired a 

more rounded convex profile whereas, the bottom phalange acquired a flatter profile 

on its top region. The shape obtained was similar to a sagittal view of a hinge joint 

such as the knee (Figure 3-20) but, in my model the condylar shape formed on the 

side opposite to the motion (this will be discussed later in the thesis).  In real knee 
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joints the condylar shape develops on the side where contact occurs. When the rigid 

paralysis was simulated, a symmetric pattern of compressive hydrostatic stress can 

be seen on both rudiments with the highest values on the sides (Figure 3-21). Both 

the rudiments acquired a concave shape (Figure 3-21). When only the biological 

growth was applied, as expected both the rudiments acquired a convex profile as 

shown in Figure 3-22. 

 

Figure 3-19 hydrostatic stress distribution at step 14 when rotational movement was simulated. Predicted joint 

morphogenesis over development. 
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Figure 3-20 Hydrostatic stress distribution at step 14 when the hinge motion was simulated. Predicted joint 

morphogenesis over development. 

. 

 

Figure 3-21 Hydrostatic stress distribution at step 14 when muscle contraction are inhibited. Predicted joint 

morphogenesis over development. 
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Figure 3-22 Joint morphogenesis when only the biological contribution to growth was applied. Both rudiments 

acquired a convex profile. 

 

3.2.9.3 Model 3: 3D - Material and methods 

3D models of the same simulations were developed in order to appreciate the 

complexities of 3D joint shape and its volumetric changes. The mechanoregulation 

algorithm, material properties and boundary conditions were the same used for the 

2D version. All configurations consisted of two opposing cylindrical cartilaginous 

rudiments of the same dimensions with hemispherical opposing ends (Figure 3-23, 

A) and the inter-rudiment space. For both rudiments and the inter-rudiment space the 

meshes were generated by using tetrahedral quadratic elements (C3D10) and the 

stresses were calculated at the integration points. This model have been used to 

simulate a single plane motion from 0 to 120 degrees, a multi-plane motion from 60 

to -60 degrees, a rigid paralysis condition and when only the biological growth was 

applied (Figure 3-23, B, C, D). 
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Figure 3-23 A) 3D model of an idealised prenatal joint; B)  representation of the 3D hinge movement; C) 

representation of the multi-plane motion from 60 to -60 degrees mimicking a rotational movement; D) 3D model 

used for the experimental condition. 

 

3.2.9.4 Model 3: Results 

After 10 loading cycles, the shapes of the growing joints were noticeably altered and 

similar features with the 2D versions of the same simulations were seen. When only 

the biological contribution was applied, as expected, the joint expanded acquiring a 

rounded profile at the joint region showing a non-interlocking joint shape (Figure 

3-24, A, B). When the single plane motion was simulated, the top phalange acquired 

a more rounded convex profile whereas the bottom phalange acquired a flatter 

profile. Though the shape obtained was similar to a sagittal view of a hinge joint 

such as the knee (Figure 3-25), it should be noted that, the condylar outgrowth 

occurs on the anterior side of the joint in our model. This however is not the case in a 

physiological knee joint, where the outgrowth should appear on the posterior side 

(the side on which contact occurs during flexion). This will be discussed below. 

When rigid paralysis was simulated, both the phalanges acquired a concave shape 

similar to the experimental results of Mikic et al. (2000) (Figure 3-26). When the 

multi-plane motion was simulated, the top phalange acquired a more rounded convex 

profile whereas the bottom phalange acquired a concave profile. The shape obtained 

showed the onset of a ball and socket joint such as the hip (Figure 3-26). 
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Figure 3-24 A) Theoretical shape of a joint at the beginning of the simulation; B) predicted joint morphogenesis 

after 10 loading cycles when only the biological growth was applied. 

 

 

Figure 3-25 Single plain motion from 0° to 120° mimicking a hinge movement; the top phalange acquired a 

more rounded convex profile whereas the bottom phalange acquired a flatter profile. X-ray of a knee joint 

(adapted from (Ares et al., 2009)).  
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Figure 3-26 Rigid paralysis (axial force is applied but muscle contractions are inhibited); both the phalanges 

acquired a concave shape. X-ray of an immobilised joint (adapted from (Mikic et al., 2000)).  

 

 

Figure 3-27 Multi-plane motion from 60° to -60° mimicking a rotational movement; the top phalange acquired a 

more rounded convex profile whereas the bottom phalange acquired a concave profile. X-ray of a knee joint 

(adapted from (Schuh et al., 2009)). 

 

3.2.9.5 Model 3: 2D & 3D conclusion 

Similar changes in shape were achieved by both 2D and 3D models. The rounded 

convex profile on the proximal rudiment, instead appearing on the side where the 

motion was applied (as in Heegaard et al. (1999)), it developed on the opposite side 

(Figure 3-28).  
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Figure 3-28 A) Heegaard simulation where the proximal rudiment is bending on the same side of the joint 

motion; B) our simulation where the right bending of the proximal rudiment is opposite to the joint motion. 

 

These results made me examine the algorithm more closely. I investigated the 

contact conditions during growth, which constrained the volume during expansion, 

and influenced the final joint shape. A 2D simulation was generated and when the 

rudiments were allowed unconstrained expansion during growth, both acquired a 

convex profile within the joint region as shown in Figure 3-29, A. When the 

rudiments were constrained during growth, two flat surfaces developed (Figure 3-29, 

B). Therefore, the mechanoregulation algorithm used predicted growth on the 

opposite side of the rudiment suggesting that the results showed by Heegard et al. 

(1999), and the ones of our previous model (model: 2) (3.2.5), were probably due to 

the stresses generated by the tendons during motion instead of the growth law used. 
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Figure 3-29 A) When the rudiments were allowed unconstrained expansion (no contact with opposing rudiment), 

both resultant shapes were convex; B) When we imposed an enforced contact condition in the model, two flat 

surface within the joint region were found to develop. 

 

3.3 Summary 

In this chapter I introduced the evolution of my prenatal joint morphogenesis 

simulations. I based my initial models on that of the pioneering study of Heegaard 

(1999), which uses the endochondral ossification growth law of  Carter et al. (1987). 

I found that the onset of the interlocking joint shape presented by Heegaard et al. 

(1999) was promoted by the boundary conditions instead of by the 

mechanoregulation theory. In fact, in an attempt to reduce to a minimum the effect to 

growth due to external factors (boundary conditions), I was unable to replicate their 

findings (Heegaard et al., 1999).  

It is important to note that, at the stage of development modelled by Heegaard et al. 

(1999) and us, the joints are entirely cartilaginous and there is no experimental 

evidence to suggest that endochondral ossification has an influence on prenatal joint 

shape development. The mechanical stimulus for cartilage during growth (where 

ossification does not occur) is likely to be different than the mechanical stimulus 

during endochondral growth and ossification (where cartilage growth occurs but the 

endpoint is ossification). In the former, the cartilage is trying to make more cartilage; 

in the latter it is trying to turn into bone. Two main limitations were present in this 
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study in order to understand the effectiveness of the endochondral ossification 

algorithm in predicting prenatal joint development. As already explained in Section 

3.2.9.1 the material properties used for the inter-rudiment space are still unknown 

and therefore the values used may not be fully realistic. However, at this stage it was 

added to evenly spread the load between the two rudiments and not to simulate any 

physiological phenomenon.  Tendons and ligaments were not included in the model 

even if, as shown in Section 3.2.5 they have an important effect on the direction of 

growth. However, to understand the solely contribution due to the 

mechanoregulation algorithm, their removal from the simulation was necessary.   

All these simulations were a key point for the entire project and these findings made 

us question the effectiveness of the endochondral ossification law proposed by 

Carter et al. (1987) as algorithm to predict prenatal joint development. Therefore, a 

new mechanobiology theory specific for cartilage growth and morphogenesis was 

needed. 
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4 Simulation of Prenatal Joint Development 

This chapter present the first 3D mechanobiological simulation of joint 

morphogenesis for which the effects of a range of movements (or lack of movement) 

and different initial joint shapes were explored. A novel mechanobiology theory for 

cartilage growth, where static hydrostatic compression inhibits cartilage growth 

while dynamic hydrostatic compression promotes cartilage growth, was proposed 

and tested. Both pre-cavitational (no muscle contractions) and post-cavitational (with 

muscle contractions) phases of joint development were simulated. These models 

demonstrate how mechanical factors influence early joint morphogenesis. An 

enhanced understanding of how prenatal joints form is critical for developing 

strategies for early diagnosis and preventative treatments for congenital 

musculoskeletal abnormalities such as developmental dysplasia of the hip. This 

chapter presents an adapted version of work previously published in the Journal of 

Biomechanics (Giorgi et al., 2014) (see Appendix 10). 

4.1 Introduction 

As described in Section 2.3, the process of synovial joint formation is a well-defined 

sequence of events: 1) Joint site determination, 2) interzone formation, 3) cavitation, 

and 4) morphogenesis (Pacifici et al., 2005). Recent studies, however, have shown 

that joint morphogenesis starts before cavitation (Nowlan and Sharpe, 2014). Only 

one computational study, previously presented (Heegaard et al., 1999), has explored 

the role of motion on joint morphogenesis. Here I advance the model of Heegaard et 

al. (1999) to include static loads that occur pre-cavitation and may play a role in 

early joint shape. I also examine the effects of different movement regimes and 

simulate growth over a longer time period so that a realistic joint shape is obtained. 

  

4.2 Cartilage growth law 

During early prenatal development, the joints are entirely cartilaginous. 

Differentiation of cartilage to bone through endochondral ossification is a 

biologically distinct process to the region-specific growth of proliferating cartilage 

that leads to joint shape morphogenesis. During prenatal development, the primary 
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centre of ossification may be present at the mid-diaphysis, which is far from the 

developing joint, and is not likely to affect joint morphogenesis. In vitro studies 

indicate that static compressive loading inhibits cartilage growth (Burton-Wurster et 

al., 1993; Guilak et al., 1994) while cyclic compressive loading promotes growth 

(Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992). I propose a 

mechanobiological theory specific to these properties of cartilage growth (and 

distinct from growth that occurs during endochondral ossification). In proposing and 

testing this novel mechanobiological theory for cartilage, my models give a greater 

insight into the process of joint morphogenesis. 

 

4.2.1 Growth rate 

Growth and morphogenesis of the rudiments were controlled by biological and 

mechanical growth rates so that the growth rate 
𝑑𝜀

𝑑𝑡
 was as follows (as described in 

Section 3.2.2): 

𝑑𝜀

𝑑𝑡
=

𝑑(𝜀𝑏)

𝑑𝑡
+

𝑑(𝜀𝑚)

𝑑𝑡
 

with 𝜀𝑏̇ being the biological contribution to growth and 𝜀𝑚̇ the mechanical 

contribution to growth (Shefelbine and Carter, 2004). Following Heegaard et al. 

(1999), 𝜀𝑏̇ was considered to be proportional to the chondrocyte density. The 

equation for local chondrocyte density along the long axis of a rudiment was 

calculated by Heegaard et al (1999) by fitting a polynomial curve to the grey level 

distribution on a sagittal micrograph of a joint, where darker areas indicated higher 

chondrocyte density. The chondrocyte density Cd is greater towards the ends of the 

rudiments and lower towards the diaphysis, and therefore expressed by the formula 

(see Section 3.2.6): 

𝜀𝑏̇ = 𝐶𝑑 = 𝑘 ∗ (0.14 − 0.87𝜉 + 4.40𝜉2 − 2.66𝜉3) 

with Cd being the chondrocyte density, k = 11*10
3
 being a constant determining the 

amount of biological growth, which is maintained in the range of 75-85% of the total 

growth (Hill, 1939), and ξ the distance along the proximal-distal axis of the rudiment 

starting from the distal end (Heegaard et al., 1999). The biological contribution to 

growth was assumed to be same during static and dynamic loading phases. The 
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effects of alternative equations for the chondrocyte density were also analysed in 2D 

versions of the hinge simulation and are discussed in the next chapter (Chapter 5). 

The mechanical growth rate, 𝜀𝑚̇, was proportional to the compressive hydrostatic 

stress, σh. I implemented a mechanobiological theory in which static hydrostatic 

compression inhibits cartilage growth (Burton-Wurster et al., 1993; Guilak et al., 

1994) while dynamic hydrostatic compression promotes cartilage growth (Kim et al., 

1994; Korver et al., 1992; Parkkinen et al., 1992). The mechanobiological growth 

rate was weighted by the chondrocyte density, based on the assumption that the 

greater the number of cells, the greater the adaptation to mechanical loading. The 

overall mechanobiological contribution to growth was therefore calculated at each 

node of the model as the average stresses throughout a full joint motion using the 

formulae below: 
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where σh is the compressive hydrostatic stress, N the number of movement per step 

and Cd the chondrocyte density. 

 

4.3 Mechanobiological simulations of prenatal joint 

morphogenesis 

4.3.1 Material and methods 

Three idealised geometries of common joint configurations were created in Abaqus 

(Dassault Systemes, CAE module, version 6.12), where all configurations consisted 

of two opposing cartilage rudiments and an inter-rudiment space. A hinge joint 

configuration was composed of two cylindrical rudiments of the same dimensions 

with hemispherical opposing ends, with the distal rudiment at an initial angle of 45° 
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to the vertical proximal rudiment to represent a more physiological initial joint 

position (Figure 4-1, A). A ball-and-socket configuration was composed of a distal 

cylindrical rudiment opposed to a flat proximal rudiment representing a bone such as 

the pelvis or shoulder, as shown in Figure 4-1, B. A similar configuration to the 

hinge was used for the rigid paralysis configuration, except that the two rudiments 

were aligned, as shown in Figure 4-1, C. As these configurations are intended to be 

generic and not to be representative of any particular species or animal, the initial 

dimensions (as shown in Figure 4-1) were arbitrary, and size changes due to growth 

or adaptation were analysed as relative to the initial size. The inter-rudiment space 

was modelled as a sphere surrounding the joint, (truncated at its extremes in order to 

decrease the number of elements) with a maximal diameter of 10 mm and large 

enough to contain the joint throughout movement sequences (Figure 4-1, D). Based 

on the stage of joint development being modelled, the rudiments were assumed to be 

fully cartilaginous (Gardner and O'Rahilly, 1968). All cartilage material properties 

were assumed to be linear elastic, isotropic and homogeneous. The Young’s modulus 

for cartilage (E= 1.1 MPa) was taken from four-point bending tests on un-

mineralised embryonic mouse ribs (Tanck et al., 2004) and the cartilage Poisson’s 

ratio taken as v=0.49 to reflect the incompressibility of the fluid in the cartilage at 

short time scales (Armstrong et al., 1984; Carter and Beaupre, 1999; Wong et al., 

2000). The Young’s modulus of the inter-rudiment space was E=0.287 kPa (Roddy 

et al., 2011a), and its Poisson’s ratio was v=0.4 (McCarty et al., 2011). For both 

rudiments and the inter-rudiment space the meshes were generated by using 

tetrahedral quadratic elements (C3D10) and the stresses were calculated at the 

integration points. 
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Figure 4-1 A) Initial hinge model configuration; B) ball-and-socket configuration; C) rigid paralysis 

configuration; D) section of the rigid paralysis configuration with inter-rudiment space. 

 

4.3.1.1 Loading conditions 

In all models, the proximal rudiment was fixed at its proximal end. At rest, the 

bottom rudiment was located 0.2 mm from the top rudiment’s lower surface (Figure 

4-1, A). Static and dynamic loading were represented by an applied displacement of 

the distal rudiment towards the proximal (upper fixed) rudiment. In the pre-

cavitational phase, prior to the onset of muscle contractions, static loading was 

represented by the constant application of an axial displacement on the distal 

rudiment towards the proximal rudiment in the starting configuration. In the post-

cavitational phase, after the onset of muscle contractions, joint loads were 

represented by a number of discrete steps during which a displacement was applied 

to the lower surface of the distal rudiment towards the proximal element, with the 

angle and position of the displacement determined by the specific movement. The 

magnitude of the displacement applied, 10μm, remained constant throughout all 

simulations. Based on approximations of muscle cross sectional area (as a percentage 

of rudiment width) and a maximum embryonic muscle stress of S = 1.11mN/mm
2
  

(Nowlan et al., 2008), I estimated the likely muscle force to be on the order of 0.1 

mN. An applied displacement of 10µm resulted in a force of approximately this 

magnitude on the fixed region of the proximal rudiment. In the absence of data on 

the magnitude of growth related strains in the developing joint, the same 

displacement was used for the static phase. Two static iterations (pre-cavitation with 

no motion) and eight dynamic iterations (post-cavitation with motion) were included 

in the hinge and the ball-and-socket simulation. In the hinge model, a single plane 



 
90 Mechanobiological Predictions of Fetal Joint Morphogenesis 

motion was applied from 45° to 120° in each iteration, as shown in Figure 4-1, A, at 

angles of 45°, 90° and 120°, while the ball-and-socket model was loaded under a 

multi-plane motion from 40° to 0° to -40° in two planes perpendicular to each other 

as shown in Figure 4-1, B. Rigid paralysis, where the muscles are in continuous 

tetanus (Roddy et al., 2011b), was represented by the constant application of an axial 

displacement, as shown in Figure 4-1, C, assumed to be static loading due to the lack 

of dynamic muscle contractions. The paralysis model was also run in 2D with the 

distal rudiment at -60° to the proximal rudiment. Frictionless impenetrable contact 

was modelled between all the components of the models. 

4.3.1.2 Model Implementation 

During each iteration, the orthonormal thermal expansion capabilities of the FE 

solver were utilised to allow isotropic expansion of the proximal and distal 

rudiments with the sum of the biological and mechanobiological growth rates used 

as the ‘temperature’ for expansion. This expansion occurred within an unconstrained 

volume, representing the growth of the entire limb, which ensured that the 

mechanical stresses due to motion were the dominant stimulus for shape change 

rather than stresses due to contact of the two rudiments during growth. The new 

geometry was then re-meshed and the two rudiments were automatically realigned 

based on the initial axis position ensuring that the initial distance of 0.2mm, between 

the bottom rudiment and the top rudiment’s lower surface, was maintained. With this 

configuration the loading conditions could be applied again for another step of 

growth. The size and shape of the synovial capsule remained the same for the entire 

simulation. A simulation using biological growth rates only was also performed for 

comparative purposes. A graphical representation of the entire process is shown in 

Figure 4-2. 
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Figure 4-2 Graphical representation of the steps involved to simulates prenatal joint development. 

 

4.3.2 Results 

4.3.2.1 Hydrostatic stress distribution 

In all the models, the hydrostatic stresses close to the contact regions were always 

compressive, as shown in Figure 4-3. High compressive hydrostatic stresses were 

also seen at the anterior corner of the proximal rudiment of the hinge model due to 

the fixed boundary condition (Figure 4-3, arrows). The simulation in which rigid 

paralysis was modelled induced a symmetric stress pattern on the rudiments, as 

shown in the first (static) phase of the hinge simulation (Figure 4-3, left). 
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Figure 4-3 Hydrostatic stress distribution during the first step of static and dynamic loading for the A) hinge and 

the B) ball-and-socket joint, respectively. 

 

4.3.2.2 Morphogenesis 

When biological growth alone was applied, the rudiments preserved their initial 

opposing convex surfaces as shown in Figure 4-4. In contrast, when the mechanical 

stimulus was included in the simulation, the shape of the predicted growing joints 

changed according to the movement pattern applied. When a single plane motion 

from 45° to 120° was applied, the proximal rudiment showed a rounded convex 

profile in both posterior and anterior regions, with more pronounced growth 

posteriorly (Figure 4-5, arrowhead). The distal rudiment showed similar features 

with a less pronounced rounded convex profile in its posterior region and the 

acquisition of a slight concave profile in the mid-line section (Figure 4-5, arrow). 

The final joint shape suggests the generation of an interlocking joint shape such as 

the knee, where the condylar shape formed on the same side of the motion (see 

Section 3.2.9.2). When a multi-plane motion from 40° to -40° degrees was applied 

between a flat and a cylindrical rudiment, the flat rudiment showed a concave profile 

which partially enclosed the rounded convex profile of the cylindrical rudiment 

(Figure 4-6) suggesting the generation of an interlocking joint shape such as the hip 

or shoulder joint. When only axial forces were applied under static loading 
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conditions, reproducing rigid paralysis, both the rudiments acquired a flat shape 

within the joint region as shown in Figure 4-7, similar to the experimental results of 

Mikic et al. (2000) (see Section 2.3.1, Figure 2-5 B).  

 

Figure 4-4 Joint morphogenesis prediction when only the biological contribution to growth was considered. A) 

Sagittal view of the initial model. B) Sagittal view of the predicted joint shape after 2 steps. C) Sagittal view of 

the predicted joint shape after 10 steps of growth. D) Sagittal section after 10 steps of growth. 

 

 

Figure 4-5 Joint morphogenesis prediction when a single plane motion from 45° to 120° is applied. A) Sagittal 

view of the initial model. B) Sagittal view of the predicted joint shape after 2 static steps of growth. C) Sagittal 
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view of the predicted joint shape after 2 static and 8 dynamic steps of growth. D) Sagittal section after 2 static + 8 

dynamic steps of growth. 

 

Figure 4-6 Joint morphogenesis prediction when a multi plane motion from 40° to -40° is applied. A) Sagittal 

view of the initial model. B) Sagittal section of the predicted joint shape after 2 static steps of growth. C) Sagittal 

section of the predicted joint shape after 2 static and 8 dynamic steps of growth. D) Rotated view after 2 static + 

8 dynamic steps of growth. Histological images of day 9 of chick (adapted from Nowlan et al., 2014). 

 

 

Figure 4-7 Joint morphogenesis when the rigid paralysis was simulated. A) Sagittal view of the initial model. B) 

Sagittal view of the predicted joint shape after 2 static steps of growth. C) Sagittal view of the predicted joint 

shape after 10 static steps of growth. D) Sagittal section after 10 static steps of growth. X-ray of an immobilised 

joint (adapted from (Mikic et al., 2000)). 

 

4.3.3 Conclusion 

I have developed the first 3D mechanobiological models of prenatal joint shape 

development, which are capable of predicting a range of joint shapes based on the 

starting joint configuration and applied movements. Both hinge and ball and socket 

movements predicted physiological interlocking shapes (Figure 4-5, Figure 4-6) and, 

when only axial forces were applied under static loading conditions, reproducing 

rigid paralysis, both the rudiments acquired a flat shape within the joint region 
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(Figure 4-7) similar to the experimental results of Mikic et al. (2000) for the 

immobilised interphalangeal joint (see Section 2.3.1, Figure 2-5). 

Based on recent evidence that joint shape initiates prior to cavitation (Nowlan and 

Sharpe, 2014), I have modelled the development of the joint under both static and 

dynamic loads, characteristic of pre- and post- cavitation, respectively. I have 

developed a novel mechanobiology theory of cartilage growth, based on 

experimental evidence from in vitro stimulation of chondrocytes (Burton-Wurster et 

al., 1993; Guilak et al., 1994; Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 

1992). Despite the abundance of mechanobiological theories and mechanobiological 

simulations relating to endochondral ossification (Carter et al., 1998a; Claes and 

Heigele, 1999; Huiskes et al., 1997; Lacroix and Prendergast, 2002; Lacroix et al., 

2002; Prendergast et al., 1997; Sarin and Carter, 2000; Stevens et al., 1999), I am 

unaware of any mechanoregulation algorithm specific to cartilage growth in a non-

endochondral ossification context. The growth law proposed by Heegaard et al. 

(1999) was based upon a theory developed for endochondral ossification (Carter et 

al., 1987), where hydrostatic compressive stress inhibits and tensile stress promotes 

cartilage growth and ossification. In contrast, my simulations focus specifically on 

joint epiphyses which are entirely cartilaginous at the stages modelled (Gardner and 

O'Rahilly, 1968), and it is likely that the mechanical stimuli for growth and 

adaptation of epiphyseal cartilage are different than those which influence 

endochondral growth and ossification. These two processes are biologically distinct, 

as growth at the growth plate is primarily due to chondrocyte hypertrophy 

(Kronenberg, 2003), while cartilage growth at the epiphysis is likely due to cell 

proliferation (Pacifici et al., 2005). Therefore, the mechanobiological growth law 

proposed here is specific to epiphyseal cartilage and is based upon experimental data 

showing that cyclic hydrostatic compression stimulates matrix production (Kim et 

al., 1994; Korver et al., 1992; Parkkinen et al., 1992) and static compression inhibits 

the synthesis of cartilage matrix proteins (Burton-Wurster et al., 1993; Guilak et al., 

1994). However, the new theory which I propose is not in conflict with the theories 

previously proposed for growth plate cartilage, as in both cases, compression 

provides a favourable environment for cartilage. In endochondral ossification, 

hydrostatic compression maintains the cartilage at the growth plate, while during 

epiphyseal cartilage growth, hydrostatic compression promotes the formation of 
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more cartilage. This new theory for cartilaginous joint morphogenesis differentiates 

between static and dynamic loading conditions. Cartilage obtains its nutrients 

primarily through diffusion which increases with cyclic hydrostatic compression but 

not with static compression. Therefore in my new theory, static compressive loading 

inhibits cartilage growth while dynamic compressive loading promotes it. In 

proposing a mechanobiological theory for epiphyseal cartilage growth and 

adaptation, I offer a biomechanical understanding of the influence of mechanical 

loading on joint morphogenesis.  

Moreover, by comparing the predicted joint shapes using both mechanoregulation 

algorithms, when the hinge motion was simulated, the growth law for endochondral 

ossification predicted the condylar outgrowth on the anterior side of the joint instead 

of on the posterior side where motion occurs as predicted by the new growth law 

specific for cartilage (Figure 4-8, A). When the ball & socket motion was simulated 

with hydrostatic compression inhibiting growth, the concave profile was predicted 

on the movable part (distal rudiment) and the convex profile on the non-movable 

part (proximal rudiment) (Figure 4-8, B). When I simulated the same type of motion 

with the new growth law the results showed opposite behaviours, the distal rudiment 

acquired a convex profile while the proximal rudiment a concave shape (Figure 4-8, 

B). This new shape is closer to any physiological ball and socket joints, such as the 

hip or the shoulder joint, where the distal and proximal rudiments acquire a convex 

and concave profile respectively. When rigid paralysis was simulated, in both cases 

the joints acquired similar shapes with the onset of a flat and non-interlocking shape 

at the joint region (Figure 4-8, C). 

Material properties of inter-rudiment space and cartilage were assumed to be linear 

elastic, isotropic and homogeneous based on studies, and also tested by us (see 

Section 5.1), which showed that the fluid pressure in biphasic models is comparable 

to the hydrostatic stress in the single phase models when loaded at frequencies of 1 

Hz (Carter and Wong, 2003; Shefelbine and Carter, 2004), which is close to the 

frequency of muscle contraction in utero (Hayat et al., 2011). However there are 

some limitations in this study. Muscles and ligaments were not explicitly modelled, 

motion was simulated through the use of a number of discrete steps, and simplified 

shapes were used. We are aware that a dynamic motion, the inclusion of ligaments 

and tendons, and the use of more realistic shapes would have made these models 
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more accurate. However, since these models are of generic joint shapes and 

configurations, and do not apply to one specific species (or even limb), this study 

was focussed on the joint motion likely to result from approximations of common 

movement sequences. 

 

 

Figure 4-8 Comparison between the endochondral ossification algorithm (blue images), and the new 

mechanoregulation algorithm for cartilage growth (green images). A) Hinge motion; B) ball & socket motion; C) 

Rigid paralysis. 

 

4.4 Summary 

This study presents how stresses generated during static growth-related loading and 

dynamic post-cavitational movements can influence prenatal joint morphogenesis. 

This study predicts joint shape morphogenesis in 3D using a novel mechanobiology 

theory for cartilage growth. Our simulations predict a range of anatomically 

recognisable joint shapes based on the starting joint configuration and applied 

movement. The significance of this research is that it provides new and important 

insights into normal and abnormal joint development. 
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5 Sensitivity Analyses 

There are many parameters in the model that play an important role in the resultant 

shapes. Therefore, in this section I will present the sensitivity analyses performed on 

the previously presented model. In particular, six points will be discussed: 1) why I 

choose linear elastic instead of poroelastic material properties; 2) the importance of 

having both static (pre-cavitation) and dynamic (post-cavitation) loading conditions; 

3) the differences on the final joint shape between having or not having the inter-

rudiment space; 4) the consequences of using different chondrocyte density curves 

(i.e., baseline growth rate); 5) the effects of applying an higher or lower biological 

contribution by varying the values of the constant k and, 6) how morphogenesis is 

influenced with an alternative initial alignment during immobilisation. This section 

aims to provide additional evidence for the choices made on our model. 

5.1 Linear elastic versus Poroelastic 

Although cartilage is a biphasic material, and the inter-rudiment space is also likely 

to be the same (Roddy et al., 2011a), I decided to model our materials as single 

phase and near incompressible (Poisson’s ratio of 0.49 (Shefelbine and Carter, 

2004)). This was based on previous studies which showed that the fluid pressure in 

biphasic models is comparable to the hydrostatic stress in the single phase models 

when loaded at frequencies of 1 Hz (Carter and Wong, 2003; Shefelbine and Carter, 

2004), which is close to the frequency of muscle contraction (Vaal et al., 2000) in 

infants. At these frequencies the water does not have sufficient time to flow out of 

the cartilage making the fluid pressure and matrix shear stress being equivalent to the 

hydrostatic stress and octahedral shear stress of the single phase model (Shefelbine 

and Carter, 2004). However, I decided to model a 2D hinge joint with both linear 

elastic and poroelastic material properties in order to demonstrate, by varying the 

holding loading time and the value of cartilage permeability, that a linear elastic 

model was sufficient.  

 

5.1.1 Abaqus Permeability 

Abaqus calculates permeability as hydraulic conductivity. Permeability, usually 

represented as “k”, is a property of soils that describes the ease of a fluid to move 
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through pore spaces. It depends on the intrinsic permeability 𝑘̂ of the material, on the 

degree of saturation and on the density and viscosity of the fluid. 

Abaqus calculates permeability as hydraulic conductivity using the following 

equation: 

𝑘̅ =  𝑘̂ ∗  
𝑔

𝑣𝑘
; 

Where 𝑔 is the gravitational acceleration and 𝑣𝑘 the kinematic viscosity. 

The intrinsic permeability 𝑘̂ is given by: 

𝑘̂ = ℎ𝑝 ∗ 𝑣𝑑; 

Where ℎ𝑝 is the hydraulic permeability and 𝑣𝑑  the dynamic viscosity. 

Therefore, from now on I will refer to permeability as hydraulic conductivity. 

 

5.1.2 Methods 

The 2D version of the hinge model presented in Section 4.3.1, with same boundary 

and loading conditions (Figure 5-1) was used to study the differences between linear 

elastic and poroelastic material properties. The material properties used for both 

simulations are summarised in  

Table 5-1. No motion was simulated. A total of 8 simulations were performed and 

the pore pressure was observed. Five of them were simulated with different holding 

loading time (1, 5, 10, 50 and 100 seconds) and constant hydraulic conductivity 

value (6.573*10
-8 

𝑚

𝑠
) in order to confirm that for short time period the water does not 

have sufficient time to flow out of the cartilage. The remaining three simulations 

were performed with one second holding loading time but different hydraulic 

conductivity values (6.573*10
-7 

𝑚

𝑠
, 6.573*10

-8 
𝑚

𝑠
, 6.573*10

-9 
𝑚

𝑠
), to understand 

cartilage behaviours when this value changes. Pore pressure and the von Mises 

stresses were then compared.    
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Figure 5-1 A) 2D model consisted of two opposing cartilage rudiment of the same dimension; the distal rudiment 

is at an initial angle of 45° to the vertical proximal rudiment; B) joint within the inter-rudiment space. 

 

Table 5-1 Material properties for cartilage and inter-rudiment space from 1(Tanck et al., 2004), 2(Shefelbine and 

Carter, 2004), 3(Roddy et al., 2011a), 4(Tanck et al., 2000), 5(McCarty et al., 2011) 

Linear elastic Poro-elastic 

Rudiments Synovial Rudiments Synovial 

E(Mpa)
 

ʋ E(Mpa) ʋ E(Mpa) ʋ HC[m/s] E(Mpa) ʋ HC[m/s] 

1.1
1 

0.49
2 

0.287
3 

0.4
4 

1.1
1 

0.49
2 

6.573e-8
4 

0.287
3 

0.4
5 

6.573e-8
4 

 

5.1.3 Results 

Two nodes, approximately at the center of each rudiment (Figure 5-1, A – red dots) 

were picked and used to compare the pore pressure and the von Mises stresses 

trends. When the holding loading time was varied up to 5 seconds with a value of 

hydraulic conductivity kept constant and equal to 6.573*10
-8

 
𝑚

𝑠
 the results showed 

that the fluid did not have enough time to flow out of the cartilage. In both rudiments 

the pore pressure (blue line) and the von Mises stresses (red line) follow the same 

trend showing that the model with poroelastic material properties is behaving to all 

effects as a single phase model (Figure 5-2, Figure 5-3). However, different 

behaviours were seen when the model was loaded for 10 or more seconds (Figure 

5-4, Figure 5-5, Figure 5-6). The fluid started to flow out significantly from the 

cartilage (blue line). 100 seconds were needed to reach equilibrium in the 

cartilaginous rudiments with no more fluid flow (Figure 5-6). When the value of 

cartilage’s hydraulic conductivity was changed and the holding loading time was 
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kept constant (equal to 1 second), I observed that the lower the value of hydraulic 

conductivity, the higher the pore pressure in the cartilagineous rudiments (Figure 

5-7). The pore pressure decreased with higher values of hydraulic conductivity 

(Figure 5-7, C - blue line) stopping the poroelastic model to behave as a single phase 

model. 

Moreover, by comparing the hydrostatic stress distribution, I noticed a difference in 

stress magnitude between the poroelastic and the linear elastic model as shown in 

Figure 5-8, A, B. This difference in magnitude, as shown in Figure 5-8 C, was due to 

the fluid flowing from the inter-rudiment space to the rudiment, factor which is not 

present during the linear elastic simulations.  

 

Figure 5-2 Pore pressure and Von Mises stresses on a node for the A) proximal and B) distal rudiment. The 

holding loading time is 1s and the hydraulic conductivity is equal to 6.573*10-8 
𝒎

𝒔
.  
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Figure 5-3 Pore pressure and Von Mises stresses on a node for the A) proximal and B) distal rudiment. The 

holding loading time is 5s and the hydraulic conductivity is equal to 6.573*10-8 
𝒎

𝒔
.  

 

 

 

Figure 5-4 Pore pressure and Von Mises stresses on a node for the A) proximal and B) distal rudiment. The 

holding loading time is 10s and the hydraulic conductivity is equal to 6.573*10-8 
𝒎

𝒔
.  
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Figure 5-5 Pore pressure and Von Mises stresses on a node for the A) proximal and B) distal rudiment. The 

holding loading time is 50s and the hydraulic conductivity is equal to 6.573*10-8 
𝒎

𝒔
.  

 

 

Figure 5-6 Pore pressure and Von Mises stresses on a node for the A) proximal and B) distal rudiment. The 

holding loading time is 100s and the hydraulic conductivity is equal to 6.573*10-8 
𝒎

𝒔
.  
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Figure 5-7 Pore pressure and Von Mises stresses on a node for the proximal rudiment. The holding loading time 

is kept constant and equal to 1s while the hydraulic conductivity varies. A) Hydraulic conductivity equal to 

6.573*10-8  
𝒎

𝒔
 ; B) hydraulic conductivity equal to 6.573*10-9  

𝒎

𝒔
 ; C) hydraulic conductivity equal to 6.573*10-7 

 
𝒎

𝒔
 . 
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Figure 5-8 Hydrostatic stress distribution on the A) poroelastic and B) linear elastic model respectively; C) fluid 

direction, we assumed that the higher values of hydrostatic stresses for the poroelastic model are a consequence 

of the fluid flowing into the rudiment from the inter-rudiment space (long yellow arrows).  

 

5.1.4 Conclusions 

The results showed that, with a hydraulic conductivity of 6.573e-
8 

𝑚

𝑠
, more than 5 

seconds were needed for the fluid to start flowing out significantly from the 

cartilaginous rudiments. To see different behaviours between the two models, I had 

to increase the holding loading time to more than 5 seconds, or increase the 

hydraulic conductivity value. To conclude, these simulations confirmed that around 

frequencies of 1Hz, which is close to the frequency of muscle contraction (Vaal et 

al., 2000) in infants, the water does not have sufficient time to flow out of the 

cartilage making the fluid pressure and matrix shear stress being equivalent to the 

hydrostatic stress and octahedral shear stress of the single phase model. Because of 

the results achieved with this simulation, I was more confident about the use of 

linear elastic material properties to model cartilage morphogenesis. 
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5.2 Static and dynamic loadings 

5.2.1 Introduction 

During early prenatal development, the process of cavitation just started and not all  

joints are already fully cavitated (Scheuer and Black, 2004). Recent work has shown 

that the process of joint morphogenesis initiates prior to cavitation and continues 

after it (Nowlan and Sharpe, 2014). Since joints start to acquire their reciprocal 

shapes before cavitation, my model includes both a static phase (pre-cavitation), in 

which the joint morphogenesis initiates, and a dynamic phase of loading after 

cavitation has occurred. In this section, the importance of having both static and 

dynamic loading conditions will be explored. 

5.2.2 Methods 

The 2D version of the ball & socket and hinge models presented in Section 4.3.1, 

with same boundary conditions, loading conditions and material properties, were 

used to study the importance of having both static (pre-cavitation) and dynamic 

(post-cavitation) loading conditions. A total of four simulations were run to compare 

the final ball & socket and hinge joint shape with and in absence of the static 

loading. 

5.2.3 Results 

When morphogenesis of the ball and socket joint was simulated without the 

inclusion of the static load, and therefore assuming the joint was already cavitated, it 

developed a convex profile in the mid-line section of the acetabulum as shown in 

Figure 5-9, A. The typical ball & socket shape was missing and a non-interlocking 

profile can be seen (Figure 5-9, A). The inclusion of the static phase led to the 

acquisition of the physiological concave/convex profile before cavitation occurred 

(Figure 5-9, B). This shape was then maintained and emphasised during the dynamic 

loading phase (Figure 5-9, B). When the hinge joint was considered, during early 

development, to be already cavitated, and therefore without the inclusion of the static 

load, the joint morphogenesis was less affected as shown in Figure 5-10, A, B. 

However, the proximal rudiment showed a less rounded convex profile in both 

regions, posterior and anterior with a less pronounced growth posteriorly (Figure 

5-10, A). The distal rudiment showed similar features with a less pronounced 
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rounded convex profile in its posterior region and the onset of a slight concave 

profile in the mid-line section was disappeared (Figure 5-10, A). 

5.2.4 Conclusions 

Separating the effects of static and dynamic loading conditions during prenatal joint 

morphogenesis showed that the pre-cavitational static loading phase was essential to 

some aspects of joint shape, such as for the acquisition of the convex/concave profile 

in a ball & socket joint. Therefore its inclusion was fundamental to achieve the 

results presented in Chapter 4. 

 

 

 

Figure 5-9 A) When only the dynamic phase was included in the simulation, a non-interlocking shape can be 

seen. B) When both static and dynamic phases were included in the simulation a convex/concave profile, typical 

of a ball & socket joint, can be seen. 
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Figure 5-10 A) When only the dynamic phase was included in the simulation, both rudiments showed less 

rounded convex profiles. B) When both static and dynamic phases were included in the simulation, a hinge joint 

shape can be seen. 
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5.3 Effect of inter-rudiment space 

5.3.1 Introduction 

The inter-rudiment space was included in the simulations to avoid direct contact 

between the two rudiments, a function which is performed biologically by the 

interzone during early joint development and by the synovial fluid during later 

development. As already said (Section 3.2.9.1), mathematically it acts as a 

smoothing function to spread the loads. The goal of this section is to compare the 

effects on the final joint shape due to the inclusion or not of the inter-rudiment space. 

5.3.2 Methods 

Two models were used, one was the 2D version of the hinge model presented in 

Section 4.3.1, with same loading, boundary conditions and material properties. The 

second was a similar model where the inter-rudiment space was removed from the 

simulation and the two rudiments placed in contact. For both models the effects on 

stresses distribution and the predicted joint morphology after 2 static + 8 dynamic 

steps of growth were compared. 

5.3.3 Results 

When the simulation was run with the inter-rudiment space the stresses were evenly 

distributed across the joint and no areas of high stresses were present within the joint 

region (Figure 5-11, A). When the inter-rudiment space was removed, the direct 

contact between the two rudiments led to the generation of high stresses in small 

regions as shown in Figure 5-11, B. When morphogenesis after 10 steps of growth 

was simulated with the inter-rudiment space, the proximal rudiment showed more 

pronounced growth posteriorly (Figure 5-12, A). The distal rudiment showed similar 

features with a less pronounced rounded convex profile in its posterior region 

(Figure 5-12, A). When morphogenesis was predicted without the inter-rudiment 

space, the proximal rudiment showed similar trend with a more pronounced growth 

posteriorly (Figure 5-12, B). However, the distal rudiment showed a more 

pronounced growth anteriorly (Figure 5-12, B). 
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5.3.4 Conclusions 

Even if the inclusion, or not of the inter-rudiment space led to slightly different 

features on the final joint shape, in both cases the final joint showed the generation 

of an interlocking shape. However, the tendency of the distal rudiment to grow more 

on its anterior side when the inter-rudiment space was removed, suggested that the 

inclusion of the inter-rudiment space could lead to more accurate results.  

 

 

 

 

Figure 5-11 A) von Mises stress distribution when the inter-rudiment space was included in the model. B) von 

Mises stress distribution when the inter-rudiment space was removed from the simulation.  
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Figure 5-12 A) Predicted joint morphology over time when the inter-rudiment space was included in the 

simulation;  B) predicted joint morphology over time when the inter-rudiment space was removed from the 

simulation. 

 

5.4 Chondrocyte density curves 

5.4.1 Introduction 

As described in Section 3.2.6 the biological contribution to growth (i.e. the intrinsic 

growth due to hormones, genes and nutrients), was assumed to be proportional to the 

chondrocyte density (Cd). Cd was estimated by Heegaard study (1999) by measuring 

the grey level distribution of cell density on a sagittal section micrograph of a 

prenatal joint and the numerical coefficients were taken directly from their study 

(Chapter 3, Section 3.2.6): 

𝐶𝑑 = 𝑘 ∗ (0.14 − 0.87𝜉 + 4.40𝜉2 − 2.66𝜉3) 
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In this section the consequences of using different chondrocyte density curves were 

explored in order to understand their effect on the final joint shape. 

5.4.2 Methods 

The 2D version of the hinge model presented in Chapter 4, was used to perform a 

sensitivity analysis with alternative linear curves for the chondrocyte density 

(namely a linear estimation of the polynomial curve, a line with a higher slope, and a 

line with a lower slope) as shown in Figure 5-13. The joint shapes obtained for each 

curve, after 2 static + 8 dynamic steps of growth, were then compared with the result 

obtained with the curve proposed by Heegaard et al. (1999). 

5.4.3 Results 

When a linear approximation of the polynomial curve was used, the shapes were 

almost identical (Figure 5-14). The proximal rudiment showed a rounded convex 

profile in both posterior and anterior regions, with more pronounced growth 

posteriorly, and the distal rudiment showed a less pronounced rounded convex 

profile posteriorly and the acquisition of a slight concave profile in the mid-line 

section. When the “higher slope” curve for the chondrocyte density was used, there 

was more pronounced growth at the epiphysis, while the opposite was true of the 

“lower slope” curve (Figure 5-14). 

 

Figure 5-13 The chondrocyte density curves used during the simulations: original cubic curve (black), the best 

fitted linear curve (red), the linear curve with higher degree of slope (green) and the linear curve with lower 

degree of slope (blue). 
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Figure 5-14 Joint morphogenesis obtained after 10 steps of growth using a different chondrocyte density curve 

 

5.4.4 Conclusions 

The use of different chondrocyte density curves to simulate the biological 

contribution to growth did not particularly affected the final joint shape which  

always showed the same primary shape features, with the proximal rudiment 

showing a rounded convex profile in its posterior, and the distal rudiment showing a 

less pronounced rounded convex profile posteriorly with the acquisition of a slight 

concave profile in the mid-line section, as shown in Figure 5-14. Therefore, the 

polynomial curve used to simulate the biological contribution was a reasonable 

choice. 

 

5.5 The constant k 

5.5.1 Introduction  

The constant k determines the amount of biological growth (Chapter 3, Section 

3.2.5). A value of 11*10
3
 was chosen in order to maintain the biological growth in 

the range of 75-85% of the total growth as explained in section 3.2.6. The mechanics 

modulate growth at the local level. In this section we explore the effects of applying 

a higher or lower biological contribution by varying the values of the constant k. 
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5.5.2 Methods 

The 2D version of the hinge model presented in Chapter 4, with same boundary 

conditions, loading conditions and material properties, was used. Two different 

values of k were used for the sensitivity analysis and joint morphology was predicted 

with a higher (85-95% of the total growth) or a lower influence (55-65% of the total 

growth) due to the biological contribution. The final joint shapes were then 

compared with the original simulation (75-85% of the total growth). 

5.5.3 Results 

When the contribution of the biological growth range was increased, the 

mechanobiological contribution was too low to have an influence on the total growth 

and joint morphology, as shown for the simplified shape in Figure 5-15. When 

instead the k value was decreased (55-65% of the total growth), the effects of the 

mechanobiological stimulus were more evident, with more extreme changes at the 

epiphyses and decreased growth overall, as shown in Figure 5-15. 

 

 

 

Figure 5-15 Joint morphogenesis with different biological contribution. From left to right: 1) shape obtained with 

the original amount of biological contribution. 2) shape obtained with a higher biological contribution; 3) shape 

obtained with a lower biological contribution. 
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5.5.4 Conclusions 

The use of different amount of biological contribution to growth showed the 

importance of having a well-balanced simulation in terms of its biological and 

mechanobiological contributions. A biological contribution between 75-85% of the 

total growth allowed the appreciation of the changes in shape due to the 

mechanobiological contribution maintaining at the same time a nicely smoothed joint 

profile.  

 

5.6 Different alignment during immobilisation 

5.6.1 Introduction 

This section presents how morphogenesis is influenced with an alternative initial 

alignment during immobilisation. When immobilisation was initially simulated 

(Chapter 4, Section 4.3.1) the two rudiments were assumed to be aligned along their 

vertical axis. Therefore, the effect of having the distal rudiment at a different angle, 

condition that can happen with contractures that accompany immobilisation, was 

explored. 

5.6.2 Methods 

A modified 2D version of the immobilised model presented in Chapter 4, with the 

distal rudiment positioned at an angle of -60° respect to the vertical proximal 

rudiment was developed (Figure 5-16, A). Boundary conditions, loading conditions 

and material properties remained unchanged (Section 4.3.1). 

5.6.3 Results 

When morphogenesis was simulated, the proximal rudiment slightly bended on the 

direction of the applied load and its anterior region acquired a flat shape (Figure 

5-16, B). The distal rudiment showed the onset of a flat shape on its top region 

(Figure 5-16, B). The overall shape showed the loss of an interlocking joint. 
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Figure 5-16 A) Initial alignment of the joint during immobilisation growth simulation with the distal rudiment 

positioned at an angle of -60° respect to the vertical proximal rudiment, and B) resulting predicted 

morphogenesis. 

 

5.6.4 Conclusions 

Exploring the effect of an alternative initial alignment during immobilisation showed 

consistency of the developed algorithm by predicting a non-interlocking shape no 

matter the joint’s angle.   

 

5.7 Summary 

In this chapter I presented the sensitivity analyses performed on the model presented 

in Chapter 4. There are many parameters in the developed model that could have 

played an important role in the resultant shape. As the models used in this section 

were the same as that used in Chapter 4, all the limitations listed in Section 4.3.3 can 

also be applied with these simulations. An additional limitation relates to Section 5.1 

where the linear elastic and poroelastic model versions were compared. The von 

Mises stresses were analysed and compared with the pore pressure. We are aware 

that the hydrostatic pressure would have been a better stimulus for this comparison; 

however this section was replicating already existing studies which showed that 

single and bi-phasic models are comparable when loaded at low frequencies (Carter 

and Wong, 2003; Shefelbine and Carter, 2004). Therefore, the aim of this section 

was solely focused on corroborating these studies as efficiently as possible.   
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However, the goal of this section was to provide further details for the assumptions 

made on our model and in the same time clarify any possible doubts on the choices 

made. 
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6 Effect of Normal and Abnormal Loading on 

Morphogenesis of the Prenatal Hip Joint: 

Application to Hip Dysplasia 

Following the previous model (Chapter 4), where predictions of a range of 

anatomically recognisable joint shapes was achieved, in this chapter a dynamic 

mechanobiological simulation of the prenatal hip joint is use to explore the effects of 

normal, reduced and asymmetric fetal movements on hip joint growth and 

morphogenesis. Despite the clinical importance of the process of morphogenesis for 

postnatal skeletal malformations such DDH, there has been little research on how the 

hip joint shape forms in the developing embryo. With the developed simulations, for 

the first time, a successful prediction of the physiological trends of decreasing 

sphericity and acetabular coverage of the femoral head during fetal development was 

achieved. This study demonstrates how a full range of symmetric movements helps 

to maintain some of the acetabular depth and femoral head sphericity, while reduced 

or absent movements can lead to decreased sphericity and acetabular coverage of the 

femoral head. Moreover, when an abnormal movement pattern is applied, a 

deformed joint shape was predicted, with an opened asymmetric acetabulum and the 

onset of a malformed femoral head. This research provides evidence for the 

importance of fetal movements in promoting normal hip joint morphogenesis, 

particularly joint coverage, and an explanation of how abnormal movements may 

lead to joint instability and DDH in the infantile hip. This chapter presents an 

adapted version of the work submitted at the Journal of Biomechanics (Giorgi et al., 

2015a; Giorgi et al., 2015b) (see Appendix 10). 

 

6.1 Introduction 

As described in section 2.4, at around gestational week 11 a globular femoral head is 

almost completely enclosed by a deep-set acetabulum (Figure 2-7, Chapter 2.4). 

From that time until birth, the acetabulum becomes shallower and the femoral head 

loses substantial sphericity, becoming more hemi-spherical (Ráliš and McKibbin, 

1973). The coverage of the femoral head is never as low as it is around the time of 



 
120 Mechanobiological Predictions of Fetal Joint Morphogenesis 

birth (Ráliš and McKibbin, 1973) (Figure 2-8, Chapter 2.4), which most likely 

means that the hip joint is at its most unstable shape at this time. DDH occurs when 

the hip joint is malformed, unstable or dislocated, and occurs in 1.3 per 1000 births 

(Leck, 2000). As already said (Section 1.1), two types of dislocation have been 

defined (American Academy of Pediatrics, 2000): 1) teratologic dislocations and 2) 

typical dislocations. In the most severe cases of DDH, the femoral head is 

completely dislocated from the acetabulum, while in less severe manifestations, the 

femoral head is partially dislocated or easily dislocatable from the acetabulum 

(Ponseti, 1978). DDH is the most common congenital abnormality of the hip joint 

which is thought to be strongly linked to abnormal fetal movement (Section 2.4.2). 

Despite the acknowledged influence of fetal movements on hip joint formation, the 

mechanism by which these movements affect joint morphogenesis is still unknown. 

In this study, I develop a mechanobiological simulation of prenatal hip joint 

morphogenesis, in order to propose and test hypotheses on how fetal movements and 

position could impact upon the shape of the developing hip joint. The research builds 

upon the previously developed model (Chapter 4). In the current study, growth and 

shape change of an idealised hip joint were predicted by applying dynamic joint 

movements to the centre of the femoral head. The predictions of growth were then 

correlated with published human hip joint shape data. I also investigate the effects of 

reduced, or asymmetric, movement at various stages of fetal development. I 

hypothesise that reduced movements due to sub-optimal intra-uterine conditions, or 

asymmetric loading on the acetabulum due to fetal breech position or increased joint 

laxity, may negatively influence hip joint shape at birth. Moreover, we explore the 

influences of growth related stresses and strain to hip joint morphogenesis. Through 

use of a dynamic mechanobiological simulation of a simplified hip joint, we aim to 

provide new insights into the normal physiology of joint morphogenesis and into the 

etiology of DDH.  

6.2 Material and Methods 

6.2.1 Model geometry and material properties 

An idealised 2D geometry of a simplified hip joint was created in Abaqus. Due to the 

lack of access to fetal realistic hip joint shapes, minimal additional insights on the 

effects of joint motion on shape would be gained by using 3D simulations. The joint 
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consisted of two opposing cartilage rudiments: the proximal femur and the pelvis, 

which included a concave acetabular region (Figure 6-1, A). The interlocking shape 

was generated with the same proportions of a human hip joint at gestational week 

(GW) 11 of development (Ráliš and McKibbin, 1973), while the initial dimensions 

were arbitrary (Figure 6-1, A). The initial depth-to-diameter ratio of the acetabulum 

was approximately 75%, and the femoral head perfectly matched the acetabular 

shape with a height-to-diameter ratio of approximately 85%. A similar model which 

included the inter-rudiment space (Figure 6-1, B) was also used to study its 

effectiveness with the current simulation. Therefore, models with and without a 

capsule were run to test if a congruent shape (Figure 6-1, A) was enough to evenly 

spread the loads within the joint region. The secondary ossification centre of the 

proximal femur does not normally form until after birth (Scheuer and Black, 2004) 

and the acetabulum is still cartilaginous (Portinaro et al., 1994; Scheuer and Black, 

2004). Therefore, the models were entirely cartilaginous for the duration of the 

simulations. The material properties used are the same used for the previously 

described models (Chapter 4, Section 4.3.1) and the meshes were generated by using 

linear plane stress triangle elements (CPS3). The stresses were calculated at the 

integration points. 

 

Figure 6-1 A) Initial model of the concave pelvis and spherical femoral head. B)  Same model with inclusion of 

the inter-rudiment space. 

6.2.2 Movements and boundary conditions 

The pelvis was fixed for all translations and rotations at its proximal end and at its 

sides. In the case of normal (symmetric) movement, the shaft of the femur was 

initially aligned with the vertical axis of the pelvis in order to obtain a perfect match 

between the femoral head and the acetabulum (Figure 6-1, A). The explicit module 
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of Abaqus was used to simulate dynamic joint movements by applying a rotation to 

the centre of the femoral head. A complete cycle of motion included four different 

phases, a pre-load phase followed by three rotations of the femoral head around its 

centre. During the pre-load phase, an axial displacement of 1μm was applied on the 

distal rudiment towards the proximal rudiment, and this displacement was 

maintained through the entire motion to generate contact between the two rudiments. 

The three rotations were as follows: 1) anticlockwise rotation of the femoral head, 

from the midline position to the extreme left position; 2) clockwise rotation, from the 

extreme left to the extreme right; 3) anticlockwise rotation of the femoral head to the 

initial midline position. Compared with the previous model (Chapter 4), where joint 

loads were represented by a number of discrete steps, with these dynamic 

movements, stresses can be observed during the entire joint motion, allowing a more 

accurate picture of their patterns. Frictionless, impenetrable contact was modelled 

between the two components of the model. 

Growth and morphogenesis of the hip joint from GW 11 to birth were modelled, 

with 28 cycles used, where one cycle was equivalent to approximately one week. 

Two variables were identified as decreasing over the course of development, namely 

the rate of fetal growth (and therefore the rate of rudiment expansion) and the range 

of hip motion. By plotting the fetal weight change (Doubilet et al., 1997) on a 

logarithmic scale, we identified three stages during which the fetus grows at different 

rates (Figure 6-2): 1) early stage, from GW 11 to 18; 2) middle stage, from GW 19 to 

34; 3) late stage, from GW 35 to birth. The rate of rudiment expansion in the model 

was adapted according to the rate of fetal growth (Figure 6-2) and was implemented 

by varying the orthonormal thermal expansion capabilities of the finite element 

solver. A value equal to 1 was chosen to simulate the maximum expansion within a 

constrained volume during the early stage of development and then reduced 

according with the relative decrease in the slope of the middle and late stage of 

development.  
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Figure 6-2 Changes in fetal weight on a logarithmic scale (extracted from data from (Doubilet et al., 1997) taken 

as a measure of the rate of fetal growth. Three stages of fetal growth were identified; the movements applied for 

each stage are superimposed. 

6.2.3 Fetal Movements 

There is very little information on the range of motion of the prenatal hip joint. 

However, fetal cine-MRI can now be used for viewing and assessing fetal 

movements (Hayat et al., 2011). Using fetal cine-MRI data obtained from our 

collaborators (Profs Hajnal and Rutherford, King’s College London, UK), I was able 

to make a realistic estimate of the range of motion at the hip over gestation. Five MR 

image sequences were analysed and the maximum range of hip motion over the 1.5 

minute average time frame of the scan was calculated. The angle generated by the 

intersection of the spine line and the longitudinal axis of the femur was used to 

quantify the hip motion as shown in Figure 6-3, A, B. All the image sequences 

belonged to the middle stage of development: three in the early-middle (GW: 21- 22) 

and two in the late-middle (GW: 29, 34) stages. The first set showed a maximum 

range of motion of 90° with an average value over the three sequences of 52°. The 

second set showed a maximum range of motion of 15° with an average value of 

12.5°. Because all the scans belonged to the middle stage, I assumed higher and 

lower range of motion for the early and late stages, with an intermediate value for the 

middle stage. Therefore, symmetrical movements from +/- 40° in the early stage, +/- 

30° in the middle stage, and +/- 5° in the late stage were used to simulate 

physiological prenatal hip motion over the course of development.  
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Figure 6-3 A) Two timeframes from a fetal cine-MRI at 22 gestational weeks showing a hip flexion-extension 

range of 88°. B) Timeframes from a fetal cine-MRI at 34 gestational weeks showing a hip flexion-extension of 

11°. Fetal cine-MR images courtesy of Professors Hajnal and Rutherford, Kings College London, UK. 

 

6.2.4 Growth-generated biophysical stimuli 

During early embryonic morphogenesis, developing cells receive extrinsic signal that 

lead to particular changes in cell behaviour, such as differentiation, migration or 

proliferation. In addition, morphogenesis is regulated by inductive signals 

transmitted within cells through direct contact, diffusible molecules, and gap 

junction (Henderson and Carter, 2002) (Chapter 2, Section 2.5.3). During 

development, different tissues form and begin to grow at different rates and growth-

generated strain and pressures are used to refer to the local deformation and 

corresponding forces generated by this differential growth. It has been proposed that 

the acetabulum is moulded by the femoral head (Ponseti, 1978) and therefore, the 

use of congruent shapes (Figure 6-1, A) may play a role during growth due to the 

direct interaction between the acetabular and femoral part. Therefore, in this section, 

the hypothesis that growth-generated strains and pressures may influence the process 

of morphogenesis by modulating growth rates was explored.  

To test the effects of the growth-generated strains and pressures, simulations 

composed of six different steps where: 1) an explicit simulation of the joint motion 
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was run; 2) the resulting hydrostatic stresses of step one were used to calculate a 

value of growth for each node as described in section 3.2.5; 3) morphogenesis was 

simulated using the thermal expansion solver of Abaqus (Chapter 3.2.5); 4) the 

growth-generated hydrostatic pressures were used to calculate a new value of 

growth; 5) the growth values calculated at step 2 (contribution from stresses induced 

by movement) were then summed with the values calculated in step 5 (contribution 

from stresses induced by expansion and therefore, resulting by the interaction of the 

tissues) ; 6) a new step of morphogenesis was simulated by applying the new values 

of growth (contribution from stresses induced by movement + growth-generated 

stresses) to the initial joint shape (step 1). This entire process is graphically shown in 

Figure 6-4. 

 

Figure 6-4 Diagram showing the steps involved to calculates the growth-generated strain and pressure and how 

to obtain changes in shape. 

 

6.2.5 Altered movement patterns 

As explained in section 2.4.2, the risk of DDH increases with abnormal movements 

or intrauterine conditions which reduce or restrict the movements in utero. 

Therefore, in addition to physiological loading conditions (symmetric movements), 

we explored the effects of altering movement patterns. Reduced movements were 

simulated by decreasing joint motion by approximately 80% at each of the three 

stages of development, as described in Table 6-1. Absent movements were simulated 

by retaining the femoral head in its initial position for the entire simulation without 

any rotation applied (but still maintaining the pre-load compression).The effects of 
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asymmetric movements were also simulated. Asymmetric movements differed from 

symmetric movements only for the initial configuration, where the longitudinal axis 

of the femoral head was rotated by 20° to the right of the vertical axis of the 

acetabulum (Figure 6-5). Rotations occurred about this new offset axis instead of the 

vertical axis. This new setup was also used to explore the effect of reduced 

asymmetric movements at each of the three stages of development as described in 

Table 6-1. Finally, simulations with a constant rate of rudiment expansion were run 

in order to separate out the influences of growth rate and range of movements on the 

resulting joint shape.  

 

Table 6-1 Ranges of motion, in degrees, used to simulates physiological and reduced symmetric movements at 

each stage of development.  

Type of movements Early  

11
th

-18
th

 Weeks 

Middle  

19
th

-34
th

 Weeks 

Late  

35
th

-birth 

Symmetric movements [°]    

Physiological +/- 40 +/- 30 +/- 5 

Early reduction +/- 10 +/- 30 +/- 5 

Middle reduction +/- 40 +/- 8 +/- 5 

Late reduction +/- 40 +/- 30 +/- 1 

No movements 0 0 0 
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Figure 6-5 Initial configuration used for the abnormal (asymmetric) movement; the femoral head is rotated 20° 

to the right of the vertical axis of the acetabulum. 

 

6.2.6 Growth & Morphogenesis 

As described in Chapter 3, growth and morphogenesis of the rudiments were 

controlled by biological and mechanobiological growth rates. The biological 

contribution was considered to be proportional to the chondrocyte density (Heegaard 

et al., 1999). For the femoral head, the chondrocyte density was greatest at the 

proximal epiphysis of the rudiment (Heegaard et al., 1999), while for the pelvic 

rudiment, the chondrocyte density was greatest at the acetabulum, as shown in 

Figure 6-6, A. Radial growth of the immature acetabulum occurs mainly by 

expansion at the triradiate cartilage (Portinaro et al., 1994; Scheuer and Black, 2004), 

which is formed by the junction of the cartilaginous ends of the ilium, ischium and 

pubis (Portinaro et al., 1994). I am unaware of any study quantifying the rate of 

expansion at the triradiate cartilage. However, by comparing the rates of growth of 

the murine long bones (Hansson et al., 1972) and the pelvis (Harrison, 1958), I 

calculated that during very early postnatal development, the pelvis grows at a rate 

which is close to the half that of the femur in the mouse (Figure 6-6, B). Therefore, I 

implemented our model so that the maximum value for the biological contribution at 

the acetabulum was the half of the femur. For sensitivity analysis purposes some 

simulations were also run with the same biological growth between pelvis and 

femur. The results of these simulations will be discussed later in this chapter. 
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Figure 6-6 A) Biological growth distribution for long bone and pelvis; the colour plot shows that maximum 

value for the biological contribution at the acetabulum was the half of the femur. B) comparison of the  rates of 

growth of the murine long bones and the pelvis; data were extracted from (Hansson et al., 1972; Harrison, 1958).  

 

As already described in Section 4.2, the mechanobiological growth rate was 

proportional to the dynamic compressive hydrostatic stress generated by the 

movements. The overall mechanobiological contribution to growth was calculated at 

each node of the model as the average stresses throughout a full joint motion and 

was also weighted by the chondrocyte density, based on the assumption that the 

greater the number of cells, the greater the potential to respond to mechanical 

loading (by secreting matrix and proliferating). The total growth was the sum of the 

biological and mechanobiological contributions as shown by the equations below: 
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where 𝜀𝑏̇ and 𝜀𝑚̇ are the biological and mechanobiological contribution to growth 

respectively (Shefelbine and Carter, 2004), Cd the chondrocyte density, σh the 

compressive hydrostatic stress, and N the number of movements per step. 
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Morphological changes due to growth or adaptation were analysed relative to the 

initial shape of the joint. The changes in shape were assessed over time by looking at 

two parameters, the “acetabular ratio” and the “femoral head ratio”. These 

parameters are derived from the measurements proposed by Ralis & McKibbin 

(1973) where the acetabular shape was assessed by the ratio between the deepest 

height (a2) to the greatest width (a1) of the acetabular cavity (Figure 6-7, A), and the 

femoral head shape was assessed as the ratio of the greatest height (h2) of the 

femoral head to the greatest diameter (h1) as measured perpendicularly to the greatest 

diameter (Figure 6-7, A). The congruence of the joint over the developmental period 

was assessed as the degree of joint coverage, which was measured as the length of 

the edges in common between the acetabulum and the femoral head. As a measure of 

asymmetry, I calculated the acetabular and femoral head skew factors (Figure 6-7, 

B). A reference point was identified using the centre of the initial acetabular cavity, 

which was calculated as the crossing point between its vertical and horizontal axes 

(Figure 6-7, A). This reference point was then kept constant over development, and 

the skew factor was calculated as the distance between this point and its most left 

and right extremities (Figure 6-7, B). The same technique was used for the femoral 

head, where the distance between the reference point, which was its rotational centre, 

and its left and right extremities lie on the horizontal line passing through the 

reference point, were used to calculate the skew factor (Figure 6-7, B). A graphical 

representation of the entire process is shown in Figure 6-8. 
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Figure 6-7 Method used to calculate the acetabular and femoral head skew factors. 
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Figure 6-8 Graphical representation of the process used to simulate prenatal hip joint development. 

 

6.3 Results 

6.3.1 Inclusion of the inter-rudiment space 

Models with and without the inter-rudiment space were run to test if a congruent 

shape (Figure 6-1, A) was enough to emulate the role of smoothing function 

performed by the inter-rudiment space in the previously presented model (Chapter 

4). 

When 10 cycles of growth were simulated with both models, the decreasing trend in 

the acetabular ratio and femoral head ratio were almost the same (Figure 6-9). In 

absence of the inter-rudiment space, the perfect match/congruence between the two 
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components of the joint (Figure 6-1, A) was enough to evenly spread the stresses 

during motion and, this third component (the inter-rudiment space) which in the 

previously presented model acted as a smoothing function to spread the loads 

(Chapter 3, Section 3.2.9.1), was not needed. Therefore, all the results discussed 

from here on are based on the model shown in Figure 6-1 , A which does not include 

the inter-rudiment space. 

 

Figure 6-9 Acetabular and femoral head ratio. The graphs show the differences between having or not the inter-

rudiment space included within the model. Both ratios show similar behaviours. 

 

6.3.2 Growth related pressure 

When one cycle of motion was simulated using the shape shown in Figure 6-1, A, 

the hydrostatic stresses generated by the movements and the ones obtained during 

growth were compared. The magnitude of the growth related hydrostatic pressure 

was much smaller, as indicated by the legend in Figure 6-10 B, compared with the 

hydrostatic pressure due to movements as shown in Figure 6-10 A.  

 

Figure 6-10 A) hydrostatic stress distribution generated by the movements; B) hydrostatic growth related 

stresses.  
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Therefore, the growth related pressure as stimuli for joint shape development were 

not included in further simulations. 

6.3.3 Same biological growth for acetabulum and femoral head 

For sensitivity analysis purposes, some simulations were also run with same 

biological contribution between pelvis and femur (Figure 6-11, A). The shape 

obtained after 10 cycles of growth predicted a progressive opening of the acetabulum 

and a decrease in roundness of the femoral head. However, the final joint shape 

showed the onset of a concave shape on the femoral part (red arrow) and the 

generation of a bump within the acetabular region (black arrow) (Figure 6-11, 

B).The generation of the bump (black arrow) was due to the high values of growth 

concentrated in that region, condition which is not physiological. The joint became 

non-interlocking.  

 

Figure 6-11 A) Initial joint shape showing the distribution of the biological contribution. B) joint shape obtained 

after 10 loading cycles when the biological contribution between the pelvis and femur was kept equal. 

 

6.3.4 Hydrostatic stress distribution 

The hydrostatic stresses of an entire cycle of physiological movements were always 

compressive, as shown by Figure 6-12, A, due to the two rudiments being constantly 

in contact. Stresses due to physiological movements, when applied to the initial 

geometry, were higher in the acetabulum (especially in its rim) and along the distal 

curvature of the femoral head. When combined with the biological growth rates 

(Figure 6-12, B), the stresses generated by one full cycle of physiological motion 

showed higher values of growth at the most proximal part of the femoral head and at 

the middle of the acetabulum (as shown in Figure 6-12, C).   
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Figure 6-12 A) Resulting hydrostatic stresses, averaged over the first full cycle of physiological motion; B) 

biological contribution to growth; C) stresses generated by the combination of biological and hydrostatic stresses. 

 

6.3.5 Morphogenesis  

When growth due to physiological symmetric movements was simulated, the model 

predicted a progressive opening of the acetabulum, making it increasingly shallow 

up to birth, and a gradual decrease in roundness of the femoral head showing the 

onset of a flatter surface at its most proximal region (Figure 6-13, A, B). The 

predicted joint at birth showed an approximate 50% decrease in acetabular coverage 

of femoral head compared with the initial shape, but maintained a clear interlocking 

shape (Figure 6-13, A). The predicted trends showed a striking similarity with the 

experimental data (Ráliš and McKibbin, 1973), as shown in Figure 6-13, B, C. The 

predicted decrease in the acetabular ratio over the course of the simulation is almost 

identical (although slightly shifted) compared to the experimental curve, while our 

model predicts a faster decrease in femoral head roundness in the early phase of 

gestation than for the experimental data.  
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Figure 6-13 A) Predicted hip joint morphogenesis under physiological symmetric movements; a progressive 

opening of the acetabulum and a gradual decrease in roundness of the femoral head were predicted. B) 

Quantification of the changes in shape based on the acetabular shape and femoral head roundness parameters. C) 

Changes in human hip joint shape over development measured experimentally by Ralis & McKibbin (1973). 

 

When reduced movements at the early stage were simulated, such as could occur due 

to neuromuscular disorder (Aronsson et al., 1994), the femoral head roundness 

decreased further and the acetabulum became shallower compared to the 

physiological predictions (Figure 6-14, A, B), resulting in a 60% decrease in 

acetabular coverage of the femoral head (as compared with the initial joint shape), 

and therefore potentially a less stable joint at birth. In contrast, reduced movements 

at the middle or late stage of development resulted in minimal joint shape changes 

from the physiological joint prediction (Figure 6-14, A). When absent movements 

were simulated the acetabulum became even shallower and the femoral head ratio 

decreased even further compared with the predicted shape for early reduced 

movements (Figure 6-14, A). Therefore, the presence of movements at the early 

stage were most critical in maintaining acetabular coverage of the femoral head, with 
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reduced or absent movements in the early stage contributing to decreased coverage 

of the femoral head, and a likely reduction in joint stability.  

 

Figure 6-14 A) The effects on acetabular and femoral head shape of reduced movements at each stage of 

development (early, middle and late) and of a complete absence of movements. B) Predicted shapes under 

physiological movements (blue) and early reduction of movements (red). 

 

When a constant rate of rudiment expansion was implemented, in order to separate 

out the influences of growth rate and range of movements on the resulting joint 

shape, the results showed that the rates at which the acetabular ratio and the femoral 

head ratio decreased were inversely proportional to the ranges of movement (Figure 

6-15). Physiologically the largest range of motion is experienced during the early 

stage of development. This phase also coincides with the highest rate of fetal growth. 

Therefore the reduction of joint motion during this phase is having the most impact 

of the final joint shape. 

When an asymmetric movement pattern was applied, the acetabulum became 

increasingly open in the direction of the applied loads (Figure 6-16, A), leading to 

development of an asymmetric shape. The shape of the femoral head was also 

affected showing a loss of head roundness and the onset of a malformed overall 

shape (Figure 6-16, A). The predicted shape is similar to the deformed shape typical 
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of a dysplastic hip joint as shown in Figure 6-16, B, where the interlocking shape is 

lost, increasing the risk of subluxation or dislocation of the hip. This configuration 

was implemented following Sandell et al. (2012), who showed that the presence of a 

maloriented articular surface may lead to excessive and eccentric loading on the 

acetabular rim and therefore increasing the risk of DDH. Moreover, in line with this 

study, Portinaro et al. (1994) hypothesised that ligamentous laxity or malpositioning 

in utero (breech position) may leads to abnormal loading allowing the femoral head 

to displace and encourage deformity. 

 

Figure 6-15 Acetabular and femoral head ratios when a constant rate of rudiment expansion was implemented; 

the rates at which both ratios decreased were inversely proportional to the range of movement. 

 

 

Figure 6-16 A) Predicted joint morphogenesis under asymmetric movements. B) The predicted hip joint shape at 

birth when asymmetric loading occurs is similar to the hip joint of a 30 month old infant affected by DDH. Image 

adapted with permission from Dr Frank Gaillard from website www.radiopaedia.org. 

http://www.radiopaedia.org/


 
138 Mechanobiological Predictions of Fetal Joint Morphogenesis 

When asymmetric movements were reduced at the early, middle or late stages, or 

absent completely, our models predicted that early reduced movements, or absent 

movements, actually led to a deeper acetabulum than simulations with a full range of 

asymmetric movements, or reduced movements in the middle or late stages (Figure 

6-17, A). The model in which no movements were applied in the asymmetric 

configuration was found to be the best in acetabular shape retention compared to all 

other asymmetric movement simulations. By measuring the acetabular skew factor 

(Figure 6-7, B), we observed that the simulations with a full range of asymmetric 

movement throughout, or full asymmetric movement at the early stage, predicted a 

more asymmetric acetabular shape compared with other asymmetric simulations 

(Figure 6-17, B). This suggests that in case of asymmetric loading, the higher the 

range of movement, the higher the likelihood of a skewed, shallower acetabulum. 

Therefore, asymmetric movements have the opposite effect on acetabular shape than 

symmetric movements. While a full range of symmetric motion in the early stage 

lead to maintenance of a deeper acetabulum (Figure 6-14, A), a full range of 

asymmetric motion in the early stage has a detrimental effect on acetabular shape 

(Figure 6-17, B).  

 

 

Figure 6-17 A) The effects of reduced asymmetric movements on acetabular shape and B) skew factor at each 

stage of development (early, middle and late) and under a complete absence of movements. 

No influence of reduced or absent asymmetric movements, as compared to a full 

range of asymmetric movements, was found for the femoral head roundness or skew 

factor (Figure 6-18), which always exhibited the asymmetric profile shown in Figure 

6-16. 
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Figure 6-18  Skew factor at different stage of development (early, middle and late) and under a complete absence 

of movements. No influence of reduced or absent asymmetric movements, as compared to a full range of 

asymmetric movements, was found for the femoral head. 

 

6.4 Discussion 

In this study I describe a dynamic mechanobiological simulation of the prenatal hip 

joint with which I explore the effects of normal, reduced and asymmetric fetal 

movements on hip joint growth and morphogenesis, providing insights into the 

normal physiology of the hip joint and the etiology of DDH. The predicted joint 

shapes when physiological, symmetric movements were applied well approximated 

the anatomical changes in shape reported in the literature for fetal human hip joint 

development (Ráliš and McKibbin, 1973). In my predictions, the acetabulum 

progressively opened and the femoral head showed the onset of a flatter surface at its 

proximal end over development (Figure 6-13, A, B). The overall joint shape changes 

replicated the trends of human hip joint development, where its natural growth and 

development leads to a decrease in coverage of the femoral head while maintaining 

its interlocking shape (Figure 6-13, A, B, C).  

When reduced symmetric movements at the early stage of development were 

simulated, the joint maintained its interlocking shape at birth but the femoral head 

roundness decreased and the acetabulum became shallower (Figure 6-14, A, B). The 

predicted shape under early reduced movements would likely be less stable at birth 

than the shape predicted under normal physiological conditions due to the loss of 

joint coverage, which would increase the risk of subluxation or dislocation of the 

hip. When reduced movements at the middle or late stage of development were 

simulated, minimal changes in joint shape compared to growth under physiological 
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movement were observed (Figure 6-14, A), suggesting that movement in the early 

stage of development is the most critical for joint shape. This may explain why the 

hip joint is so severely affected in cases of paralytic dislocations, where movement 

may have been reduced or absent from an early stage of development. These results 

suggest that movements during development tend to minimise the natural trend of 

decreasing stability (Figure 6-14, A). When, for sensitivity analysis, symmetric 

movements with a constant growth rate (rudiment expansion) were simulated, the 

rates at which the acetabular ratio and the femoral head ratio decreased were 

inversely proportional to the ranges of movement (Figure 6-15). This indicates that, 

with a constant growth rate, the larger the range of movement, the greater the 

acetabular depth and femoral head roundness. Physiologically, the largest range of 

motion is experienced during the early stage of development.  

When an asymmetric movement pattern was simulated, the predicted joint shape was 

abnormal: the acetabulum opened in the same direction as the applied loads and the 

femoral head lost its roundness, showing an overall deformed shape of the joint 

typical of hip dysplasia as shown in Figure 6-16, B. Acetabular depth and skew were 

exacerbated with greater asymmetric movement ranges (Figure 6-17, B), suggesting 

that increased movements in the case of mal-positioning or joint laxity in utero may 

actually increase the risk of DDH. In contrast to the acetabulum, the shape of the 

femoral head was always acquired the same malformed shape with asymmetric 

positioning, regardless of when or whether asymmetric movements were reduced. 

While, with symmetric movements the predicted decrease in the acetabular ratio was 

almost identical (although slightly shifted), the decrease in femoral head ratio was 

faster, especially in the early phase of gestation, compared to the experimental curve 

(Figure 6-13, B, C). While the simplified profile used for the acetabulum is similar to 

its physiological deep cup shape, the simplified shape used for the femoral head may 

not adequately represent the complex profile which it acquires during development. 

If a more realistic femoral head shape was included in the model, it could potentially 

lead to more accurate results from our simulations. For this study, the maximum 

range of hip motion at different stages was gathered by analysing different MR 

imaging sequences of the developing fetus. Even if the actual range of motion used 

may not perfectly match with the real physiological motion, the reduced trend of 

physiological symmetric movements over time reflect the finding of Hayat et al. 
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(2011). In this study, I assumed that during normal development the movement at the 

fetal hip joint is symmetric, based on previous observations that at the very early 

prenatal age the femoral head is almost fully covered by the acetabular cavity (Ráliš 

and McKibbin, 1973) minimising all translations. Conditions such as fetal breech 

position or joint laxity (Luterkort et al., 1986; Muller and Seddon, 1953; Portinaro et 

al., 1994) which are risk factors for DDH (Ponseti, 1978; Portinaro et al., 1994), 

were assumed to lead to asymmetric movements at the hip, due to the loss of the 

distributed pressure patterns that these conditions may generate.  

 

6.5 Summary 

This research demonstrated that normal fetal movements are important for the 

emergence of hip joint shape and coverage. The natural tendency of the developing 

hip joint is to decrease in sphericity and acetabular coverage of the femoral head 

between 11 gestational weeks and birth (Ráliš and McKibbin, 1973) and this model 

predicted these physiological trends. It showed that physiological, symmetric 

movements help to maintain some of the acetabular depth and femoral head 

sphericity while reduced movements at an early stage of development or completely 

absent movements, such as could occur from a neuromuscular disorder, lead to 

decreased sphericity and acetabular coverage of the femoral head, increasing the risk 

of subluxation or dislocation of the hip. It also showed that asymmetric movements, 

which were hypothesised to result from fetal breech position or increased joint 

laxity, lead to an abnormal hip joint shape with characteristics of DDH such as a 

malformed femoral head and an asymmetric shallower acetabulum which increase 

the likelihood for the femoral head to dislocate (Larsson et al., 1991; Ziegler et al., 

2008).  

There are some limitations in this study. The mechanoregulation algorithm 

developed and used was based on a number of studies which showed that cartilage 

synthesis was inhibited by static loading and it was stimulated by dynamic loading. 

However, if researchers agree on the inhibitory effects of static compression on the 

synthesis of cartilage, contradictory results can be found in literature regarding the 

effects on biosynthesis due to dynamic compression leaving space for further 

research in both experimental and computational fields. The shapes used in this 
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study are theoretical shapes representative of a human hip joint. While the simplified 

profile used for the acetabulum is similar to its physiological deep cup shape, the 

simplified shape used for the femoral head may not adequately represent the 

complex profile which it acquires during development. If a more realistic femoral 

head shape was included in the model, it could have potentially lead to more 

accurate results from our simulations. Unfortunately we did not have access to 

realistic human’s prenatal hip joint shapes. For this study, the maximum range of hip 

motion at different stages was gathered by analysing different MR imaging 

sequences of the developing fetus. Even if the actual range of motion used may not 

perfectly match with the real physiological motion, the reduced trend of 

physiological symmetric movements over time reflect the finding of Hayat et al. 

(2011). However, further improvement may be achieved by using novel cine-MRI 

techniques to automatically track hip joint displacement during fetal kick. Moreover, 

in this study, due to a lack of information in literature, it was assumed that during 

normal development the movement at the fetal hip joint was symmetric while 

conditions such as fetal breech position or joint laxity were assumed to lead to 

asymmetric movements at the hip due to the loss of the distributed pressure patterns 

that these conditions may generate. 

To conclude, this study provides the first computational model able to predict the 

early onset of teratologic DDH. It successfully predicted, when immobilisation or 

reduced movement were simulated, the loss of joint congruency typical of this type 

of hip dislocation (Aronsson et al., 1994; Nowlan et al., 2014). The effects of breech 

position or oligohydramnios, usual factors for the so-called typical dislocation 

(Aronsson et al., 1994; Nowlan et al., 2014), also led to an abnormal hip joint shape 

with characteristics of DDH. Understanding the factors driving hip joint 

morphogenesis during prenatal development is critical for developing strategies for 

early diagnosis and preventative treatments for congenital musculoskeletal 

abnormalities, such as developmental dysplasia of the hip. Therefore, this research 

provides evidence for the importance of fetal movements in promoting normal hip 

joint morphogenesis, particularly joint coverage, and an explanation how abnormal 

movements could lead to joint instability and DDH in the infantile hip. 
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7 Outcomes, Contributions and Future Works 

This chapter summarises the main outcomes of this thesis, drawing together the 

insights obtained from the two main simulations presented in order to provide a 

greater understanding of the process of prenatal joint morphogenesis and its 

importance to postnatal skeletal malformations such as DDH. Recommendations for 

further work in the field of computational development of prenatal joint are 

discussed and concluding remarks are provided. 

7.1 Outcomes and Contributions to the field of developmental 

mechanobiology 

This research has advanced the basic understanding of prenatal joint shape 

development and the implication that different mechanical environments within the 

joint region, might have on developmental skeletal diseases such as DDH. Advances 

were made by: 1) proposing a novel mechanobiological simulation of prenatal joint 

morphogenesis and, 2) proposing and testing hypotheses on how fetal movements 

impact upon the shape of the developing hip joint. 

This section highlights the key outcomes of the main chapters of this thesis and their 

significance for the field of developmental biomechanics. 

7.1.1 Simulation of prenatal joint development 

Despite the clinical importance of the process of morphogenesis, there is very little 

understanding about factors that drive this process (Pacifici et al., 2005). The 

consequences of incomplete or abnormal morphogenesis can be debilitating (Leck, 

2000) and it is clear that lack of motion affects joint shape morphogenesis (Kahn et 

al., 2009; Mikic et al., 2000; Nowlan et al., 2010a; Osborne et al., 2002; Roddy et 

al., 2011a; Roddy et al., 2011b). Few studies have explored the role of motion, or 

loading, on joint shape in depth (Heegaard et al., 1999; Sarin and Carter, 2000; 

Shefelbine and Carter, 2004).  

In this study the evolution of the algorithms used to model joint morphogenesis was 

discussed (Chapter 3).  Starting with a model very similar to that of Heegard et al. 

(1999), their achievements and limitations were described and discussed. Through 

the use of three different simulations (Chapter 3, Section 3.2), the effectiveness of 
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the endochondral ossification law proposed by Carter et al. (1987) as algorithm to 

predict prenatal joint development was explored. From these studies it was 

concluded that a new mechanobiology theory specific for cartilage growth and 

morphogenesis was needed. 

A novel mechanoregulation algorithm specific for cartilage growth was developed 

(Chapter 4, Section 4.2) and a 3D mechanobiological simulation of joint 

morphogenesis in which the effects of a range of movements and different initial 

joint shapes was proposed. It used idealised shapes to represent a generic ball and 

socket joint and a generic hinge joint on which applied movement patterns typical 

for these joints in order to predict the effects on shape development. Both pre- and 

post-cavitational phases of joint development were simulated. It also examined the 

effect of rigid paralysis on joint shape by growing a joint when no movement was 

applied. Moreover, due to the many parameters that might play an important role in 

the resultant shapes, a sensitivity analysis was performed on the previously presented 

model (Chapter 5).  

This study concluded that the starting joint configuration and applied movement 

were fundamental for the development of specific and anatomically recognisable 

joint shapes. Furthermore, the stresses generated during static pre-cavitational 

loading and dynamic post-cavitational movements differentially affected the process 

of prenatal joint morphogenesis. It provides new and important insights into normal 

and abnormal joint development and it helps us to understand the factors driving 

joint morphogenesis at a very early stage. Increasing knowledge about these factors 

is critical for developing strategies for early diagnosis and preventive treatments for 

congenital musculoskeletal abnormalities, such as developmental dysplasia of the 

hip. 

7.1.2 Effects of normal and abnormal loading conditions on 

morphogenesis of the prenatal hip joint: application to hip 

dysplasia 

Human hip joint morphogenesis has been described by Ralis and McKibbin (1973). 

At around gestational week 11, a globular femoral head is almost completely 

enclosed by a deep-set acetabulum. The coverage of the femoral head is never as low 

as it is around the time of birth (Ráliš and McKibbin, 1973), which most likely 
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means that the hip joint is at its most unstable at this time. Despite the acknowledged 

influence of fetal movements on hip joint formation, the mechanism by which these 

movements affect joint morphogenesis is still unknown. 

This study proposed a mechanobiological simulation of prenatal hip joint 

morphogenesis, in order to propose and test hypotheses on how fetal movements and 

position could impact upon the shape of the developing hip joint. This study 

predicted growth and shape change of an idealised hip joint, and correlated it with 

published human hip joint shape data. It also investigated the effects of reduced, or 

asymmetric, movement at various stages of fetal development.  

This study concluded that normal fetal movements are important for the emergence 

of a physiological hip joint shape and that movements during development tend to 

minimise the natural trend of decreasing stability. It also showed that physiological, 

symmetric movements help to maintain some of the acetabular depth and femoral 

head sphericity while reduced movements at an early stage of development or 

completely absent movements, lead to decreased sphericity and acetabular coverage 

of the femoral head, increasing the risk of subluxation or dislocation of the hip. 

Moreover, it shows that, in the case of mal-positioning (i.e. fetal breech position) or 

joint laxity in utero, movements may actually lead to an abnormal hip joint shape 

with characteristics of DDH such as a malformed femoral head and an asymmetric 

shallower acetabulum which increase the risk for the femoral head to dislocate 

(Larsson et al., 1991; Ziegler et al., 2008). 

Chapter 5 provides evidence for the importance of fetal movements in promoting 

normal hip joint morphogenesis, particularly joint coverage, and an explanation how 

abnormal movements could lead to joint instability and DDH in the infantile hip. 

 

7.2 Future Perspectives 

The studies conducted throughout this thesis open new questions and possibilities for 

future research. This section suggests some of the areas that could be investigated to 

deepen the current understanding of prenatal joint morphogenesis using 

computational methods. 
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7.2.1 Improvements on the mechanoregulation algorithm for cartilage 

growth 

Initially, the endochondral ossification growth theory (Carter et al., 1987) was used 

to predict cartilage growth under different mechanical loadings (Chapter 3). This 

theory, proposed in 1987, derived from a study where the influence of cyclic and 

multi-axial loads on bone growth and ossification were explored. By looking at the 

principal stresses generated within a bone, as a reaction to an applied external force 

on it, researchers proposed that cyclic hydrostatic compressive stress inhibits bone 

growth and ossification, while cyclic octahedral shear stress promotes them. 

A different theory, specific for this project, was made by looking at how cartilage 

responds to different loading conditions. In vitro studies indicated that static 

compressive loading inhibits cartilage growth (Burton-Wurster et al., 1993; Guilak et 

al., 1994) while cyclic compressive loading promotes growth (Kim et al., 1994; 

Korver et al., 1992; Parkkinen et al., 1992). Therefore, in this novel theory for 

cartilage growth, cyclic hydrostatic compression promotes growth and static 

hydrostatic compression inhibits growth. However, even if the current 

mechanoregulation algorithm for cartilage growth successfully predicted the process 

of prenatal joint morphogenesis, further improvements can be done.  

7.2.1.1 Biological and mechanobiological improvements 

As explained in Section 3.2.6 growth and morphogenesis are controlled by biological 

and mechanobiological growth rates. 

Further advances on the biological contribution to growth can be gained by 

comparing histological analysis of controlled and immobilised chick models at 

different time frames. This technique would make possible to separate the 

contribution to growth due to biological and mechanobiological factors. By 

exploring the effects of flaccid paralysis (unloaded joint) and by looking at cell 

proliferation and apoptosis in both conditions controlled and immobilised, important 

insights on the biology involved during growth and shape might be gained. 

Understanding the growth of the unloaded joint, and therefore the growth due to the 

biological contribution, would allow the development of an algorithm that can be 

used as input for computational models. With this method the changes in shapes due 

to the biological growth will be prescribed rather than predicted. 
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Further advances on the mechanobiological factor to growth can be also gained by 

looking at different time frames of developing joints under a variety of mechanical 

loading. Through the use of Optical Projection Tomography (OPT) (Sharpe et al., 

2002), high resolution 3D representation of fetal joints can be obtained. By 

comparing the joint shapes at different developmental time and knowing the 

mechanical loads experienced by the joint during development, computational 

models can be used to explore the different type of stresses and strains that led to 

specific changes in shape. This research will help, by looking at, for example, 

hydrostatic stresses and pressures, deviatoric strain, shear stresses, fluid velocity, von 

Mises stresses, to find the best weighted combination of these stimuli during the 

process of joint morphogenesis. This approach will help to better understand which 

stimuli are significantly involved during the process of morphogenesis, therefore 

helping to develop more accurate mechanoregulation algorithm for cartilage growth. 

 

7.2.2 Moving towards physiological models 

Due to the assumptions made through the study, such as the use of simplified shapes 

and movements, a quantitative comparison between the results achieved and real 

joints could not be done. To move towards to more physiological models two 

improvements will be suggested in this section: 1) the use of real joint shapes, and 2) 

a better estimation of the biomechanics of the fetal movements. 

7.2.2.1 The uses of real joint shapes to predict prenatal joint growth and 

morphogenesis 

In this research, theoretical shapes, representing prenatal synovial joints, were used 

to predict joint morphogenesis. Even if the results achieved resembled realistic joint 

shapes (Chapter 4, Section 4.3.2) and, they replicated the trends of human hip joint 

development (Chapter 0, Section 6.3), a further and interesting advance of the 

current model will be achieved by using realistic shapes from animal models such as 

chicks or mice or, even more from human fetal images. Optical Projection 

Tomography (OPT) (Sharpe et al., 2002) or image segmentation software can be 

used to create 3D representation of fetal joints. These 3D realistic joint models can 

be imported in software for finite element analysis and used to explore the effects of 

different mechanical environments within more complex and realistic geometries. 
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Two examples of 3D representation of a lower and upper limb of a mice of 14.5 

embryonic days old scanned with OPT are shown in Figure 7-1, A, B. 

The use of realistic joint will advance the current computational leading therefore, to 

a more accurate picture of the mechanics involved during joint motion.  

 

Figure 7-1 A) 3D representation of the right upper limb of a mice of 14.5 embryonic days obtained using OPT 

scans. B) 3D representation of the right lower limb of a mice of 14.5 embryonic days obtained using OPT scans. 

Images from Lisa Abela (unpublished work).  

 

7.2.2.2 Biomechanics of fetal movements: a tracking software 

In this thesis the maximum range of hip motion was calculated by looking at the 

angle generated by the intersection of the spine line and the longitudinal axis of the 

femur (Chapter 0, Section 6.2.3). With this method I was able to make realistic 

estimation of the hip motion over development (Section 6.2.3). However, a deeper 

research focused to develop better techniques to monitoring fetal movements, will 

provide essential information to develop more accurate computational models.   

A current study in the Nowlan group, focus to capture fetal movement in utero by 

using novel cine-MRI techniques (Hayat et al., 2011), is aimed to develop a method 

to automatically track hip joint displacement during fetal kicking (Figure 7-2, A). 

Realistic hip joint motions can be used as input for computational models and, 

together with realistic joint shapes (Section 7.2.2.1), will provide a more 

physiological environment (Giorgi et al., 2011) where to study the importance of 

movements during prenatal development. 
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Moreover, musculoskeletal models can also be used to predict the mechanical 

environments generated by specific motion within the joint region (Figure 7-2, B). 

This will provide additional information regarding the developing joint and therefore 

increasing the chances, using computational models, to identify mechanical 

environments which increase the risk of joint deformities such as DDH. Being able 

to capture fetal movement and specific mechanical environments in utero will 

provide fundamental information which will help to develop more realistic and 

reliable computational models.  

 

 

Figure 7-2 A) Example of the tracking system used to capture fetal movement in utero. B) Example of a 

musculoskeletal models used to investigate the forces in the joints due to fetal movements. Images from Stefaan 

Verbruggen (unpublished work). 

 

7.2.3 Ex-vivo culture of embryonic limbs: an optimal method to 

validate computational models 

Numerous publications have presented results of reduced skeletal growth and joint 

development in embryonic animal models where the mechanical environment has 

been supressed (Drachman, 1966; Osborne et al., 2002; Roddy et al., 2011b). The 

influence of mechanical stimulation during this developmental time period is further 

highlighted by clinical conditions, such as developmental dysplasia of the hip 

(DDH), which occur when fetal movements are restricted (Muller and Seddon, 1953; 

Portinaro et al., 1994; Shefelbine and Carter, 2004). Even if, there is a clear 

relationship between mechanical stimulation and pre-natal joint formation, it has 

never been characterised. A preliminary work in our lab has managed to culture 



 
150 Mechanobiological Predictions of Fetal Joint Morphogenesis 

whole embryonic chick hind limb explants under compressive cyclic loading. A 

customised arrangement during in vitro cultivation allows for flexion and extension 

of the knee joint under loading. The developing joints can be cultured under a 

controlled biomechanical environment, where parameters such as the magnitude, 

frequency and duration of compressive loading can be adjusted. The system has been 

tested under static and dynamic conditions in a pilot study. Embryonic chick hind 

limbs were harvested at 7 days of incubation for 3 experimental groups (A – 

Uncultured; B - Static, unloaded; C – Dynamic). Outlines of the knee joint shapes 

from the 3 groups are shown in Figure 7-3. 

The results achieved by ex-vivo experiments can be then scanned through OPT and, 

the 3D reconstruction on the joint can be compared with the predicted shape from 

computational simulations. Joint size and specific anatomical features can be then 

compared. By exploring how, variations in mode, magnitude and frequency of 

experienced mechanical stimuli alter the joint shape morphology ex-vivo, in addition 

to significantly increases knowledge on the effects of mechanical stimuli on 

distribution of growth, cavitation and shaping of synovial joints, will provide an 

optimal method to validate the reliability of computational models in predicting 

prenatal joint morphogenesis.  

 

Figure 7-3 Figure shows the outlines of the knee joint shape obtained from the initial pilot study in the sagittal 

plane. The shapes indicate the cultured system used allowed for growth and development of the developing joint 

in vitro under both static and dynamic stimulation. (A – Uncultured; B – Static, unloaded; C – Dynamic). Images 

from Vikesh Chandaria (unpublished work). 
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7.2.4 Conclusions 

Deepening our knowledge on the importance of fetal movements for the emergence 

of physiological joint shapes is crucial to develop strategies for early diagnosis and 

preventative treatments for congenital musculoskeletal abnormalities. Being able to 

quantify the forces generated due to fetal movements and understand their role in 

joint morphogenesis will enable clinicians to identify environments which increase 

the risk of joint malformations. This research provides new and important insights 

into the factors driving joint morphogenesis and for the importance of fetal 

movements during hip joint development. It shows that computational models can be 

used to study the early onset of teratologic and typical DDH and therefore, inform 

future preventative measures for such conditions. 
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a b s t r a c t

Joint morphogenesis is the process in which prenatal joints acquire their reciprocal and interlocking
shapes. Despite the clinical importance of the process, it remains unclear how joints acquire their shapes.
In this study, we simulate 3D mechanobiological joint morphogenesis for which the effects of a range of
movements (or lack of movement) and different initial joint shapes are explored. We propose that static
hydrostatic compression inhibits cartilage growth while dynamic hydrostatic compression promotes
cartilage growth. Both pre-cavitational (no muscle contractions) and post-cavitational (with muscle
contractions) phases of joint development were simulated. Our results showed that for hinge type
motion (planar motion from 451 to 1201) the proximal joint surface developed a convex profile in the
posterior region and the distal joint surface developed a slightly concave profile. When 3D movements
from 401 to �401 in two planes were applied, simulating a rotational movement, the proximal joint
surface developed a concave profile whereas the distal joint surface rudiment acquire a rounded convex
profile, showing an interlocking shape typical of a ball and socket joint. The significance of this research
is that it provides new and important insights into normal and abnormal joint development, and
contributes to our understanding of the mechanical factors driving very early joint morphogenesis. An
enhanced understanding of how prenatal joints form is critical for developing strategies for early
diagnosis and preventative treatments for congenital musculoskeletal abnormalities such as develop-
mental dysplasia of the hip.

& 2014 The Authors. Published by Elsevier Ltd.

1. Introduction

Joint morphogenesis is the process in which a distinct and
functional joint shape starts to appear during prenatal joint
development. Pacifici et al. (2005) describe the process of synovial
joint formation as a well-defined sequence of three events: (1) a
layer of compact and closely associated mesenchymal cells form
the interzone, (2) cavitation results in the physical separation of
the adjacent skeletal elements within the interzone, and (3) joint
shape occurs through the process of morphogenesis. Recent
studies, however, have shown that joint morphogenesis starts
before cavitation (Nowlan and Sharpe, advance online publica-
tion). The consequences of incomplete or abnormal morphogen-
esis can be debilitating, such as in the case of developmental
dysplasia of the hip (DDH) which has a frequency of 5 per 1000
hips (Bialik et al., 1999). Despite the clinical relevance of joint
morphogenesis there is very little understanding about the factors
that drive the process (Pacifici et al., 2005).

A small number of studies have shown that foetal immobilisation
can alter joint shape development. Studies using neuromuscular
blocking agents to immobilise chicks embryos have found a reduc-
tion in width of the intercondylar fossa of the distal femur and of the
proximal epiphysis of the tibiotarsus and fibula during knee joint
morphogenesis (Roddy et al., 2011b), and up to a 50% reduction in
the epiphyseal width of the proximal and distal regions of the knee,
tibiotarsus and metatarsus (Osborne et al., 2002). Mikic et al. (2000)
reported morphological abnormalities including joint fusion and
non-interlocking joint shapes in the post-cavitational stages of joint
development. Similarly, studies of genetically modified “muscleless
limb” mice have revealed changes in joint morphogenesis, particu-
larly in the elbow and shoulder (Kahn et al., 2009; Nowlan et al.,
2010). Though it is clear that lack of motion affects joint shape
morphogenesis, few studies have explored the role of motion or
loading on joint shape in depth.

Only one computational study has explored the role of motion
on joint morphogenesis (Heegaard et al., 1999). An idealised planar
biomechanical model of the proximal interphalangeal joint was
used to simulate epiphyseal growth using a modified version of
the endochondral ossification theory proposed by Carter et al.
(1987), in which growth and shape depends on the biological
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growth (i.e. the intrinsic growth due to hormones, genes and
nutrients), and mechanical growth (i.e. region-specific growth due
to muscle, ligament and joint forces). The model predicted the
development of congruent surfaces within the joint region and
was the first mechanobiological simulation of any aspect of
prenatal joint development. While the Heegaard et al. (1999)
study was undeniably ground-breaking, there are a number of
ways in which it can be advanced upon. Firstly, examining pre-
cavitation time-points would show the influence of static loads
before motion occurs. Morphogenesis has been shown to com-
mence prior to cavitation (Nowlan and Sharpe, advance online
publication), and therefore static loading prior to cavitation may
play a role in early joint shape. Secondly, experimental studies
indicate that static compressive loading inhibits cartilage growth
(Burton-Wurster et al., 1993; Guilak et al., 1994) while cyclic
compressive loading promotes growth (Kim et al., 1994; Korver
et al., 1992; Parkkinen et al., 1992), and so a mechanobiological
theory specific to these properties of cartilage growth would
provide a significant insight. Finally, using multiple loading con-
ditions and longer iteration times could enable a range of realistic
joint shapes to be obtained.

In this study, we propose a 3D mechanobiological simulation of
joint morphogenesis in which the effects of a range of movements
and different initial joint shapes are explored. Following previous
studies, growth and adaptation are directed by biological and
mechanobiological factors. Both pre- and post-cavitational phases
of joint development are simulated, representing static and
dynamic loading phases respectively. Prior to the onset of sponta-
neous muscle contracts in the limb, we assume that pre-
cavitational joints experience static loading due to growth related
strains (Henderson and Carter, 2002). We use idealised shapes to
represent a generic ball and socket joint and a generic hinge joint,
and apply movement patterns typical for these joints in order to
predict the effects on shape development. We also examine the
effect of rigid paralysis on joint shape by growing a joint when no
movement is applied.

2. Methods

2.1. Model geometry and material properties

Three idealised geometries of common joint configurations were created in
Abaqus (Dassault Systemes, CAE module, version 6.12), where all configurations
consisted of two opposing cartilage rudiments and a synovial capsule. A hinge joint
configuration was composed of two cylindrical rudiments of the same dimensions

with hemispherical opposing ends, with the distal rudiment at an initial angle of
451 to the vertical proximal rudiment, as shown in Fig. 1-A. A ball-and-socket
configuration was composed of a distal cylindrical rudiment opposed to a flat
proximal rudiment representing a bone such as the pelvis or shoulder, as shown in
Fig. 1-B. A similar configuration to the hinge was used for the rigid paralysis
configuration, except that the two rudiments were aligned, as shown in Fig. 1-C.
As these configurations are intended to be generic and not to be representative of
any particular species or animal, the initial dimensions (as shown in Fig. 1) were
arbitrary, and size changes due to growth or adaptation were analysed as relative to
the initial size. For the purposes of performing sensitivity analyses, 2D versions of
the 3D models were used. The 2D models predicted the same geometrical changes
as a midline longitudinal section of the 3D versions for the range of loading
regimes.

The synovial capsule was modelled as a sphere surrounding the joint,
(truncated at its extremes in order to decrease the number of elements) with a
maximal diameter of 10 mm and large enough to contain the joint throughout
movement sequences (Fig. 1-D). In order to quantify the effects of inclusion of the
synovial capsule, 2D hinge simulations were run both with and without the
capsule. Based on the stage of joint development being modelled, the rudiments
were assumed to be fully cartilaginous (Gardner and O’Rahilly, 1968). All cartilage
material properties were assumed to be linear elastic, isotropic and homogeneous.
The Young0s modulus for cartilage (E¼1.1 MPa) was taken from four-point bending
tests on un-mineralised embryonic mouse ribs (Tanck et al., 2004) and the cartilage
Poisson0s ratio taken as v¼0.49 to reflect the incompressibility of the fluid in the
cartilage at short time scales (Armstrong et al., 1984; Carter and Beaupré, 1999;
Wong et al., 2000). The Young0s modulus of the synovial capsule was E¼0.287 kPa
(Roddy et al., 2011a), and its Poisson0s ratio was v¼0.4 (McCarty et al., 2011).

2.2. Loading conditions

In all models, the proximal rudiment was fixed at its proximal end. At rest, the
bottom rudiment was located 0.2 mm from the top rudiment0s lower surface
(Fig. 1). Static and dynamic loading were represented by an applied displacement of
the distal rudiment towards the proximal (upper fixed) rudiment. In the pre-
cavitational phase, prior to the onset of muscle contractions, static loading due to
growth-related strains (Henderson and Carter, 2002) was represented by the
constant application of an axial displacement on the distal rudiment towards the
proximal rudiment in the starting configuration. In the post-cavitational phase,
after the onset of muscle contractions, joint loads were represented by a number of
steps during which a displacement was applied to the lower surface of the distal
rudiment towards the proximal element, with the angle and position of the
displacement determined by the type of movement being applied. The magnitude
of the displacement applied, 10 μm, remained constant throughout all simulations.
Based on approximations of muscle cross sectional area (as a percentage of
rudiment width) and allowable maximum embryonic muscle stress of S¼
1.11 mN/mm2 (Nowlan et al., 2008), we estimated the likely muscle force to be
on the order of 0.1 mN. An applied displacement of 10 mm resulted in a force of
approximately this magnitude. In the absence of data on the magnitude of growth
related strains in the developing joint, the same displacement was used for the
static phase. Two static iterations (pre-cavitation with no motion) and eight
dynamic iterations (post-cavitation with motion) were included in the hinge and
ball-and-socket simulations. In the hinge model, a single plane motion was applied
from 451 to 1201 in each iteration, as shown in Fig. 1-A, at angles of 451, 901 and
1201, while the ball-and-socket model was loaded under a multi-plane motion

Fig. 1. Configuration of the models. (A) Hinge model configuration, with the initial rudiment at an initial angle of 451 to the vertical proximal rudiment. (B) Ball-and-socket
configurationwith a distal cylindrical rudiment opposed to a flat proximal rudiment. (C) Rigid paralysis configuration, the two rudiments are aligned along their vertical axis.
(D) Section of the rigid paralysis configuration with synovial capsule.
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from 401 to 01 to �401 in two planes perpendicular to each other as shown in
Fig. 1-B. Rigid paralysis, where the muscles are in continuous tetanus (Roddy et al.,
2011b) was represented by the constant application of an axial displacement, as
shown in Fig. 1-C, assumed to be static loading due to the lack of dynamic muscle
contractions. The paralysis model was also run in 2D with the distal rudiment at
�601 to the proximal rudiment. Frictionless impenetrable contact was modelled
between all the components of the models.

2.3. Growth rate

Growth and morphogenesis of the rudiments were controlled by biological and
mechanical growth rates so that the growth rate dε=dt was as follows:

dε
dt

¼ dðεbÞ
dt

þdðεmÞ
dt

with _εbthe biological contribution to growth and _εm the mechanical contribution to
growth (Shefelbine and Carter, 2004). Following Heegaard et al. (1999), _εb was
considered to be proportional to the chondrocyte density. The equation for local
chondrocyte density along the long axis of a rudiment was calculated by Heegaard
et al. (1999) by fitting a polynomial curve to the grey level distribution on a sagittal
micrograph of a joint, where darker areas indicated higher chondrocyte density.
The chondrocyte density Cd is greater towards the ends of the rudiments and lower
towards the diaphysis, and therefore expressed by the formula

_εb ¼ Cd ¼ kð0:14�0:87ξþ4:40ξ2�2:66ξ3Þ

with Cd being the chondrocyte density, k¼11�103 being a constant determining
the amount of biological growth, which is maintained in the range of 75–85% of the
total growth (Germiller and Goldstein, 1997), and ξ the distance along the
proximal-distal axis of the rudiment starting from the distal end (Heegaard et al.,
1999). The biological contribution to growth was assumed to be constant during
static and dynamic loading phases. The effects of alternative equations for the
chondrocyte density were also analysed in 2D versions of the hinge simulation.

The mechanical growth rate, _εm , was proportional to the compressive hydro-
static stress, sh. Previous experimental studies have found that static compression
significantly inhibits the synthesis of cartilage matrix proteins (Burton-Wurster
et al., 1993; Guilak et al., 1994) while dynamic compression stimulates matrix
production (Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992). Accordingly,
we implemented a mechanobiological theory in which static hydrostatic compres-
sion inhibits cartilage growth while dynamic hydrostatic compression promotes
cartilage growth. The mechanobiological growth rate was also considered to be
proportional to the chondrocyte density, based on the assumption that the greater
the number of cells, the greater the adaptation to mechanical loading. The overall
mechanobiological contribution to growth was therefore calculated at each node of
the model as the average stresses throughout a full joint motion using the formulae

below

_εm ¼ Cd

∑
N

i ¼ 1
shi

N

0
BBB@

1
CCCA; for static loads

_εm ¼ �Cd

∑
N

i ¼ 1
shi

N

0
BBB@

1
CCCA; for dynamic loads

where sh is the compressive hydrostatic stress, N the number of movement per
step and Cd the chondrocyte density.

2.4. Model implementation

During each iteration, the orthonormal thermal expansion capabilities of the FE
solver were utilised to allow isotropic expansion of the proximal and distal
rudiments with the sum of the biological and mechanobiological growth rates
used as the ‘temperature’ for expansion. This expansion occurred within an
unconstrained volume, representing the growth of the entire limb, which ensured
that the mechanical stresses due to motion were the dominant stimulus for shape
change rather than stresses due to contact of the two rudiments during growth.
The new geometry was then re-meshed and the two rudiments were automatically
realigned, so that the loading conditions could be applied again for another step of
growth. The size and shape of the synovial capsule remained the same for the
entire simulation. A simulation using biological growth rates only was also
performed for comparative purposes.

3. Results

3.1. Hydrostatic stress distribution

In all the models, the hydrostatic stresses close to the contact
regions were always compressive, as shown in Fig. 2. High
compressive hydrostatic stresses were also seen at the anterior
corner of the proximal rudiment of the hinge model due to the
fixed boundary condition (Fig. 2, arrows). The simulation in which
rigid paralysis was modelled induced a symmetric stress pattern
on the rudiments, as shown in the first (static) phase of the hinge
simulation (Fig. 2, left).

Fig. 2. Hydrostatic stress distribution during the first step of static and dynamic loading for the (A) hinge and the (B) ball-and-socket joint, respectively. In both joint models,
the highest hydrostatic compression stresses are seen within the region of contact between the two rudiments.
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3.2. Morphogenesis

When biological growth alone was applied, the rudiments
preserved their initial opposing convex surfaces as shown in
Fig. 3. In contrast, when the mechanical stimulus was included
in the simulation, the shape of the predicted growing joints
changed according to the movement pattern applied. When a
single plane motion from 451 to 1201 was applied, the proximal
rudiment showed a rounded convex profile in both posterior and
anterior regions, with more pronounced growth posteriorly (Fig. 4,
arrowhead). The distal rudiment showed similar features with a
less pronounced rounded convex profile in its posterior region and
the acquisition of a slight concave profile in the mid-line section
(Fig. 4, arrow). When a multi-plane motion from 401 to �401
degrees was applied between a flat and a cylindrical rudiment, the
flat rudiment showed a concave profile which partially enclosed
the rounded convex profile of the cylindrical rudiment (Fig. 5).
When only axial forces were applied under static loading condi-
tions, reproducing rigid paralysis, both the rudiments acquired a
flat shape within the joint region as shown in Fig. 6, similar to the
experimental results of Mikic et al. (2000). Flat opposing surfaces
were also predicted when the same simulation was run in 2D with
the distal rudiment at �601 to the proximal rudiment (data not
shown).

3.3. Sensitivity analyses

When simulations were run without a synovial capsule, small
differences in shape were found due to stress concentrations at the
contact regions, but similar patterns of growth for the models with
and without synovial capsule were predicted. Similarly, when a
linear approximation of the polynomial equation for chondrocyte
density was used there was no major effect on joint shape or
growth. Analysis of the effects of varying the relative influence of
the biological and mechanobiological contributions demonstrated
that with a higher biological contribution, the mechanobiological
contribution was too low to have an influence on the total growth

and joint morphology. With a lower weighting for the biological
contribution, the effects of the mechanobiological stimulus were
more evident with more extreme changes at the epiphyses and
decreased growth overall (data not shown for sensitivity analyses).

4. Discussion

We have developed the first 3D mechanobiological models of
prenatal joint shape development, which are capable of predicting
a range of joint shapes based on the starting joint configuration
and applied movements.

When a hinge movement from 451 to 1201 was applied, the
proximal rudiment acquired a rounded convex profile in its
posterior and anterior regions with a more pronounced growth
posteriorly, and the distal rudiment acquired a slight concave
profile in the middle, as shown in Fig. 4, suggesting the generation
of an interlocking joint shape such as the knee. When a rotational
movement from 401 to �401 was applied, the proximal rudiment
developed a clear concave profile in which the rounded convex
profile of the distal rudiment was contained at its proximal end, as
shown in Fig. 5, suggesting the generation of an interlocking joint
shape such as the hip or shoulder joint. When only axial forces
were applied under static loading conditions, reproducing rigid
paralysis, both the rudiments acquired a flat shape within the joint
region (Fig. 6) similar to the experimental results of Mikic et al.
(2000) for the immobilised interphalangeal joint.

Based on recent evidence that joint shape initiates prior to
cavitation (Nowlan and Sharpe, advance online publication), we
have modelled the development of the joint under both static and
dynamic loads, characteristic of pre- and post- cavitation, respec-
tively. We have developed a novel mechanobiology theory of
cartilage growth, based on experimental evidence from in vitro
stimulation of chondrocytes (Burton-Wurster et al., 1993; Guilak
et al., 1994; Kim et al., 1994; Korver et al., 1992; Parkkinen et al.,
1992). Despite the abundance of mechanobiological theories and
mechanobiological simulations relating to endochondral

Fig. 3. Joint morphogenesis prediction when only the biological contribution to growth was considered. (A) Sagittal view of the initial model. (B) Sagittal view of the
predicted joint shape after 2 steps. (C) Sagittal view of the predicted joint shape after 10 steps of growth. (D) Sagittal section after 10 steps of growth. Scale bar¼0.35 mm.
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Fig. 4. Joint morphogenesis prediction when a single plane motion from 451 to 1201 is applied. (A) Sagittal view of the initial model. (B) Sagittal view of the predicted joint
shape after 2 static steps of growth. (C) Sagittal view of the predicted joint shape after 2 static and 8 dynamic steps of growth. (D) Sagittal section after 2 staticþ8 dynamic
steps of growth. Scale bar¼0.35 mm.

Fig. 5. Joint morphogenesis predictionwhen a multi plane motion from 401 to �401 is applied. (A) Sagittal view of the initial model. (B) Sagittal section of the predicted joint
shape after 2 static steps of growth. (C) Sagittal section of the predicted joint shape after 2 static and 8 dynamic steps of growth. (D) Rotated view after 2 staticþ8 dynamic
steps of growth. Scale bar¼0.35 mm.

Fig. 6. Joint morphogenesis when the rigid paralysis was simulated. (A) Sagittal view of the initial model. (B) Sagittal view of the predicted joint shape after 2 static steps of
growth. (C) Sagittal view of the predicted joint shape after 10 static steps of growth. (D) Sagittal section after 10 static steps of growth. Scale bar¼0.35 mm.
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ossification (Carter et al., 1998; Claes and Heigele, 1999; Huiskes
et al., 1997; Lacroix and Prendergast, 2002; Lacroix et al., 2002;
Prendergast et al., 1997; Sarin and Carter, 2000; Stevens et al.,
1999), we are unaware of any mechanoregulation algorithm
specific to cartilage growth in a non-endochondral ossification
context. The growth law proposed by Heegaard et al. (1999) was
based upon a theory developed for endochondral ossification
(Carter et al., 1987), where hydrostatic compressive stress inhibits
and tensile stress promotes cartilage growth and ossification. In
contrast, our simulations focus specifically on joint epiphyses
which are entirely cartilaginous at the stages modelled (Gardner
and O’Rahilly, 1968), and it is likely that the mechanical stimuli for
growth and adaptation of epiphyseal cartilage are different than
those which influence endochondral growth and ossification.
These two processes are biologically distinct, as growth at the
growth plate is primarily due to chondrocyte hypertrophy
(Kronenberg, 2003), while cartilage growth at the epiphysis is
likely due to cell proliferation (Pacifici et al., 2005). Therefore, the
mechanobiological growth law proposed here is specific to epi-
physeal cartilage and is based upon experimental data showing
that cyclic hydrostatic compression stimulates matrix production
(Kim et al., 1994; Korver et al., 1992; Parkkinen et al., 1992) and
static compression inhibits the synthesis of cartilage matrix
proteins (Burton-Wurster et al., 1993; Guilak et al., 1994). However,
the new theory which we propose in not in conflict with the
theories previously proposed for growth plate cartilage, as in both
cases, compression provides a favourable environment for carti-
lage. In endochondral ossification, hydrostatic compression main-
tains the cartilage at the growth plate, while during epiphyseal
cartilage growth, hydrostatic compression promotes the formation
of more cartilage. This new theory for cartilaginous joint morpho-
genesis differentiates between static and dynamic loading condi-
tions, where static compressive loading inhibits cartilage growth
while dynamic compressive loading promotes it. In proposing a
mechanobiological theory for epiphyseal cartilage growth and
adaptation, we offer a biomechanical understanding of the influ-
ence of mechanical loading on joint morphogenesis.

Material properties of synovial capsule and cartilage were
assumed to be linear elastic, isotropic and homogeneous. Although
cartilage is a biphasic material (Roddy et al., 2011a), and the
synovial capsule is also likely to be the same (Roddy et al., 2011a),
we modelled our cartilage as single phase and near incompressible
(Poisson0s ratio of 0.49), based on previous studies which showed
that the fluid pressure in biphasic models is comparable to the
hydrostatic stress in the single phase models when loaded at
frequencies of 1 Hz (Carter and Wong, 2003; Shefelbine and Carter,
2004), which is close to the frequency of muscle contraction in
utero (Vaal et al., 2000) Muscles and ligaments were not explicitly
modelled as acting at specific location of the rudiment. However,
since our models are of generic joint shapes and configurations,
and do not apply to one specific species (or even limb) we
focussed on the joint motion likely to result from approximations
of common movement sequences.

In conclusion, this study presents how stresses generated
during static growth-related loading and dynamic post-
cavitational movements can influence prenatal joint morphogen-
esis. This study predicts joint shape morphogenesis in 3D using a
novel mechanobiology theory for cartilage growth. Our simula-
tions predict a range of anatomically recognisable joint shapes
based on the starting joint configuration and applied movement.
The significance of this research is that it provides new and
important insights into normal and abnormal joint development.
Understanding the factors driving joint morphogenesis at a very
early stage is critical for developing strategies for early diagnosis
and preventative treatments for congenital musculoskeletal
abnormalities, such as developmental dysplasia of the hip.
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Abstract 

Joint morphogenesis is an important phase of prenatal joint development during which the 

opposing cartilaginous rudiments acquire their reciprocal and interlocking shapes. At an early 

stage of development, the prenatal hip joint is formed of a deep acetabular cavity that almost 

totally encloses the head. By the time of birth, the acetabulum has become shallower and the 

femoral head has lost substantial sphericity, reducing joint coverage and stability. In this 

study, we use a dynamic mechanobiological simulation to explore the effects of normal 

(symmetric), reduced and abnormal (asymmetric) prenatal movements on hip joint shape, to 

understand their importance for postnatal skeletal malformations such as developmental 

dysplasia of the hip (DDH). We successfully predict the physiological trends of decreasing 

sphericity and acetabular coverage of the femoral head during fetal development. We show 

that a full range of symmetric movements helps to maintain some of the acetabular depth and 

femoral head sphericity, while reduced or absent movements can lead to decreased sphericity 

and acetabular coverage of the femoral head. When an abnormal movement pattern was 

applied, a deformed joint shape was predicted, with an opened asymmetric acetabulum and 

the onset of a malformed femoral head. This study provides evidence for the importance of 

fetal movements in the prevention and manifestation of congenital musculoskeletal disorders 

such as DDH. 
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Introduction 

During prenatal joint development, the two opposing cartilaginous rudiments of a joint 

develop their reciprocal and interlocking shapes through a process known as morphogenesis 

(Pacifici et al., 2005). Joint morphogenesis is a continuous process which commences prior 

to, and continues after, joint cavitation (Nowlan and Sharpe, 2014). Human hip joint 

morphogenesis has been described by Ralis and McKibbin (1973). At gestational week 11, a 

globular femoral head is almost completely enclosed by a deep-set acetabulum. From that 

time until birth, the acetabulum becomes shallower and the femoral head loses substantial 

sphericity, becoming more hemi-spherical. The coverage of the femoral head is at its lowest 

at birth (Ráliš and McKibbin, 1973), which most likely means that the hip joint is at its most 

unstable shape at this time. Alterations of the normal process of joint morphogenesis are 

highly relevant to postnatal skeletal malformations, particularly to developmental dysplasia 

of the hip (DDH). DDH occurs when the hip joint is malformed, unstable or dislocated, and 

occurs in 1.3 per 1000 births (Leck, 2000). Two types of dislocation have been defined 

(American Academy of Pediatrics, 2000). Teratologic dislocations occur early in utero, and 

are usually associated with neuromuscular abnormalities, while typical dislocations occur in 

utero or after birth in otherwise healthy infants. In the most severe cases of DDH, the femoral 

head is completely dislocated from the acetabulum, while in less severe manifestations, the 

femoral head is partially dislocated or easily dislocatable from the acetabulum (Ponseti, 

1978). The risk of DDH increases with abnormal fetal movements or suboptimal intrauterine 

conditions. Fetal breech position, particularly extended breech where the hips are flexed and 

knees extended, has been shown to increase the risk of hip instability and dysplasia 

(Luterkort et al., 1986; Muller and Seddon, 1953). Portinaro et al. (1994) hypothesised that 

ligamentous laxity or malpositioning in utero can lead to abnormal joint loading, where the 

femoral head can displace and encourage deformity. First-born infants are twice as likely to 
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be affected by DDH compared with the successive siblings (Record and Edwards, 1958), 

likely due to a narrower intra-uterine cavity in these pregnancies (Hinderaker et al., 1994). It 

has been proposed that the reason why the left hip has a higher risk of DDH than the right is 

due to the common position of the fetal left leg beside the mother’s spine, which limits hip 

abduction (Aronsson et al., 1994; Ward and Pitsillides, 1998). 

Despite the acknowledged influence of fetal movements on hip joint formation, the 

mechanism by which these movements affect joint morphogenesis is still unknown. Previous 

studies suggest that prenatal joint growth and shape depend on two major factors, the 

biological (i.e. intrinsic) growth, due to hormones, genes and nutrients, and the 

mechanobiological growth, due to muscle, ligament and joint forces (Giorgi et al., 2014; 

Heegaard et al., 1999). In this study, we develop a mechanobiological simulation of prenatal 

hip joint morphogenesis with which to propose and test hypotheses on how fetal movements 

impact upon the shape of the developing hip joint, in order to provide new insights into the 

normal physiology of joint morphogenesis and into the etiology of DDH. We predict growth 

and shape change of an idealised hip joint, correlate our predictions with human hip joint 

shape data, and investigate the effects of reduced, or asymmetric, movement at various stages 

of fetal development. We hypothesise that reduced movements due to suboptimal intrauterine 

conditions, or asymmetric loading on the acetabulum due to fetal breech position or increased 

joint laxity, may negatively influence hip joint shape at birth.  

Methods 

Model geometry and material properties 

An idealised 2D geometry of a simplified hip joint was created in Abaqus (Dassault 

Systemes, CAE module, version 6.12). The joint consisted of two opposing cartilage 

rudiments: the proximal femur and the pelvis, which included a concave acetabular region 
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(Figure 1-A). The interlocking shape was designed with the same proportions of a human hip 

joint at gestational week (GW) 11 of development (Ráliš and McKibbin, 1973), while the 

initial dimensions were arbitrary (Figure 1-A). The initial depth-to-diameter ratio of the 

acetabulum was approximately 75%, and the femoral head perfectly matched the acetabular 

shape with a height-to-diameter ratio of approximately 85% (Figure 1-A, B). The junction of 

the three cartilagineous ends of the ilium, ischium and pubis, known as the triradiate 

cartilage, is the site of radial acetabular growth during the fetal period (Portinaro et al., 1994; 

Scheuer and Black, 2004). The femoral head does not undergo secondary ossification until 

after birth (Scheuer and Black, 2004), and the models were entirely cartilaginous for the 

duration of the simulations. Cartilage (E= 1.1 MPa, ʋ =0.49) (Tanck et al., 2004; Wong et al., 

2000) was assumed to be linear elastic, isotropic and homogeneous (Carter and Beaupre, 

1999; Shefelbine and Carter, 2004). 

Movements and boundary conditions 

The pelvis was fixed for all translations and rotations at its proximal end and at its sides. In 

the case of normal (symmetric) movement, the shaft of the femur was initially aligned with 

the vertical axis of the pelvis in order to obtain a perfect match between the femoral head and 

the acetabulum (Figure 1-A). The explicit module of Abaqus (Dassault Systemes, CAE 

module, version 6.12) was used to simulate dynamic joint movements by applying a rotation 

to the centre of the femoral head. A complete cycle of motion included four different phases, 

a pre-load phase followed by three rotations of the femoral head around its centre. During the 

pre-load phase, an axial displacement of 1μm was applied on the distal rudiment towards the 

proximal rudiment, and this displacement was maintained through the entire motion to 

generate contact between the two rudiments. The three rotations were as follows: 1) 

anticlockwise rotation of the femoral head, from the midline position to the extreme left; 2) 

clockwise rotation, from left to right; 3) anticlockwise rotation of the femoral head to the 
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initial midline position. Frictionless, impenetrable contact was modelled between the two 

components of the model. 

Growth and morphogenesis of the hip joint from GW 11 to birth were modelled with 28 

cycles, where one cycle was equivalent to approximately one week. Two variables were 

identified as decreasing over the course of development, namely the rate of fetal growth (and 

therefore the rate of rudiment expansion) and the range of hip motion (Figure 1-C). By 

plotting the fetal weight change (Doubilet et al., 1997) on a logarithmic scale, we identified 

three stages during which the fetus grows at different rates (Figure 1-C), namely: 1) early 

stage, from GW 11 to 18; 2) middle stage, from GW 19 to 34; 3) late stage, from GW 35 to 

birth. The rate of rudiment expansion in the model was adapted according to the rate of fetal 

growth (Figure 1-C) and was implemented by varying the orthonormal thermal expansion 

capabilities of the finite element solver.  

There is very little information on the range of motion of the prenatal hip joint. However, 

fetal cine-MRI can now be used for viewing and assessing fetal movements (Hayat et al., 

2011). Using fetal cine-MRI data obtained from our collaborators (Profs Hajnal and 

Rutherford, King’s College London, UK), we were able to make a realistic estimate of the 

range of motion at the hip over gestation. Five MR images sequences, corresponding to 5 

subjects, were analysed and the maximum range of hip motion over the 1.5 minute average 

time frame of the scan was calculated. Scans were taken with a slice thickness of 30-40 mm 

(Hayat et al., 2011). The angle generated by the intersection of the spine line and the 

longitudinal axis of the femur was used to quantify the hip motion as shown in Figure 2-A, B. 

All the image sequences belonged to the middle stage of development: three in the early-

middle (GW: 21- 22) and two in the late-middle (GW: 29, 34) stages. The first set showed a 

maximum range of motion of 90° with an average value over the three sequences of 52°. The 

second set showed a maximum range of motion of 15° with an average value of 12.5°. 
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Because all the scans belonged to the middle stage, we assumed higher and lower range of 

motion for the early and late stages, with an intermediate value for the middle stage. 

Therefore, symmetrical movements from +/- 40° in the early stage, +/- 30° in the middle 

stage, and +/- 5° in the late stage were used to simulate the physiological range of hip motion 

over the course of development. In addition to physiological loading conditions, we explored 

the effects of altering movement patterns. Reduced movements were simulated by decreasing 

joint motion by approximately 80% at each of the three stages of development, as described 

in Table 1. Absent movements were simulated by retaining the femoral head in its initial 

position for the entire simulation without any rotation applied (but still maintaining the pre-

load compression). The effects of asymmetric movements were also simulated. Asymmetric 

movements differed from symmetric movements only for the initial configuration, where the 

longitudinal axis of the femoral head was rotated by 20° to the right of the vertical axis of the 

acetabulum (Figure 1-D). Rotations occurred about this new offset axis instead of the vertical 

axis. This new setup was also used to explore the effect of reduced asymmetric movements at 

each of the three stages of development as described in Table 1. Finally, simulations with a 

constant rate of rudiment expansion were run in order to separate out the influences of growth 

rate and range of movements on the resulting joint shape. 

Growth & Morphogenesis 

Growth and morphogenesis of the rudiments were controlled by biological and 

mechanobiological growth rates (Giorgi et al., 2014). The biological contribution was 

considered to be proportional to the chondrocyte density (Heegaard et al., 1999). For the 

femoral head, the chondrocyte density was greatest at the proximal epiphysis of the rudiment 

(Heegaard et al., 1999), while for the pelvic rudiment, the chondrocyte density was greatest at 

the acetabulum, as shown in Figure 3-A. We are unaware of any study quantifying the rate of 

expansion at the triradiate cartilage. However, by comparing the  rates of growth of the 
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murine long bones (Hansson et al., 1972) and the pelvis (Harrison, 1958), we calculated that 

during very early postnatal development, the pelvis grows at a rate which is close to the half 

that of the femur in the mouse. Therefore, we implemented our model so that the maximum 

value for the biological contribution at the acetabulum was half that of the femur. For 

sensitivity analysis purposes, simulations were also run with the same biological contribution 

between the pelvis and femur. The mechanobiological growth rate was proportional to the 

dynamic compressive hydrostatic stress generated by the movements (Giorgi et al., 2014). 

The overall mechanobiological contribution to growth was calculated at each node of the 

model as the average stresses throughout a full joint motion and was also weighted by the 

chondrocyte density, based on the assumption that the greater the number of cells, the greater 

the potential to respond to mechanical loading (Giorgi et al., 2014). The total growth was the 

sum of the biological and mechanobiological contributions as shown by the equations below 

(Giorgi et al., 2014): 
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Where  "̇ and  #̇ are the biological and mechanobiological contribution to growth 

respectively (Shefelbine and Carter, 2004), Cd the chondrocyte density, which is a function of 
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x, the distance from the end of the rudiment.  σh the compressive hydrostatic stress, and N the 

number of movements per step.   

Morphological changes due to growth or adaptation were analysed relative to the initial shape 

of the joint. The changes in shape were assessed over time by looking at two parameters, the 

“acetabular ratio” and the “femoral head ratio”. These parameters are derived from the 

measurements proposed by Ralis & McKibbin (1973) and as shown in figure 1-B. The 

congruence of the joint over the developmental period was assessed as the degree of joint 

coverage, which was measured as the length of the edges in common between the acetabulum 

and the femoral head. As a measure of asymmetry, we calculated the acetabular and femoral 

head skew factors (Figure 1-E). A reference point was identified using the centre of the initial 

acetabular cavity, the crossing point between its vertical and horizontal axes (Figure 1-A, E). 

This reference point was then kept constant over development, and the skew factor was 

calculated as the distance between this point and its most left and right extremities (Figure 1-

E). The same technique was used for the femoral head, where the skew factor was calculated 

as the distance between the rotational center, and the left and right extremes on the horizontal 

line through the reference point. 

Results  

Hydrostatic stress distribution 

The resulting hydrostatic stresses of an entire cycle of motion were always compressive, as 

shown by Figure 3-B, due to the two rudiments being always in contact. Stresses due to 

symmetric movements, when applied to the initial geometry, were higher in the acetabulum 

(especially in its rim) and along the distal curvature of the femoral head. When combined 

with the biological growth rates, the stresses generated by one full cycle of physiological 
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motion showed higher values of growth at the most proximal part of the femoral head and at 

the middle of the acetabulum (as shown in Figure 3-C).   

Morphogenesis  

When growth due to physiological symmetric movements was simulated, the model predicted 

a progressive opening of the acetabulum, making it increasingly shallow up to birth, and a 

gradual decrease in roundness of the femoral head with the onset of a flatter surface at its 

most proximal region (Figure 4–A, B). The predicted joint at birth had roughly half the 

acetabular coverage of the initial shape, but maintained a clear interlocking shape (Figure 4-

A). The predicted trends showed a striking similarity with the experimental data (Ráliš and 

McKibbin, 1973), as shown in Figure 4-B, C. The predicted decrease in the acetabular ratio 

over the course of the simulation is almost identical (although slightly shifted) as compared to 

the experimental curve, while our model predicts a faster decrease in femoral head roundness 

in the early phase of gestation than for the experimental data. When reduced movements at 

the early stage were simulated, the femoral head roundness decreased further and the 

acetabulum became shallower compared to the physiological predictions (Figure 5-A, B), 

resulting in a 60% decrease in acetabular coverage of the femoral head (as compared with the 

initial shape), and therefore potentially a less stable joint at birth. Reduced movements at the 

middle or late stage of development resulted in minimal joint shape changes from the 

physiological joint prediction (Figure 5-A). When absent movements were simulated the 

acetabulum became even shallower and the femoral head ratio decreased even further 

compared with the predicted shape for early reduced movements (Figure 5-A). Therefore, the 

presence of movements at the early stage were most critical in maintaining acetabular 

coverage of the femoral head, with reduced or absent movements in the early stage 

contributing to decreased coverage of the femoral head, and a likely reduction in joint 

stability. When, simulations were run with the same biological contribution between the 
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pelvis and femur, the results showed the onset of a non-interlocking joint shape 

(Supplementary Figure 1). When a constant rate of rudiment expansion was implemented, the 

results showed that the rates at which the acetabular ratio and the femoral head ratio 

decreased were inversely proportional to the ranges of movement (Supplementary Figure 2). 

Therefore, the reason why movement is most critical at the early stage of development is due 

to the higher rate of fetal growth (rudiment expansion) used during this stage. 

When an asymmetric movement pattern was applied, the acetabulum became increasingly 

open in the direction of the applied loads (Figure 6-A), leading to development of an 

asymmetric shape. The shape of the femoral head was also affected, showing a loss of head 

roundness and the onset of a malformed overall shape (Figure 6-A). The predicted shape is 

similar to the deformed shape typical of a dysplastic hip joint as shown in figure 6-B. When 

asymmetric movements were reduced, or absent completely, a deeper acetabulum was 

predicted for simulations with reduced early, or absent movements, than for simulations with 

a full range of asymmetric movements, or reduced movements in the middle or late stages 

(Figure 7-A). By measuring the acetabular skew factor (Figure 1-E), we observed that the 

simulations with a full range of asymmetric movement throughout, or full asymmetric 

movement at the early stage, resulted in a more asymmetric acetabular shape compared with 

other asymmetric simulations (Figure 7-B). This suggests that, in case of asymmetric loading, 

the higher the range of movement at an early stage, the higher the likelihood of a skewed, 

shallower acetabulum. Therefore, asymmetric movements have the opposite effect on 

acetabular shape than symmetric movements. No influence of reduced or absent asymmetric 

movements, as compared to a full range of asymmetric movements, was found for the 

femoral head roundness or skew factor (data not shown), which always exhibited the 

asymmetric profile shown in Figure 6. 
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Discussion 

In this study we describe a dynamic mechanobiological simulation of the prenatal hip joint 

with which we explore the effects of normal, reduced and asymmetric fetal movements on 

hip joint growth and morphogenesis, providing insight into the normal physiology of the hip 

joint and the etiology of DDH. The predicted joint shapes when physiological, symmetric 

movements was applied well approximated the anatomical changes in shape reported in the 

literature for fetal human hip joint development (Ráliš and McKibbin, 1973). In our 

predictions, the acetabulum progressively opened and the femoral head showed the onset of a 

flatter surface at its proximal end over development (Figure 4-A, B). The overall joint shape 

changes replicated the trends of human hip joint development, where its natural growth and 

development leads to a decrease in coverage of the femoral head while maintaining its 

interlocking shape (Figure 4-A, B, C).  

When reduced symmetric movements at the early stage of development were simulated, the 

joint maintained its interlocking shape at birth but the femoral head roundness decreased and 

the acetabulum became shallower (Figure 5-A, B). Our results suggest that fetal movements 

tend to minimise the natural trend of decreasing stability (Figure 5-A). When, for sensitivity 

analysis, symmetric movements with a constant growth rate (rudiment expansion) were 

simulated, the rates at which the acetabular ratio and the femoral head ratio decreased were 

inversely proportional to the ranges of movement. This indicates that, with a constant growth 

rate, the larger the range of movement, the greater the acetabular depth and femoral head 

roundness. The shape predicted under early reduced movements would likely be less stable at 

birth than under normal physiological conditions due to the loss of joint coverage, which 

would increase the risk of subluxation or dislocation of the hip. When reduced movements at 

the middle or late stage of development were simulated, minimal changes in joint shape 

compared to growth under physiological movement were observed (Figure 5-A), suggesting 
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that movement in the early stage of development is the most critical for joint shape. This may 

explain why the hip joint is so severely affected in cases of paralytic dislocations, where 

movement may have been reduced or absent from an early stage of development. When an 

asymmetric movement pattern was simulated, the predicted joint shape was abnormal: the 

acetabulum opened in the same direction as the applied loads and the femoral head lost its 

roundness, showing an overall deformed shape of the joint typical of hip dysplasia as shown 

in Figure 6-B. Acetabular depth and skew were exacerbated with greater asymmetric 

movement ranges (Figure 7-B), suggesting that increased movements in the case of mal-

positioning or joint laxity in utero may actually increase the risk of DDH.  

Although the shape of the joint and movement patterns have been simplified in this model, 

our simulations predicted similar anatomical changes in shape to the experimental 

measurements presented by Ralis & McKibbin (1973) (Figure 4-C) allowing us to explore the 

effects of normal, reduced and abnormal prenatal movements on hip joint shape. While the 

predicted decrease in the acetabular ratio was almost identical (although slightly shifted), the 

decrease in femoral head ratio was faster, especially in the early phase of gestation, compared 

to the experimental curve (Figure 4-B, C). The difference in the predictions may be due to the 

shapes used, as while the simple profile used for the acetabulum is likely to represent the 

structure fairly well, the symmetric shape used for the femoral head is much simpler than the 

reality. Accurate 3D shapes of prenatal joints are currently not available, but we expect that if 

a more realistic femoral head shape were to be included in our model, more accurate results 

would be obtained from our simulations. We are unaware of any previous studies showing 

the physiological range of motion of the prenatal hip. For this study, the maximum range of 

hip motion at different stages was gathered by analysing different MR imaging sequences of 

the developing fetus. Even if the actual range of motion used may not perfectly match with 

the real physiological motion, the reduced trend of physiological symmetric movements over 
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time reflect the finding of Hayat et al. (2011). In this study, we assumed that during normal 

development the movement at the fetal hip joint is symmetric, based on previous observations 

that at the very early prenatal age the femoral head is almost fully covered by the acetabular 

cavity (Ráliš and McKibbin, 1973) minimising all translations. Conditions such as fetal 

breech position or joint laxity (Luterkort et al., 1986; Muller and Seddon, 1953; Portinaro et 

al., 1994) which are risk factors for DDH (Ponseti, 1978; Portinaro et al., 1994), were 

assumed to lead to asymmetric movements at the hip, due to the loss of the distributed 

pressure patterns that these conditions may generate. All the simulations were run using 2D 

dynamic models, due to the lack of access to fetal realistic hip joint shapes. However, as 

stated in our previous study (Giorgi et al., 2014), minimal additional insights on the effects of 

joint motion on shape could have be gained by using 3D simulations in the absence of 

realistic joint shape. 

In conclusion, this study demonstrates that normal fetal movements are important for the 

emergence of hip joint shape and coverage. The natural tendency of the developing hip joint 

is to decrease in sphericity and acetabular coverage of the femoral head between 11 

gestational weeks and birth (Ráliš and McKibbin, 1973) and our model predicted these 

physiological trends. We show that physiological, symmetric movements help to maintain 

some of the acetabular depth and femoral head sphericity while reduced movements at an 

early stage of development or completely absent movements, such as could occur from a 

neuromuscular disorder, lead to decreased sphericity and acetabular coverage of the femoral 

head, increasing the risk of subluxation or dislocation of the hip. We also show that 

asymmetric movements, which we hypothesise to result from fetal breech position or 

increased joint laxity, lead to an abnormal hip joint shape with characteristics of DDH such as 

a malformed femoral head and an asymmetric shallower acetabulum which increase the 

likelihood for the femoral head to dislocate (Larsson et al., 1991; Ziegler et al., 2008). 
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Therefore, this research provides evidence for the importance of fetal movements in 

promoting normal hip joint morphogenesis, particularly joint coverage, and an explanation 

how abnormal movements could lead to joint instability and DDH in the infantile hip. 
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List of Figures: 

Figure 1. A) Dimensions of initial model of concave pelvis and spherical femoral head 

region. B)  Changes in shape were assessed by the measurements proposed by Ralis & 

McKibbin (1973), where the acetabular shape was assessed by the ratio between the deepest 

height (a2) to the greatest width (a1) of the acetabular cavity, and the femoral head shape was 

assessed as the ratio between the greatest height (h2) as measured perpendicularly to the 

greatest diameter, and the greatest diameter (h1) of the femoral head. C) Changes in fetal 

weight on a logarithmic scale (extracted from data from (Doubilet et al., 1997) taken as a 

measure of the rate of fetal growth. Three stages of fetal growth were identified by fitting 

lines to regions of the growth curve; the movements applied for each stage are superimposed.  

D) Initial configuration used for the abnormal (asymmetric) movement; the femoral head is 

rotated 20° to the right of the vertical axis of the acetabulum. E) Method used to calculate the 

acetabular and femoral head skew factors; the former measured as the ratio of the distances 

between a reference point, calculated as the centre of the initial acetabular cavity, and the left 

(x1) and right (x2) extremities of the acetabular space, the latter as the ratio of the distances 

between a reference point, calculated as the centre of the initial femoral head, and the left (y1) 

and right (y2) extremities which lie on the horizontal line passing through the reference point 

of the femoral head. 

Figure 2. A) Two timeframes from a fetal cine-MRI at 22 gestational weeks showing a hip 

flexion-extension range of 88°. B) Timeframes from a fetal cine-MRI at 34 gestational weeks 

showing a hip flexion-extension of 11°. These data were used to estimate the range of motion 

at the hip over gestation. Fetal cine-MR images courtesy of Professors Hajnal and 

Rutherford, Kings College London, UK. 
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Figure 3. A) Biological contribution to growth; for the femoral head the chondrocyte density 

was greatest at the proximal end of the epiphysis, while for the pelvis the density was highest 

at the centre of the acetabulum. B) Resulting hydrostatic stresses, averaged over the first full 

cycle of physiological motion. Stresses were higher along the acetabular rim and at the 

regions of curvature of the distal femoral head. C) The stresses generated by the combination 

of biological and hydrostatic stresses lead to higher values of growth at the proximal end of 

the femoral head and at the center of the acetabulum. 

Figure 4. A) Predicted hip joint morphogenesis under physiological symmetric movements; a 

progressive opening of the acetabulum and a gradual decrease in roundness of the femoral 

head were predicted. B) Quantification of the changes in shape based on the acetabular shape 

and femoral head roundness parameters. C) Changes in human hip joint shape over 

development measured experimentally by Ralis & McKibbin (1973).  

Figure 5. A) The effects on acetabular and femoral head shape of reduced movements at each 

stage of development (early, middle and late) and of a complete absence of movements. 

When movements were reduced at the early stage, the acetabulum became shallower and the 

femoral head roundness decreased compared to the predictions for physiological movements. 

Reduced movements in the middle and late stages of development resulted in minimal joint 

shape changes. When absent movements were simulated, the shape changes were similar to 

those of the early reduction simulation, with the predicted joint shape for absent movement 

having a slightly shallower acetabulum than that of the early reduction. B) Predicted shapes 

under physiological movements (blue) and early reduction of movements (red). When 

movements were reduced in the early stage, a less rounded femoral head and a shallower 

acetabulum were predicted. 
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Figure 6. A) Predicted joint morphogenesis under asymmetric movements; a progressive 

opening of the acetabulum in the direction of the applied loads was predicted, while the 

femoral head showed a loss of head sphericity and malformation on the medial side. B) The 

predicted hip joint shape at birth when asymmetric loading occurs is similar to the hip joint of 

a 30 month old infant affected by DDH. Image adapted with permission from Dr Frank 

Gaillard from website www.radiopaedia.org. 

Figure 7. A) The effects of reduced asymmetric movements on acetabular shape and B) skew 

factor at each stage of development (early, middle and late) and under a complete absence of 

movements. With a full range of asymmetric movement, or reduced movement at the middle 

or late stages, the predicted acetabular shape was shallower than for simulations with no 

movement or with reduced movement in the early stage. 

List of Tables: 

Table 1 – Ranges of motion, in degrees, applied about an axis during each stage of 

development for simulations involving symmetric and asymmetric movements. When 

symmetric movements were applied, the centre of the axis of rotation was through the 

midline of the femoral head, with the initial position of the femoral head being perpendicular 

to the acetabulum. Equivalent reductions in the early, middle, late stages, and absent 

movements, were also simulated for the abnormal initial position of the femur which was 

rotated 20⁰ to the right. 
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