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Abstract 

Bone growth and development is highly sensitive to the mechanical loading to which it is subjected. 

Due to its adaptive ability, abnormal loading can cause the bone to develop in an abnormal way. The 

mechanical loading both comes from external forces which depend on the physical activity and 

internal forces which come from the muscles that are attached to the bones. Motion disorders, such 

as cerebral palsy, often involve spastic muscle tone in the lower limbs which both causes altered 

internal loading and external loading in how it contributes to altered gait pattern. Several bone 

deformities are seen in patients with cerebral palsy in which two commonly occur at the femur neck. 

These are increased neck shaft angle (coxa valga) and increased femoral anteversion angle. 

Studies investigating femoral deformation in patients with cerebral palsy have been made in regards 

of using mechanobiological principles (the osteogenic index), to predict these previously mentioned 

deformities by using gait data from typically developing children and children with cerebral palsy. 

The osteogenic index is calculated from stresses acting in the octahedral plane; the hydrostatic stress 

and octahedral shear stress. The hypothesis is that octahedral shear stresses in growth plates induce 

growth while compressive hydrostatic stresses in the growth plates prohibit growth. 

The objectives of this study were to determine how muscle forces contribute to the stress state in the 

proximal femur and to use the osteogenic index to predict their effect on growth. The focus was on 

the femoral neck as it was of interest to see how individual muscles groups contributed to the 

development of the femoral anteversion angle and the neck shaft angle. 

This was performed by evaluating gait data from one typically developing child and two children 

with cerebral palsy by using musculoskeletal modelling and finite element modelling of the femur. 

Magnitudes of the muscle forces were obtained by importing data from gait analysis into 

musculoskeletal modelling software. The muscle activity, net moment arms and forces were 

obtained by inverse dynamics and the magnitudes of each muscle force acquired through static 

optimization which used the muscle activity as an optimization criteria. The hip contact force was 

then found taking into account optimized muscle activity. The muscle forces and the hip contact 

force were then transferred into a finite element model of the femur where they were applied as point 

forces, and stress analysis of the femur neck was carried out. Muscle forces were then both applied 

all at the same time and successively applied one at a time. Finally were changes in the calculated 

osteogenic index at the estimated growth plate observed. 

The results showed that the effects of the muscle forces could be seen when comparing load case 

where all of the muscle forces were applied at the same time to the load case where only the hip 

contact force was applied. In all three children a tendency for increase of femoral anteversion angle 

was indicated. A decrease in the neck shaft angle was predicted for the typical developing child and 

one of the children with cerebral palsy, whereas inclination of the neck shaft angle was predicted for 

the other child with cerebral palsy. The trend of the change in the calculated osteogenic index was 

similar throughout the different muscle groups. The hip abductors were however the muscle group 

that deviated significantly from the trend both in terms of magnitude and contribution to the increase 

in femoral anteversion angle whereas other muscle groups contributed to the decrease in the femoral 

anteversion angle. 

It should be noted that the stress analysis was highly sensitive to the choice of boundary conditions, 

which should be investigated further in future studies. Introducing both subject-specific 

musculoskeletal models and subject-specific finite element models would also help improve the 

reliability and accuracy of the results. Better understanding of how muscle forces contribute to bone 

development can be beneficiary to help developing treatment plans for patients with motion 

disorders to improve function and gait kinematics and to minimize abnormal bone development. 
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Sammanfattning 

Bentillväxt och utveckling är mycket känslig för mekanisk belastning. På grund av sin adaptiva 

förmåga kan onormal belastning orsaka att benet utvecklas på ett icke önskvärt sätt. Den mekaniska 

belastningen utgörs av både yttre krafter så som fysisk aktivitet och inre krafter från de muskler som 

fäster vid benen. Störningar i rörelsemönstret, så som cerebral pares, innebär ofta spastisk tonus i de 

nedre extremiteterna, som både orsakar förändrad inre belastning och yttre belastning med förändrat 

gångmönster. Flera benmissbildningar ses hos patienter med cerebral pares där två av dessa inträffar 

vanligen vid lårbenshalsen. Dessa är ökad halsaxelvinkel (Coxa Valga) och ökad 

lårbensanteversionsvinkel. 

Studier som undersöker lårbenets deformation hos patienter med cerebral pares har utförts med 

mekanikbiologiska principer (osteogena indexet). Detta för att förutsäga tidigare nämnda 

missbildningar genom att använda gånguppgifter från typiskt utvecklade barn och barn med cerebral 

pares. Det osteogena indexet beräknas från hydrostatiska spänningar och oktaedriska 

skjuvspänningar verkande i det oktaedriska planet. Hypotesen är att oktaedriska skjuvspänningar i 

epifysplattor medför tillväxt medan tryckhydrostatiska spänningar i tillväxtplattorna hindrar tillväxt. 

Målen för denna studie var att bestämma hur muskelkrafter bidrar till spänningstillståndet i 

proximala lårbenet och att använda det osteogena indexet för att förutsäga deras effekt på tillväxten. 

Fokus låg på lårbenshalsen eftersom det var intressant att se hur olika muskelgrupper bidragit till 

utvecklingen av lårbensanteversionvinkel och halsaxelvinkel. 

Detta utfördes genom att utvärdera gångdata från ett typiskt utvecklat barn och två barn med cerebral 

pares med muskuloskeletal modellering och finita element modellering av lårbenet. 

Muskelkrafternas storlek erhölls genom att importera data från gånganalys i  programvara för 

muskuloskeletal modellering. Muskelaktiviteten, d.v.s moment och krafter erhölls genom invers 

dynamik och storleken på varje muskelkraft togs fram genom statisk optimering vilken använde 

muskelaktivitet som ett optimeringskriterium. Kontaktkraften vid höften togs fram med hänsyn till 

optimerad muskelaktivitet. Muskel- och kontaktkrafter från höften överfördes sedan till en finit 

elementmodell av lårbenet där de applicerades som punktkrafter och spänningsanalys av femur 

halsen utfördes. Muskelkraferna applicerades dels alla på en gång och applicerades dels successivt 

en i taget. Detta för att observera förändringar i det beräknade osteogena indexet på den uppskattade 

tillväxtplattan. 

Resultaten visade att effekterna av muskelkrafterna kunde ses vid jämförelse av lastfallet där alla 

muskelkrafter applicerades samtidigt till det lastfall där endast kraften från höften tillämpades. Alla 

tre barnen hade en tendens till ökning av lårbensanteversionvinkel. En minskning i axelvinkeln var 

observerades hos ett typiskt utvecklat barn och ett av barnen med cerebral pares, medan lutning av 

axelvinkeln observerades hos det andra barnet med cerebral pares. Förändringen i det beräknade 

osteogena indexet var likartad i de olika muskelgrupperna. Höft abduktor var dock den muskelgrupp 

som avvek kraftigast från trenden både i fråga om omfattning och bidrag till ökningen av 

lårbensanteversionvinkeln medan andra muskelgrupper bidrog till minskningen av 

lårbensanteversionsvinkeln. 

Det bör noteras att spänningsanalysen var mycket känslig för valet av randvillkor, vilket bör 

undersökas ytterligare i framtida studier. Införandet av både ämnesspecifika muskuloskeletala 

modeller och ämnesspecifika finita elementmodeller skulle också bidra till att förbättra 

tillförlitligheten och noggrannheten i resultaten. Bättre förståelse för hur muskelkrafter bidrar till 

bentillväxt och utveckling kan vara till hjälp vid behandling av patienter med rörelsestörningar för 

att förbättra deras gång samt att minimera onormal benutveckling. 
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1 Introduction 

The bones in the human skeleton serve multiple roles in the body. They store minerals 

and nutrition, protect the internal organs, support the body and carry its weight 

throughout daily activities and exercises. The long bones in the body also act as levers 

that magnify the force and speed of our movements. Apart from this, bones provide 

attachment sites for the muscles, tendons and ligaments. The bone tissue is highly 

sensitive to dynamic activities and loading as well as disuse and immobilization (Hamill 

& Knutzen, 2009), therefore the loading from external forces, muscles and gravity will 

influence the way that the bone grows. This was recognized by Julius Wolff, a German 

anatomist and surgeon, who in 1892 stated that “Every change in the form and function 

of a bone or of their function alone is followed by certain definitive changes in their 

internal architecture and equally definite secondary alteration, in their external 

conformation, in accordance with mathematical laws” (Wolff, 1896). This means that 

the bone will adapt itself to the loads it is introduced to in a way that it will get stronger 

to resist the loading it is frequently subjected to and will get weaker if subjected to low 

loading or no loading at all. This statement is referred to as Wolff¨s law. 

Due to this adaptive ability of the bone, abnormal loading can cause the bone to develop 

in an abnormal way. One, of many, motion disorders prone to cause abnormal loading is 

cerebral palsy (CP). Extensive research has been done on CP (Gage, Schwartz, Koop, & 

Novacheck, 2009) and a few in particular on skeletal deformities in patients with CP 

(Carriero et al., 2012; Carriero, Jonkers, & Shefelbine, 2011; Shefelbine, 2002). These 

studies have more specifically investigated femoral deformities due to the significant 

role the femur and the hip joint play in normal gait. 

1.1 Femur 

The femur is a long bone and as well as being the largest bone in the body, it is the only 

bone in the thigh.  The femur carries a large percentage of the body weight and for 

several activities it needs to be able to carry load that corresponds to several times body 

weight. It has been shown that the load that the femur experiences e.g. during stair 

climbing is up to about 250 % of body weight (Bergmann et al., 2001).  

The proximal femur consists of the femoral head, femoral neck and lesser and greater 

trochanters, the intermediate femur is called the femur shaft and the distal femur is 

divided into lateral and medial condyles and the patellar surface (Figure 1).  
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Figure 1: The femur and anatomical definitions (Figure adapted from http://encyclopedia.lubopitko-

bg.com/Pelvic_Girdle.html - retrieved 27th of June 2014). 

The proximal femur is connected to the pelvis acetabulum via a ball-in-socket joint 

(Figure 2 left). It allows rotation in all the cardinal planes, sagittal, transverse and 

frontal (Figure 2 right) and it is also the most mobile joint in the body (Hamill & 

Knutzen, 2009). Flexion and extension of the lower limb is defined in the sagittal plane, 

rotation in the transverse plane and abduction and adduction in the frontal plane. 

 

Figure 2: The hip joint is a ball-in-socket joint and allows movement in the transverse, sagittal and frontal 

plane (Figure to the left adapted from http://www.hss.edu/images/articles/hip-illustration.jpg - retrieved 27th 

of May 2014) (Figure to the right adapted from (Hamill & Knutzen, 2009). 
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Despite the mobility of the joint it is also the most stable one in the body. It has good 

support from muscles and ligaments but gravity and negative pressure (vacuum) in the 

joint is the primary reason for its stability since the femur head would stay intact in the 

acetabulum without any muscles or ligaments present. The distal end of the femur 

articulates with the tibia through a condylar joint which allows flexion extension and a 

small amount of rotation and translation (Hamill & Knutzen, 2009). 

1.1.1 Bone development 

The formation of bones is called ossification. It 

can, in a simplistic way, be explained as a 

replacement of an existing tissue by the continuous 

work of the two types of bone cells called 

osteoblasts and osteoclasts. The osteoblasts create 

bone by producing organic fibers which calcify 

with time and the osteoclasts break down bone and 

bring soluble calcium into the bloodstream. The 

balanced work between these two types of cells 

will keep the bone mass constant and continuously 

recycled (Hamill & Knutzen, 2009). 

Bones are made from two types of bone tissue, 

cancellous bone and cortical bone. The cancellous 

bone has a lattice like structure and is often 

referred to as spongy bone due to its low density 

and high porosity whereas the cortical bone is the 

stiff outer shell of the bone and often referred to as 

compact bone.  

Bone development starts with flexible tissue made from cells called chondrocytes. This 

tissue is called hyaline cartilage and is first formed in the embryo in the first four weeks 

after fertilization (Shefelbine, 2002). The cartilage consists of water (60%-80%), 

collagen protein and a highly hydrated gel called proteoglycan. The two latter materials 

form a solid extracellular matrix, where the collagen fibers are randomly orientated.  

Long bones grow and develop primarily through cell formation in the growth plates 

(latin: epiphyseal plates) called endochondral ossification. The steps of bone 

development are illustrated in Figure 4 and can in a simple manner be explained in the 

following way: first the osteoblasts will form a calcified collar around the diaphysis of 

the cartilaginous model. Primary ossification center develops in the center of the 

diaphysis and starts to deteriorate the cartilage resulting in formation of cavities. 

Vascular connective tissue (periosteal bud) then invades the cavities and formation of 

spongy bone tissue starts. The epiphysis will then be split in two parts by columns of 

chondrocytes which then calcify and form the cortical bone of the diaphysis. As the 

bone lengthens by ossification in the distal epiphyseal plate, pushing the epiphyses 

apart, osteoclasts create the medullary cavity of the diaphysis. At each end of the bone, 

secondary ossification centers develop (Longenbaker, 2013). 

Figure 3: Definitions epiphysis, 

metaphysis and diaphysis (Figure 

adapted from Hamill & Knutzen, 2009). 
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Eventually the calcified cartilage matrix in the secondary ossification centers will form 

the spongy bone tissue. The bone formation process is completed when a lamellar bone 

shell of cortical bone shell develops at the proximal and distal epiphyses (Shefelbine, 

2002) 

 

Figure 4: Steps of bone formation from cartilaginous model to fully developed femur (Figure adapted from 

http://classes.midlandstech.edu/carterp/Courses/bio110/chap06/chap06.html - retrieved 15th of May 2014). 

However, even when the femoral head has calcified, hyaline cartilage, called articular 

cartilage, will remain in the joint contact regions where it has an important role. It 

distributes the load over the bone surface and allows movement in the joint with 

minimal friction. Comparing the friction coefficient with ice, 0.1, it is about 0.01-0.04 

for articular cartilage(Hamill & Knutzen, 2009). Articular cartilage is anisotropic and 

viscoelastic and is therefore well suited to handle shear forces and transfer compressive 

forces across the joint (Hamill & Knutzen, 2009). 

The bones continue to lengthen until the growth plates reach full ossification, which 

usually happens around the age of 25 years (Hamill & Knutzen, 2009). Figure 3, shows 

the height velocity of skeletal development in boys, where it can be seen that is at its 

maximum in the early childhood. It peaks again around puberty and then continues to 

decrease with age until skeletal maturity (Gage et al., 2009).  
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Figure 5: The height velocity of skeletal development in boys (Figure adapted from (Gage et al., 2009). 

Ossification does not only happen in the growth plates. It can occur at different 

locations at different rates resulting in resorption and remodeling of the bone, affecting 

its thickness and shape. 

1.1.2 Mechanical properties  

Bones are anisotropic composite structure. They are anisotropic as their strength is 

dependent on which direction the loading is applied and the bone tissue is comprised of 

both organic and inorganic materials, therefore a composite. The most important 

organic material is the collagen protein which is the main structural protein in all 

connective tissue in the body. The collagen provides the cortical bone with tensile 

strength and flexibility especially if the collagen fibers are aligned parallel to the 

applied load. The main inorganic materials are calcium and phosphate which provide 

the bones tissue the compressive strength and rigidity (McGee, Qureshi, & Porter, 

2004).  

The mechanical properties of bone tissue are difficult to quantify. Not only do they 

depend on material composition, bone tissue type or collagen fiber orientation but they 

also depend on age and gender. Also the properties within the same bone between 

anatomical locations are not constant. Furthermore, the rate of the applied load will 

affect the response of the bone as it is also viscoelastic. Viscoelastic materials are stiffer 

when they are loaded more rapidly and can withstand higher loads than when loaded 

slowly.  

Cadaveric specimens have been used in the past to quantify the mechanical properties 

but due to sample-specific variation in geometry and quality, the sample size would 

have to contain several hundred specimens to give statistically significant results 

(Cristofolini, Viceconti, Cappello, & Toni, 1996). Also most cadaveric specimens come 

from elderly patients where bone quality has decayed and therefore do not give good 

indication of the mechanical properties of a healthy young bone. 
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The range of representative properties of the cortical and cancellous bone can be found 

in literature and is listed in Table 1. 

Table 1: Material properties the cortical and cancellous bone,    is the tensile strength and    the tensile 

modulus,    the compressive strength (Kutz, 2009). 

Bone tissue Mechanical properties Symbol Value 

Cortical Bone Compressive strength                 [   ] 131-224 

                [   ] 106-133 

 Tensile strength                 [   ] 80-172 

                [   ] 51-56 

 Elastic Modulus                 [   ] 11-20 

    

Trabecular Bone Compressive strength    [   ] 0.5-50 

 Elastic Modulus   [   ] 1-11 

 

To eliminate the factor of subject-specific specimens, synthetic bones made from 

composite materials have become available as substitutes for cadaveric specimens. 

Comparison of these synthetic bones with cadaveric specimens and finite element 

models has been made through basic mechanical tests such as torsional, axial and four 

point bending tests (Cristofolini et al., 1996; Papini, Zdero, Schemitsch, & Zalzal, 2007) 

These studies show that synthetic specimens give in general good results and can 

moreover be used to calibrate finite element models where the material properties can 

be varied to simulate bones of different quality (Papini et al., 2007). Synthetic bones 

from the Pacific Research Labs are the ones most widely used but a solid CAD model 

has been developed from their 3
rd

 generation composite femur and used further in finite 

element analysis of the human femur.  

Although bones are inhomogeneous anisotropic, they are, in research, commonly 

assumed to be homogeneous isotropic linear elastic materials (Carriero et al., 2011; 

Duda et al., 1998; Polgar, Gill, Viceconti, Murray, & O’Connor, 2003; Shefelbine, 

2002). It has been shown that modeling bone tissue with anisotropic material properties 

gives more accurate results (Geraldes & Phillips, 2014; Trabelsi & Yosibash, 2011) and 

although anisotropic material properties for cortical and cancellous bone can be found in 

literature it is not a straight forward task to map them to the bone geometry.  As the 

nature of this study is qualitative isotropic linear elastic material properties will be 

assumed.  

1.1.3 Mechanical dependence on bone growth 

Bones are subjected to various types of loading; compression, tension, shear, torsion 

and bending. The femur is subjected to different kind of combinations of all these load 

cases depending on the activity. 

Bone growth has both metabolic and mechanical dependence. Biological factors such as 

genes, hormones, blood supply and nutrition intake influences ossification and growth 

plate activity (Shefelbine, 2002). However, mechanical loading through physical 



11 

 

 

 

activity is essential to skeletal growth and strength. Overloading forces and high 

intensity activities will stimulate bone growth and increase bone mineral density. 

Dynamic loading is considered better for bone formation. Impact activities and high to 

moderate-intensity resistant training are therefore encouraged for children to improve 

bone health into adulthood (Kohrt, Bloomfield, Little, Nelson, & Yingling, 2004). Static 

loading will have more influence on the shape of bones according to the Heuter-

Volkmann principle which states that static compressive loads parallel to the direction 

of growth will inhibit growth and static tensile loads will stimulate growth (Heuter, 

1862; Volkmann, 1862). Influences of cyclic loading has been investigated further 

where it has been stated that octahedral shear stress,   , as in (1) (Sundström, 2008) 

 
   

 

 
√(     )  (     )  (     )  

(1) 

where       and    are the principal stresses, contribute to stimulation of  endochondral 

growth and ossification and hydrostatic compressive stress,    ,as in (2)(Sundström, 

2008) 

 
   

        
 

 
(2) 

Contribute to inhibiting growth (Dr Carter, Orr, Fyhrie, & Schurman, 1987). The 

hydrostatic stress, which is a normal stress, and the octahedral shear stress are stresses 

that act in the octahedral plane. The octahedral plane has normal directions,  ̅, as in (3) 

(Sundström, 2008) 

 
 ̅   

 

√ 
(     ) 

(3) 

relative to the principal plane, where the principal stresses act. The hydrostatic stress 

results in change of volume and the octahedral shear stress results in change of shape. 

An osteogenic index (OI) has been used to give indication about growth potential in 

endochondral ossification (DR Carter & Wong, 1988; Wong & Carter, 1990). The 

osteogenic index is a function of hydrostatic stress and octahedral shear stress and is 

given by 

 
    ∑( ̅ 

 

   

   ̅ )  
(4) 

Where n is the number of load cases and       is an imperially determined constant, 

which value is chosen in consistency with other studies (Carriero et al., 2011; 

Shefelbine, 2002; Wong & Carter, 1990). A positive value of the osteogenic index 

indicates that growth is stimulated and negative value indicates that growth is inhibited. 
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A clear example of the influence on shape 

of mechanical loading is the change of the 

femoral neck shaft angle (NSA) and the 

femoral anteversion angle (FA) with 

skeletal maturity.  The NSA is the angle of 

inclination of the femur neck in the frontal 

plane and the FA is the angle of the 

femoral neck in the transverse plane see 

(Figure 6). 

 

The variance of these angles with age is 

mostly the result of loading due to weight 

bearing and gravity. Typical values for 

different stages of skeletal maturity are 

listed in Table 2. 

 

  
Figure 6: Definition of the neck shaft angle and the 

femoral anteversion (figure adapted from 

http://imgarcade.com/1/angle-of-torsion/ - retrieved 

18th of June 2014). 

 

Table 2: Inclination of the neck shaft angle and femoral anteversion with age (Hamill & Knutzen, 2009). 

State NSA FA 

Infancy ~150° ~40° 

Childhood ~140° ~24° 

Adult ~125° ~14° 

Elderly ~120° ~13° 
 

The deviation of the neck shaft angle from 125° is either called coxa valga, where the 

angle of inclination is more than 125°, or coxa vara, where the angle of inclination is 

less than 125° (Figure 7). These types of femoral deformities will influence the forces 

that act at the hip since the leg will either shorten or lengthen. Also, the stresses in the 

femur neck will differ depending on the deformity but especially because the moment 

arms for the muscles that are attached to the femur and pelvis will change.  

 

Figure 7: Definition of the femur bone deformities Coxa Valga and Coxa Vara (Figure adapted from 

http://www.larousse.fr, retrieved 25th of June 2014). 

If the rotation of the of the femur head rotated anteriorly, (Figure 6), further than the 

normal 12°-14, the foot has to be rotated internally to keep the femur head in the 

acetabulum, resulting commonly in a in-toeing posture. This deformity increases the hip 

Normal 125°                   Coxa vara <125°             Coxa valga >125°
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joint contact forces and increases the bending moment applied on the femur (Heller et 

al., 2001). The rotation to the posterior side is called retroversion and results in 

externally rotated foot. 

1.2 Muscles attached to the femur 

There are twenty two muscles attached to the femur. Muscles are usually categorized 

into muscle groups depending on their function. For the hip, the muscle groups are hip 

extensors, flexors, adductors, adductors and external or internal rotators. One muscle 

can however belong to more than one muscle group. Table 3 shows all the muscles that 

are attached to the femur and to which primary muscle group they belong. Other 

muscles also belong in the hip muscle groups but as they are not attached to the femur, 

they are not listed here.  

Table 3: List of the 22 muscles that are attached to the femur and their muscle groups (Bojsen-Møller, 

Simonsen, & Tranum-Jensen, 2001). 

No. Muscle Action No. Muscle Action 

1 Psoas major Hip flexor 

Hip adductor 
12 Obturator externus Hip adductor 

External hip 

rotator 

2 Iliacus Hip flexor 

Hip adductor 
13 Gluteus maximus Hip extensor 

External hip 

rotator 

3 Pectineus Hip flexor 

Hip adductor 
14 Gluteus medius Hip abductor 

Internal hip 

rotator 

4 Vastus lateralis Knee 

Extensor 
15 Gluteus minimus Hip abductor 

Internal hip 

rotator 

5 Vastus medialis Knee 

Extensor 
16 Piriformis External hip 

rotator 

6 Vastus intermedius Knee 

Extensor 
17 Gemellus superior External hip 

rotator 

7 Biceps femoris sh Knee flexor 

External knee 

rotator 

18 Gemellus inferior  External hip 

rotator 

8 Adductor magnus Hip adductor 

Hip flexior  

Hip extensior 

19 Quadratus femoris External hip 

rotator 

9 Adductor longus Hip adductior 

Hip flexor 
20 Gastrocnemius Knee flexor 

Plantar flexor 

10 Adductor brevis Hip flexor 21 Plantaris Knee Flexor  

Plantar Flexor 

11 Obturator internus Hip abductor 

External hip 

rotator 

22 Poplietus Knee flexor 

External rotator 
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Muscles that are attached to the femur are illustrated in Figures 8 and 9.  

 

Figure 8: Muscles on the proximal leg in the human body. Muscles highlighted in green boxes are 

attached to the femur (Figure adapted from http://cnx.org/content/m46482/latest/1122_ 

Gluteal_Muscles_that_Move_the_Femur.jpg - retrieved 15th of March 2014). 

 

Figure 9: Muscles on the distal leg in the human body Muscles highlighted in green boxes are attached to the 

femur (Figure adapted from http://cnx.org/content/m46482/latest/1123_Muscles_of_the_Leg_that_Move_the_ 

Foot_and_Toes.jpg – retrieved 15th of March 2014). 
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A muscles’ moment arm,  ̅, defined as a vector cross product between the muscle force 

vector,  ̅, and the vector between the pivot point and the muscles’ line of action  ̅  and 

can be expressed as in (5) 

  ̅   ̅   ̅ 
 

(5) 

Muscles can only contract and therefore can only apply tensional loading at their 

insertion. However, some muscles also wrap around bones contributing to bending, 

torsion or shear loading of the bone. 

Eccentric muscle activity is defined when a muscle lengthens while performing motion. 

When the muscle shortens it is called concentric muscle activity and when the muscle 

keeps constant length the muscle activity is called isometric (Hamill & Knutzen, 2009).  

1.3 Motion Analysis 

Studies on human motion have been going on for centuries and gait analysis has most 

often been of particular interest. Gait is a complex activity that requires control system 

(the nervous system) an energy source (metabolic fuel and oxygen), levers that provide 

mechanical advantage and at last forces which move the levers (Gage et al., 2009). The 

healthy human body then strives to minimize the metabolic energy that is required to 

propel the body forward. In the past decade gait analysis in relation to musculoskeletal 

and neurological disorders has become widely used to provide a clearer understanding 

of pathological conditions and dysfunction. Gait analysis has also been used to evaluate 

therapeutic intervention effectiveness. Gait analysis mainly focuses on the measurement 

of joint kinematics, kinetics and electromyography (EMG), the recording of skeletal 

muscles activation. This is usually obtained by 3D motion capture systems which 

involve force plates, infrared cameras and markers, covered with retro-reflective 

material. The markers reflect the light from the camera to sensors which uses the 

position of the markers to describe their 3D positions. The markers are placed on 

previously defined anatomical landmarks and are used to indicate the motion of the 

underlying bones (Gutierrez, 2003). 

1.3.1 Gait Cycle 

One gait cycle (GC) is defined in between two consecutive heel strikes of the same foot 

on the ground (Figure 10). The stance phase is defined when the foot is in contact with 

the ground and covers 60% of the normal gait cycle and the swing phase covers the 

40% of the gait cycle where the foot is not in contact with the ground.   
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Figure 10: Gait cycle (figure adapted from (Cuccurollo, 2004). 

The phases are then further subdivided into separate sub-phases. The stance phase is 

divided into five parts: initial contact, loading response , mid-stance, terminal-stance  

and pre-swing. The swing phase is divided into three parts: initial-swing, mid-swing and 

terminal-swing. The body has double limb support at initial contact and loading 

response and again during terminal swing.  

Every sub-phase has its own purpose and has different muscle groups active to achieve 

that purpose. Most muscles are active in the beginning and end of swing and stance 

phases (Gage et al., 2009). At initial contact the direction of the ground reaction force 

(GRF) is posterior to the ankle and knee joints. The muscles that are active at this point 

and ready to absorb the impact and bear weight are the hip extensors, knee extensors 

and dorsiflexors. The loading response lasts from initial contact to the beginning of 

single leg support and has the purposes of shock absorption and weight acceptance as 

the body has accelerated due to gravity and gives the total force on the limb of about 

120% body weight. In this phase large stabilizing moments act at the hip. Activation in 

the hip extensors (gluteus maximus) produces moment in the sagittal plane and 

activation in the hip abductors (gluteus medius) produces a moment in the frontal plane 

(Gage et al., 2009). 

1.3.2 Inverse Dynamics 

Inverse dynamics is a method that is used to determine forces and torques needed to 

produce motion. It uses information of the kinematics and kinetics of the body segments 

(position, velocity and acceleration) and GRF to calculate joint reaction forces and 

moments from the ground up by solving for dynamic equilibrium of the body segments 

for each time frame. Quantifying forces in specific anatomical segments is not possible 

with this method as it can only give the net effect of all internal forces and moments of 

force acting from the muscles across several joints.  

The use of anthropometry data is necessary for inverse dynamic analysis. 

Anthropometric data includes information about segment mass, segment center of mass 
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and radius of gyration for calculation of each segment’s moment of inertia. Even though 

the use of this data is widely used and accepted, the risk of errors due to individual 

variations must be kept in mind.  

1.3.3 Static Optimization 

As inverse dynamics is only capable of solving for the net force or moment at each 

joint, another method is needed to calculate the forces in each muscle. In 

musculoskeletal models the number of equilibrium equations, are generally fewer than 

the muscles and therefore there is no unique solution to the problem. Thus, an 

optimization scheme is required compute a set of muscle forces (MF) that will generate 

the motion based on optimization criteria such as minimum energy expenditure or 

muscle activation. 

1.4 Cerebral palsy 

Every year, around 200 children  (1.8 ‰ of all births in 2013) are born with cerebral 

palsy in Sweden (“Riksförbundet för Rörelsehindrade Barn och Ungdomar,” 2009.), 

making it the most common motion disorder in the country. Cerebral palsy is a general 

term used for a movement disorder which is caused by damage to the brain before or 

during birth or early childhood, before the brain is fully developed.  

Alterations in the neurological function in the cerebral part of the brain cause altered 

muscle activity and motor function which can influence the development of the skeleton 

as well as it affects the physical ability of the patient to move and walk. Palsy means 

full or partial muscle paralysis that is often comes with loss of feeling and uncontrolled 

body movements (“MNT Knowledge Center,” 2009). Typical characteristics of cerebral 

palsy are for example loss of selective motor control, abnormal muscle tone and 

weakened body balance mechanism. However, sometimes it is not only the muscle 

activity that influences motor skills of patients with cerebral palsy but also non-motor 

complications such as visual, epilepsy and cognitive dysfunction which emphasizes the 

complexity of this disorder (Gage et al., 2009). 

Spasticity is the most common abnormal muscle tone in patients with cerebral palsy.  

One definition of spasticity is was put forward by Lance: “Spasticity is a motion 

disorder characterized by a velocity-dependent increase in tonic stretch reflexes, as one 

component of the upper motoneuron syndrome” (Lance, 1980). Spasticity influences 

motor control in several ways, one of which is that it contributes to the bone deformities 

of a developing skeleton by introducing extreme torques on long bones during gait.  

Moreover, spasticity can cause abnormal movement patterns that can lead to further 

bone deformities and even joint dislocations.  

Secondary abnormalities of gait have been defined to describe muscle contractures and 

abnormal bone growth which, unlike primary abnormalities of cerebral palsy, are most 

often responsive to correction. The term lever-arm-dysfunction has been invented to 

define a set of conditions where lever arms become distorted due to bony or positional 

deformities. An example of this is the previously mentioned femoral deformities, coxa 

valga. In the case of coxa valga, (Figure 11b) an increased hip abductor force is required 



18 

 

 

 

to compensate for the shortened moment arm and if the hip abductor is incapable of this 

increased demand it results in postural adjustment and abnormal walking pattern (Gage 

et al., 2009). 

 

Figure 11: Change in hip abductor moments with change in moment arm length, a) shows the abduction 

moment for a normal hip and b) the abduction moment in the case of coxa valga (Figure adapted from (Gage 

et al., 2009).) 

In some cases, depending on the motor and perceptual systems of the child, motor 

problems can be improved by pharmacologic or orthopedic treatment. Especially in the 

case of lever-arm dysfunction the abnormalities can usually be corrected (Gage et al., 

2009). That is where motion analysis and biomechanics can be beneficiary to help 

construct a treatment plan. 

As cerebral palsy is only a general term for motion disorder, there exist several 

classifications where similar conditions and abnormalities have been categorized. In this 

study gait data from two bilateral spastic children will be evaluated. This classification 

does not indicate that their gait pattern is similar, it only gives the information that their 

lower limbs are both affected with spastic muscle tone and their upper extremities are 

not affected so much.  

1.5 Studies investigating the effect of loading conditions at the hip 
joint on the femur 

The hip joint has been of interest to many researchers in the past. Heller investigated the 

musculo-skeletal loading conditions at the hip during walking and stair climbing which 

provided useful information for pre-clinical testing for total hip replacements (Heller et 

al., 2001, 2005). Bergmann studied the hip contact forces and gait patterns from routine 

activates  to create a database of hip contact forces to contribute to future of hip 

implants (Bergmann et al., 2001). The influence of the loading conditions at the hip on 

the femur has also been of interest but Duda and colleagues investigated the influence of 

muscle forces on femoral strain distribution as well as the variability in the femoral 

muscle attachments between subjects (Duda, Brand, Freitag, Liersel, & Schneider, 

1992; Duda et al., 1998). Finite element studies on the human femur have also become 

more common as scientist strives to eliminate the need for cadaveric specimens and 

their influence of subject-specific variations. Finite element analysis is often subjected 

to simplifications for example in regards to loading and boundary condition which has 

inspired researchers to evaluate the effects of these simplifications. Polgar, for example, 



19 

 

 

 

investigated the influence of simplified loading conditions versus physiological loading 

conditions by comparing strain distribution in the human femur (Polgar et al., 2003) and 

the influences of commonly used boundary conditions versus physiologically based 

boundary conditions was investigated by Speirs and colleagues (Speirs, Heller, Duda, & 

Taylor, 2007).  

As mentioned before, studies more specifically investigating the femoral deformation in 

patients with CP have also been performed. Shefelbine used mechanobiological 

principles and the influence of mechanical loads, which were implemented into a finite 

element model, to investigate if the change in anteversion angle could be predicted for 

normal and proximal femurs. Carriero further studied the effect of specific gait patterns 

on the changes in femoral morphology over time for typically developing (TD) children 

and children with CP (Carriero et al., 2011).  She also investigated the influence of 

altered gait patterns on the hip joint contact forces (Carriero et al., 2012). 

To the author´s knowledge the direct influence of the muscle forces on the stresses in 

the femural neck, in the region of the growth plates, has yet to be investigated.  

1.6 Objective 

The objective of this study is to determine how muscle forces contribute to the stresses 

in the proximal femur. The femural neck will be of special interest since deformities 

such as femoral anteversion and coxa valga are very common  in patients with CP 

(Gage et al., 2009). This will be performed by evaluating gait data from TD children 

and children with CP by using musculoskeletal modelling and finite element modelling 

of the femur.  

2 Methods 

Gait patterns from one TD child and two children with CP with different gait 

abnormalities were acquired from the clinical database at the Motoriklab at Karolinska 

University Hospital. Information about the three children is reported in Table 4. 

Table 4: Information about the three children who’s data was used in this study, where C1, S1 and S2 are the 

children reference symbols that will be used further in this study. Reference symbol C1 stands for control 

child (TD ), and S1 and S2 stand for (CP) child 1 and 2. 

Children Gender Height [m] Mass [kg] 

Typically developing (C1) Male 1.22 25.3 

Bilateral spastic (S1) Male 1.34 31.6 

Bilateral spastic (S2) Female 1.64 54 

 

Results from the TD child (C1) were used as control to compare to the altered gait 

pattern and muscle activity of the other two children. Both of the children with CP were 

bilateral spastic. The walking pattern for the first child (S1) with cerebral palsy 

resembles an equinus gait where the gait pattern is characterized by reduced 

dorsiflexion, which results in the heel lifting off the ground early in the mid-stance. The 
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second child (S2) had a somewhat unsymmetrical gait pattern with her left side more 

affected. The child raised the right heel of the ground early in the mid stance to lift 

herself off the ground, possibly for better toe clearance for the left leg which was then in 

swing phase. 

The same muscle and bone morphology was used for all three children. The bone 

morphology was determined by the femur CAD model that was used where NSA angle 

was 120° and FA 8°. 

2.1 Gait Analysis 

To acquire the gait data the children were fitted with markers, which were placed at 

specific anatomical landmarks, for 3D motion capturing. The kinematics and kinetics 

was then measured using a Vicon MX 40 system (Vicon, Oxford, UK) which processed 

the 3D data and two Kistler force plates (Winterhur, Switzerland) which measured the 

ground reaction forces. The motion was sampled at 100 Hz and the ground reaction 

force at 1000 Hz. 

2.2 Musculoskeletal modelling 

A generic adult musculoskeletal model of the lower extremities in SIMM 7.0.1 

(MusculoGraphics, Inc., Santa Rosa, CA, USA) was isotropically scaled using the 

marker position in a measured static pose for each of the children. The model included 

88 muscles, 7 body segments and 18 degrees of freedom. The femur bone morphology 

was edited using the deformity tool box to match the NSA and FA to the finite element 

model. The gluteus maximus, medius and minimus were each modelled as three 

individual compartments (anterior, intermediate and posterior) due to their large 

attachment areas. Likewise, the adductor magnus muscle was modelled as three 

compartments (proximal, intermediate and distal). Gastrocnemius was also modelled as 

two individual compartments as it has two attachment points on the femur, the medial 

and lateral condyles.  

After importing the motion data files that were obtained from Vicon MX 40 into SIMM 

the kinematics were plotted and compared to the experimental kinematic data. Marker 

weight adjustments were then made to improve the scaling of the generic SIMM model 

for better compatibility of the experimental kinematics and the resulting kinematics in 

SIMM. 

The magnitude and direction of the MF from the 44 muscles in the right leg were 

acquired by inverse dynamics and static optimization algorithm in SIMM which 

minimized the sum of muscle activations with the least square method.  The hip contact 

force (HCF) was obtained through second inverse dynamics procedure when taking into 

account the external forces (GRF) and the optimized MFs and thereby including the 

effects of weight bearing and of the other muscles in the leg.  

The generated MFs and their directions were then extracted for comparison between the 

three children and were then applied to a finite element model for the stress analysis. 
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Information about MFs for muscles listed in Table 3 was extracted for the analysis. 

However, obturator externus, oburator internus, poplietus and plantaris were not 

modelled in the musculoskeletal model and were therefore excluded from the study, 

which left a total of 18 muscles in the finite element model.  

2.3 Finite element modelling 

The femur model used was based on CT scans of the large third generation composite 

femur (3GCF) which is manufactured by Pacific Research Laboratories. This femur 

model was created by Papini and colleagues (Papini et al., 2007) in 2003, as a surface 

CAD model, and later updated to a solid CAD model by Desmaris-Trépanier in 2009, 

and is available online through the BEL Repository managed by the Istituti Ortopedici 

Rizzoli, Bologna, Italy. The BEL Repository has now evolved in Biomed Town - The 

Biomedical Research Community  (“BEL Repository,” 2009.). 

The STL file downloaded from the Repository contained 3 solid bodies: the cortical 

bone, distal cancellous bone and proximal cancellous bone. The CAD model was built 

in SolidEdge ST5 (Siemens, Munich, Germany), and modified so that the cancellous 

bone is continuous through the medullary cavity in the shaft since the sharp edges of the 

proximal and distal cancellous bone could affect the results due to stress concentration 

(Figure 12). 

 

Figure 12: Distal and proximal cancellous bones connected through the medullary cavity. 

Before importing the CAD model into the finite element software it was uniformly 

scaled to fit the length of the femur for one of the pediatric subjects,               .  

The CAD model was then imported into ANSYS 15.0 (ANSYS Inc., Canonsburg, PA).  

The model was meshed with the patch conforming method (available in ANSYS 

Worbench Mechanical System) with second order tetrahedral elements. The mesh was 

successively refined from 10 mm element size down to 2.5 mm element size while 

recording the first principal stress at a defined node on the surface of the proximal 

femur neck. The mesh converged for the element size of 5 mm, which gave the total 

number of elements approximately 40,000. The mesh convergence plot can be seen in 

Appendix A. However as the region of interest was the femur neck the element size in 

that region was further refined to 3 mm. 
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2.3.2 Material properties 

The CAD model of the femur overestimated the thickness of the cortical bone in the 

epiphysis part of the femur, as it is assumed to be very thin for a bone that is still 

developing (Lee, Rho, Harten, Parsons, & Behrens, 1998). Therefore the thin layer of 

cortical bone was omitted by assigning cancellous bone material properties to the entire 

proximal and distal epiphyses of the femur. To avoid stress concentration, which could 

occur due to the different stiffness properties of the cortical and cancellous bone, the 

cortical bone shell in the metaphysis was modelled as a transition zone. In the transition 

zone the material properties gradually increased from the stiffness of the cancellous 

bone to the stiffness of the cortical bone. Moreover, the cancellous bone in the 

metaphysis was also modelled as a transition zone where the stiffness was gradually 

decreased from the stiffness properties of the cancellous bone to the stiffness of the 

bone marrow in the cavity of the diaphysis (Figure 14). 

 

 

Figure 13: The cortical bone shell in the epiphysis of the femur is very thin and is modelled as a cancellous 

bone. The metaphysis is modelled as a transition zone both for the cortical bone shell and the cancellous bone 

(figure adapted from rimg.geoscienceworld.org – retrieved15th of June 2014 ). 

The material properties of the femur were assumed to be isotropic linear elastic where 

material properties for the different bone tissues were obtained from literature. The 

material properties applied the cortical bone were the Young’s modulus          
and Poisson’s ratio       (Herrera et al., 2007). The cortical bone was assign the 

material properties of Young’s modulus           and Poisson’s ratio       (Dr 

Carter & Hayes, 1977) and the yellow bone marrow the material properties of   
      and       (Figure 14) (Herrera et al., 2007). 

http://rimg.geoscienceworld.org/content/64/1/223/F2.expansion.html
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Figure 14: Mesh density in the femur with 5mm element size and more refined mesh at the femur neck with 

3mm element size. Material properties defined for different regions in the femur. The three blue dots indicate 

the position of the constrained nodes. 

2.3.3 Boundary Conditions 

In attempt to simulate the physiological constraints that the femur is subjected to in 

vivo, constraints were applied to the femur at three nodes (see Figure 14) in a specially- 

defined femoral coordinate system. The coordinate system origin is in the center of the 

femur head. The y-axis opposes thee patella groove between the medial and lateral 

condyles wherein positive direction is superiorly-orientated. The z-axis is parallel to the 

lateral and medial condyles, laterally-oriented. The x-axis is directed posteriorly (Figure 

15). 

Two degrees of freedom (DOF) were constrained in node 1, placed directly superior to 

the center of the femur head, permitting it only to displace in the y-direction. Three 

DOF were constrained in the patella groove (node 2) and the sixth DOF was constrained 

at a node on the lateral condyle (node 3) in the x-direction to prohibit rotation around 

the y-axis (Speirs et al., 2007). 

2.3.4 Loading 

The same finite element model was used for the three different children. To be able to 

apply the MF and the HCF of the different children to that one model, the forces were 
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normalized for the body mass of that child for whom the femur CAD model had been 

scaled. 

The hip joint was assumed to be a perfect ball-in-socket joint wherein the direction of 

the applied load was oriented towards the centre of the joint (Brinkckmann, Frobin, & 

Leivseth, 2002). The HCF was therefore applied as a point load at node 1, constrained 

such that only vertical displacement can be enforced by the HCF (Speirs et al., 2007). 

The MFs were applied as concentrated point loads with location of their attachment 

points obtained from SIMM (see Figure 15).  

Upon inspection of the computed HCF and the MF of all three children, two instances 

in the gait cycle were observed with particularly high muscle activity and HCF. The 

first instance occurred during loading response where the first peak of the HCF 

occurred. The second instance occurred at late mid-stance/early pre-swing phase where 

the second peak HCF peak occurred.  

These two load cases were then evaluated by comparing a few parameters to consider 

which one of the load cases was more critical. These parameters were; the displacement 

of the femur head centre (FHC), maximum value for the   , minimum value for the      

and finally the calculated osteogenic index evaluated at four nodes placed on a plane 

where the location of the growth plate was assumed. These nodes were positioned on 

the proximal, distal, anterior and posterior neck of the femur (see Figure 15). 

 

Figure 15: Muscles forces were applied as concentrated point loads, indicated with pink dots. Stresses were 

evaluated at four nodes in the femur neck where the position of the growth plate was assumed.  

From this information the more critical case of the two was chosen. Further 

investigation was then performed for the critical load case where MFs that were active 
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(acting with more intensity than 10% of BW) were successively turned on, one at a 

time, with the HCF always present. Values of the osteogenic index in the four 

previously defined nodes in the region of the growth plate were then compared to the 

load case where only the HCF was applied. 

3 Results 

3.1 Kinematics 

The kinematics from the right leg of the three scaled musculoskeletal models for the 

three children are reported in figure 16, where the gait data has been normalized in time 

to 100% of one gait cycle. The blue curve represents the kinematics of child C1, the 

green one the kinematics of child S1 and the red curve of child S2. 

 

Figure 16: Kinematics of the three children compared where the difference in knee angles and ankle angles 

give most information about the different gait patterns. 

As only one control child was investigated no variability for typically developing 

children is shown. The knee angle curves show that child S1 shows constant knee 

flexion angle through the whole stance face opposed to child C1 who has increased knee 

flexion to help absorb the impact from the foot contact in the loading response. Child S2 

fully extends her knee in the late loading response early mid-stance where the child also 

has decreased dorsiflexion. Decreased dorsiflexion is also seen for child S1 but both 

children have prematurely lifted their heel, so they stand on their toes in the mid-stance 

phase. The hip extension is similar for all three children but somewhat less for the child 

S1 and S2. Hip adduction of child S2 deviates from the other two children, especially in 

pre-swing phase. 
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3.2 Optimized muscle forces and hip contact force 

The muscle force and the hip contact force have been normalized in time to 100% of 

one gait cycle for the right leg. The magnitudes of the forces have also been normalized 

by the weight of each child. The vertical component of the hip contact force is reported 

in Figure 17 as well as the vertical component of the ground reaction force. 

 

Figure 17: Vertical components of the HCF and GRF normalized in time to 100% GC and to each child’s 

weight. 

It can be seen that the GRF reached around 120% BW for all three children in the 

loading response. The HCF however reaches up to just over 3 times BW for the control 

child C1 and 6.5 times BW for child S2, indicating that the highest computed muscle 

activity is seen for child S2 as the HCF is takes into account computed muscle activity.  

The twelve muscles which generate the most MF are reported in Figure 18 and 19, but 

all the eighteen MFs can be found in Appendix B. 

Hip flexors started to provide force during the late stance phase where psoas MF was 

similar for all three children. The iliacus muscle started to provide force earlier for child 

S2 and provided less force for child S1 than for the other two children. The toe walking 

and forefoot loading in the mid-stance phase for children S1 and S2 can be observed in 

gastrocnemius MF. For the control child C1 the peak gastrocnemius MF occurred 

during pre-swing phase whereas for child S1 the MF curve had two peaks and for child 

S2 a high level was maintained throughout the mid-stance and pre-swing phases. The 

hip rotators provided similar MF, especially piriformis. Quadratus femoris provided 

more MF for child S2 than for the other two during initial contact and terminal swing 

and gemellus was provided most MF during initial contact and loading response for 

child S2 but provided MF during pre-swing phase for control child C1. 
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Figure 18: Muscles that provide the most force in the hip flexor (psoas, iliacus), hip rotator (gemellus, 

quadratus femoris, piriformis) and knee flexor (gastrocnemius lateral) muscle groups. The MFs are 

normalized with respect to each child’s weight, and to 100% GC. 

  

Figure 19: Muscles that provide the most force in the hip abductor (gluteus minimus, gluteus medius), hip 

extensor (gluteus maximus) and knee extensor (vastus medialis, vastus lateralis, vastus intermedius) muscle 

groups. The MF are normalized with respect to each child’s weight, and to 100% GC. 



28 

 

 

 

In Figure 19 it can be seen that the hip abductors showed similar activity between the 

three children whereas for child S2 the gluteus medius MF had its highest activation in 

pre-swing phase. The hip extensor, gluteus maximus, peaked during initial contact and 

loading response for children S1 and S2 and was much lower for child C1. 

The knee extensors provided force during the loading response to absorb impact from 

the weight acceptance and then again during the swing phase to advance the shank 

forward. The knee extensors provided more force in children S1 and S2 than in C1. 

The load cases chosen for further investigation occurred at slightly different timings for 

each child and were chosen at timings of high muscle force and high HCF. For child C1 

the chosen time intervals were 14% GC and 50% GC, for child S1 the time intervals 

were 17% GC and 53% GC and the time intervals for child S2 were 12% GC and 51% 

GC. 

3.3 Femur stresses and growth 

Comparison of the displacement of the femur head   FHC, minimum hydrostatic stress, 

        and maximum octahedral shear stress,      , in the growth plate for all three 

children are reported in Table 5. 

Table 5: The displacement of the femur head center,  FHC,  and        and        for the two chosen load 

cases for the three children 

Child GC 

[%] 

       

[MPa] 

       
[MPa] 

 FHC(-ant/+post, -dist/+prox, -med/+lat)  

[mm] 

C1 14 -6.33 7.22 (-0.46, -2.30, 2.27) 

 50 -5.65 6.26 (-0.07, -1.95, 1.91) 

S1 17 -6.97 7.97 (-0.34, -2.31, 2.28) 

 53 -5.12 5.78 (-0.15, -1.96, 1.94 ) 

S2 12 -13.10 14.40 (-0.35 , -4.93 , 4.86) 

 51 -8.81 9.75 (-0.24 , -2.66 , 2.60) 

 

The comparison of the stress state and the calculated osteogenic index in the growth 

plate, for the two chosen load cases for all three children is reported in Figure 20, in 

which all MFs and the HCF are applied. The figure shows the distribution of the     and 

  , where the scale (in MPa) is set to show the distribution of the negative     since the 

compressive hydrostatic stress will contribute to prohibiting growth. The octahedral 

shear stress,     is always positive and therefore has a positive scale (in MPa) and as the 

osteogenic index can both be negative (inhibiting growth) and positive (promoting 

growth) the scale (in MPa) is both positive and negative. 

The comparison of the osteogenic pattern for the two load cases for child C1 show that 

at 14% GC more growth is induced on the posterior and proximal side of the growth 

plate than for 50% GC. The parameters in Table 5 also show higher displacements in all 

direction for 14% GC as well as higher stresses. Thus it is concluded that the load case 

at 14% GC is more critical and was chosen for further investigation. 
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Figure 20: Comparison of     and   , and the calculated osteogenic index for two chosen load cases for all 

three children. The scale is in MPa.  

For child S1, the parameters in Table 5 show that the load case at 17% GC is more 

critical as both the displacements and stresses are higher. The stress distribution and the 

calculated osteogenic index (in Figure 20) show similar pattern as for C1, where more 

Hydrostatic    Octahedral                    Osteogenic index 

   Compressive stress,                shear stress     

Distal 
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growth is induced for the earlier load case, 17% GC. As for the other two children the 

more critical case, for child S2, is the first load case, at 12% GC. The green zone in the 

calculated osteogenic pattern in Figure 20 is smaller than for the other two children, 

indicating more even growth. However at 12% GC higher osteogenic index can be seen 

on the edge from the proximal growth plate to the distal growth plate giving higher 

difference between the posterior and anterior side, and is therefore concluded to be more 

critical. 

The evaluation of how each muscle force affects the stress distribution in the growth 

plate was performed by comparing the osteogenic indexes in the proximal, distal, 

anterior and posterior nodes. The muscles were assigned into muscle groups and results 

for them are only reported if were estimated to generate force of more than 10% BW. 

These results are reported as a percentage change in the calculated osteogenic index 

compared to the load case in which only the HCF was applied. The osteogenic index 

distribution of the reference load cases can be seen in Figure 21. 

   

Figure 21: Distribution of the calculated osteogenic index for child C1, to the left, S1 in the middle and S2 to 

the right. 

The results for the percentage change in osteogenic index for the hip flexors and 

extensors, hip abductors and adductors, hip rotators and knee flexors and extensors, for 

all three children, are reported in Figure 22-25 respectively. Positive change indicates 

increase in the osteogenic index leading to more growth opposed to negative change 

leading to less growth. Muscles that had been divided into three individual muscle 

compartments due to their large attachment areas had each force vector investigated 

independently.  

All three force vectors of the gluteus maximus (hip extensor) showed the same trend 

between the three children where the osteogenic index decreased in all four nodes (see 

Figure 22). One exception could be seen in the posterior growth plate where the anterior 

gluteus maximus compartment showed positive change. None of the hip flexors 

generated enough MF to be included in the study for any of the children. 

The scale in the figure for the hip adductors and abductors is two times as high as for 

the other muscle groups as gluteus medius increased the osteogenic index by 40% for 

child C1. The hip abductors (all three gluteus medius and all three gluteus minimus) 

caused negative change the osteogenic index in the proximal, distal and anterior growth 

plate opposed to the posterior growth plate where the change was positive. For child S1 

lateral gluteus medius compartment deviated from the trend in all four nodes. The hip 

adductors did not generate enough MF to be included in the study for any of the 

children. 
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Figure 22: Percentage change in the osteogenic index for hip flexors (iliacus, pectineus, psoas) and extensors 

(gluteus maximus 1 (anterior) , 2 (intermediate) and 3 (posterior) compartments) for four nodes in the growth 

plate for all three children. Results for child C1 is reported in the first four figures at the top, results for child 

S1 is reported in the four figures in the middle and results for child S2 is reported in the last four figures. 
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Figure 23 Percentage change in the osteogenic index for hip adductors (adductor brevis, adductor longus and 

adductor magnus 1 (proximal), 2 (intermediate) and 3 (distal) compartments) and abductors (gluteus minimus 

and medius (same as above with compartments 1, 2 and 3)) for four nodes in the growth plate for all three 

children. Results for child C1 is reported in the first four figures, results for child S1 is reported in the four 

figures in the middle and results for child S2 is reported in the last four figures. Note the different scale in 

Figure 23 vs. Figures 22, 24 and 25 
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Figure 24: Percentage change in the osteogenic index for hip rotators (gemellus, piriformis and quadratus 

femoris) for four nodes in the growth plate for all three children. Results for child C1 is reported in the first 

four figures, results for child S1 is reported in the four figures in the middle and results for child S2 is 

reported in the last four figures. 
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Figure 25: Percentage change in the osteogenic index for knee flexors (biceps femoris short head and medial 

and lateral gastrocnemius) and knee extensors (vastus intermedius, vastus laterals and vastus medialis) for 

four nodes in the growth plate for all three children. Results for child C1 is reported in the first four figures, 

results for child S1 in the middle four figures and results for child S2 is reported in the last four figures. 
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All three hip rotators (gemellus, piriformis and quadratus femoris) provided enough 

force to be considered for child S2 whereas for the other two children only two of them 

generated enough force (see Figure 24). Gemellus and piriformis decreased the 

osteogenic index in all four nodes for all three children whereas quadratus femoris 

(considered for child S1 and S2) introduced positive change in the osteogenic index in 

the anterior growth plate. 

The knee extensors (vastus intermedius, vastus lateralis and vastus medialis) had very 

little effect in the change in the osteogenic index. However, for children C1 and S2 

vastus intermedius and vastus lateralis showed a significant increase in the posterior 

growth plate compared to the other nodes (see Figure 25). The knee flexor biceps 

femoris short head was only considered for child S1 and showed no significant affect 

opposed to the gastrocnemius medialis which contributed to around 15% to an increase 

in the osteogenic index in the posterior growth plate and to over 20% decrease in the 

anterior growth plate. This significant change in the osteogenic index for gastrocnemius 

medialis was not seen for the other two children, C1 and S2.  

4 Discussion 

This study has shown how the MFs affect the stresses in the human femur. More 

precisely it has shown the effects that MFs have on the stress state in the femur neck in 

the region of the growth plate which in turn can influence the development of bone 

deformities.  

The influence of altered kinematics on MFs is apparent when the MF magnitudes and 

their timing in the gait cycle are compared between the three children. A generic adult 

musculoskeletal model was isotropically scaled for each child.  This model took into 

account neither-subject specific geometry nor bone and muscle morphology. The shape 

of the femur neck was deformed to have a NSA of 120° and FA angle of 8°. For 

children the NSA is usually around 140° and the FA around 24°. The FA of 8° is even 

low as adults usually have a FA of 14° at skeletal maturity. However the femur neck 

was deformed to match the geometry of the finite element model, in order to have some 

conformity between models. The calculations of the MFs and the HCF are certainly 

dependent on the accuracy of the musculoskeletal model (Lenaerts et al., 2008). In 

terms of femur geometry, the length of muscles’ moment arms, as discussed in relation 

to lever-arm dysfunction, will have influence on the computed MFs. In terms of muscle 

morphology, he accuracy of the calculated MFs and HCF would also be improved when 

considering subject-specific muscle attachments on the femur (Duda et al., 1996). The 

choice of constraints for the optimization of the MFs will also influence the accuracy of 

the computed MFs (Lenaerts et al., 2008), but in this study the EMG was used to 

constrain the optimization of MF computation. Moreover, the abnormal muscle tone for 

the two children with CP, who both were bilateral spastic, was not taken into account. 

However, as this study is of qualitative nature, the calculated MFs and HCF were 

concluded to be within reasonable limits. 

In musculoskeletal modelling muscles are generally modelled as concentrated forces 

applied at the centroids of their attachment areas in the direction of their line of action. 
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This simplification was evaluated in a finite element analysis based study by comparing 

strain distribution on the human femur for physiological and simplified loading cases. 

The results showed that the general idea about strain and stress fields could be obtained 

by the simplified loading cases and the error could even be expected to be below 5% 

when considering St.Venant’s principle and discarding the results from the nodes in the 

vicinity of the applied loads  (Polgar et al., 2003). Thus in this study modelling the MF 

as concentrated forces are considered a reasonable assumption. 

In the two chosen load cases (where all MFs and HCF are applied at the same time) the 

pattern of the osteogenic index is similar when comparing between the three children 

(see Figure 20).  The osteogenic index is higher on the posterior side than the anterior 

side which gives indication to an increase in FA. The effect of the muscle forces is 

clearly seen when these patterns are compared to the reference load cases reported in 

Figure 21. When only the HCF is applied the pattern of the osteogenic index is 

somewhat neutral in contributing to the increase or decrease in the FA angle as the 

pattern is symmetric around the proximal-distal axis. In regards to possible change in 

the NSA the reference load case indicates a decrease. The red zone (indicating high 

osteogenic index) is larger in the proximal growth plate than the distal growth plate 

which is to be expected since high tensile hydrostatic stresses occur in the proximal 

neck whereas in the distal neck compressive hydrostatic stresses are present. The 

influence of the combined MFs leads to a decrease in the osteogenic index both in the 

proximal and the distal growth plate. For children C1 and S1 the osteogenic index 

remains higher in the proximal growth plate however for child S2 higher osteogenic 

index is seen in the distal growth plate which gives an indication to an increase of the 

NSA. 

Upon inspection of the individual muscle groups (in Figures 22-25), the same trend can 

be seen for the proximal and the distal growth plate where in all cases the MFs decrease 

the osteogenic index. Higher percentage change is observed in the proximal growth 

plate indicating that the muscles strive to “slow down” the inclination of the NSA. In 

the hip flexor/extensor muscle group the anterior gluteus maximus compartment 

deviates from the trend in the posterior growth plate as it contributes to the increase in 

the FA angle. In musculoskeletal models anterior gluteus maximus compartment can 

also be considered hip abductor and its pattern is similar to that of the  other hip 

abductors gluteus medius and gluteus minimus (Figure 23), which increase the 

osteogenic index in the posterior growth plate. Considering the scale of the hip 

adductors/abductors muscle group it can be speculated that the gluteus medius and 

gluteus minimus may contribute appreciably to the increase in the FA angle especially 

since the osteogenic index in the anterior growth plate decreases. This is consistent with 

the results from Brookes and Wardle, who investigated, by using cadaveric specimens, 

the effect of MFs on shape changes of the femur where it was concluded that gluteal 

muscle force increased the FA angle (Brookes & Wardle, 1962). 

Even though increase in FA angle is not expected for the control child C1, similar 

results were reported by Carriero et al., where an increase in FA was also predicted for a 

typically developing child (Carriero et al., 2011). The observed influence of the 

gastrocnemius medial muscle in child S1 and S2 was an unexpected finding. Even 
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though very high muscle force was generated for gastrocnemius at the chosen time 

intervals for the two children, the muscle is attached at the medial condyle, distant to the 

region of interest. This effect vanished when the boundary conditions were moved from 

the patella groove to the medial condyle, making boundary conditions symmetric at the 

distal femur (constrained at the medial and lateral condyles). This emphasises how 

sensitive the analysis is to the choice of boundary conditions.  

It is not trivial to implement boundary conditions for the femur in a finite element 

model and has been performed in various ways in the past. Speirs and colleagues 

investigated the influence of different boundary- and loading conditions on the strain 

distribution in the femur. They concluded that, the boundary conditions like those used 

in this study would lead to physiological strain distribution in the femur. These 

boundary conditions involve constraining a node on the femur head in the anterior-

posterior and medial-lateral directions, as an attempt to simulate the constraints of the 

acetabulum (Speirs et al., 2007). However by doing so the HCF can only contribute to 

the vertical displacement of the femur head (towards the patella groove) neglecting 

entirely the non-vertical components of the HCF.   

In attempt to include the direction of the HCF the boundary conditions at the femur 

head were removed for a test computation. To prohibit rigid body motions the 

constraints were moved to a node positioned on the vertical axis of the femur shaft near 

the proximal edge of uniform cortical bone. Interestingly the anterior-posterior 

displacement of the femur head changed from being directed anteriorly to being directed 

posteriorly as compared to the previously constrained model. However the magnitude of 

the displacement was not physiological and resulted in the disappearance of the effect of 

the MFs to the stress distribution in the femur neck. Thus, initially chosen boundary 

conditions were kept for the finite element analysis in this study. The sensitivity of the 

boundary conditions and the simplified application of the HCF should however, render 

a cautious interpretation of the results of this study.  

Only one finite element model was used for the three children which was isotropically 

scaled to a pediatric size. More accurate stress distributions for each individual child 

would probably be seen in the femur neck if subject-specific finite element models were 

used, capturing the children’s’ actual NSA and FA as well as the length of the femur 

shaft and femur neck. However as the main focus was to capture trends of the influence 

of MFs on stress distribution in the femur neck for different muscle groups, one finite 

element model was considered sufficient for this study.  

A homogenous isotropic linear elastic material model was used in this study. This is a 

significant simplification to the material model that describes bone tissue the best which 

is an inhomogeneous anisotropic viscoelastic material model. The anisotropic material 

properties are important as the behaviour of the bone differs with the direction of the 

load that is applied. The effects from the MFs on stress distribution in the femur neck 

would certainly be more accurate if more accurate material properties are applied. 

However the implementation of the anisotropic material properties were beyond the 

scope of this study and are not considered having significant influence in the observed 

stress distribution trends. 
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5 Conclusions and future work 

This study showed how muscle forces from different muscle groups affected the stress 

state in the femur neck in the region of the growth plate. These results were then used to 

give further indication into how the muscles forces would contribute to development 

bone deformities in the femur neck during childhood by applying mechanobiological 

theories. The muscle forces were obtained through the steps of gait analysis, inverse 

dynamics and static optimization for three children, one typically developing and two 

with cerebral palsy.  

The effects of applying all the muscle forces could clearly be seen as producing an 

osteogenic index that would tend to increase femoral anteversion angle. The trend in the 

patterns of change in the calculated osteogenic index was similar throughout the 

different muscle groups. The hip abductors were however the muscle group that 

deviated significantly from the trend both in terms of magnitude and contribution to the 

increase in femoral anteversion angle whereas other muscle groups contributed to the 

decrease in the femoral anteversion angle. This may indicate that children with weak 

abductors or with a gait pattern requiring lower hip abductor force may have a higher 

tendency t develop a higher anteversion angle. This speculation could be investigated in 

further studies. 

A number of assumptions and simplifications were made both in the musculoskeletal 

model as well as in the finite element model; they should be improved in future studies. 

Another suggestion to complement this study would be to investigate, the influence of 

muscle forces on the stress state in the femur neck independent of the observed forces 

during gait. Instead, a sensitivity analysis could be performed for entire range of force 

that each muscle can generate on the femur. That way, the stress state and the 

osteogenic index for all muscles could be compared (not only the ones that generated 

enough force). Moreover, this could give indications of which muscles spastic muscles‘ 

tone would be most critical in contributing to femoral deformities. The improvements of 

boundary conditions and more physiological application of the hip contact force would 

be interesting to investigate in another qualitative study. Also improvements in regards 

of making both the musculoskeletal model and the finite element model subject specific 

would improve the accuracy of the results and hopefully give more information than 

just observed trends. 

Better understanding about how muscles contribute to the development of bone 

deformities is very important as it can help in developing treatment strategies for 

children with abnormal gait patterns and muscle tone. A successful treatment plan can 

help improve function and gait kinematics which would in turn also help ensure typical 

bone development.  
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7 Appendix A – Mesh convergence 
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8 Appendix B – All muscle forces 

 



44 

 

 

 

 

 

 


