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1 Introduction 

Bone regeneration is a complex physiological process of bone formation and it is involved in 

continuous remodelling throughout adult life. It can be seen during normal fracture healing. 

However, when the regenerative process is compromised, bone diseases, like avascular 

necrosis, atrophic non-unions and osteoporosis may occur. Electrical stimulation therapy is 

considered as one of common methods to enhance an insufficient bone regeneration 

process. 

1.1 Motivation 

Electrical stimulation is a method that introduces electric fields into target bone sites to heal 

bone fractures and other bone diseases, such as avascular necrosis of the femoral head. It 

has been used as an orthopaedic bone healing treatment more than several years. Both, 

invasive and non-invasive electrical stimulations are used as an adjunct to enhance bone 

regeneration. Non-invasive electrical stimulation generates a weak electrical current within 

the target bone site using either pulsed electromagnetic fields, capacitive coupling, or 

combined magnetic fields. Invasive electrical stimulation needs to surgically implant 

electrodes in the bone and the cathodes are located at the target bone site.  

Electrical stimulation has also been found to be an effective tool for bone healing in various 

orthopaedic conditions such as aiding internal and external frication [1], enhancing delayed 

or non-union fractures [2] and osteotomies [3], improving the efficacy of bone grafts [4], 

treating fresh fractures [5], and aiding femoral osteonecrosis [6]. It has been found that 

applying electric fields can regulate the expression of genes in connective tissue cells for 

structural extracellular matrix (ECM) proteins and increase production of cartilage and bone 

[7].   

Although electrical stimulation is successfully applied in many clinical situations and has 

become a common therapy for bone healing, the understanding of its mechanisms of action 

in the bone is still not well studied. Moreover, the knowledge on the effects of the electro-

stimulating implant parameters and electrical stimulation parameters, including implant size, 

electric potential, signal wave form and frequency, on the bone regeneration is also still 

scarce, as well. Experiments in vitro and in vivo, both in animal and human, are used to get a 

deeper understanding of these mechanisms and effects. In recent years, due to advances in 

computational methods development numerical simulation of bone electrical stimulation 

draws attention to predict the effect of bone electrical stimulation.  

The widely used computational methods are finite element method (FEM) and finite 

integration method (FIT). Medical image processing and computer aided design (CAD) 
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software help to reconstruct the computational models. Measurements of the electric 

properties of bone tissue support the numerical simulation for bone electrical stimulation.  

1.2 Aim of the dissertation 

The aim of this dissertation is to analyse relevant parameters of electro-stimulating implants 

and their respective impact on bone regeneration in order to optimize the implant's design 

and stimulating parameters. Analysis and optimization will be approached through 

computational simulations. Hence, numerical simulation software is used to analyse the 

electric field distribution in relevant bones. Furthermore, optimization software is used to 

optimize the design of the implant. The aim of the dissertation is reached in three different 

sections, numerical simulation in the human femoral head, in cell experiments and in animal 

testing.  

1.3 Structure of the dissertation 

 

 

 

Fig. 1.1 Concept for the dissertation  

 

Figure 1.1 shows the concept of this dissertation. There are three different sections: 
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numerical simulation in the human femoral head, cell experiments and animal testing. The 

first section analyses how the screw implant’s parameters influence the electric field 

distribution in the human femoral head. Bone cell experiments should investigate electro-

stimulation parameters for different electrostimulative implants, such as screw implants for 

the human femoral head and specifically designed implants for animal testing. Animal testing 

should evaluate electro-stimulation parameters and implant parameters in animal bones in 

order to see their impact on bone regeneration. 

The main contributions in these three sections are listed below. 

In the human femoral head 

 First, evaluation of the electric field distribution caused by the Asnis s-III series screw 

in the human femoral head 

 Optimized screw implant position in the human femoral head 

In cell experiments 

 First, using numerical simulation in cell experiment design and validating the model 

 Presenting a convenient method to optimize the cell experiment design  

In animal testing 

 Using numerical simulation to design animal electrostimulative implant 

 Automatically calibrating animal bone dielectric properties at 20 Hz  

 

In chapter 2 the basis of bone regeneration and bone electrical stimulation is introduced. The 

bone structure and bone remodelling, three different bone electrical stimulation methods 

including direct current, capacitive coupling and inductive coupling stimulation are reviewed 

in detail. This dissertation is based on one clinical study that uses the Asnis III s-series screw 

system to treat avascular necrosis in the patients’ femoral head. Therefore, the Asnis III s-

series screw system is explained in detail, and human femoral anatomy, bone disease, 

avascular necrosis in femoral head, are also elucidated.  

Chapter 3 introduces the background of bone electrical stimulation modelling. Maxwell’s 

equations and electro-quasistatic (EQS) equation used for electric field calculation, FEM, 

bone dielectric properties and model generation are explained specifically. As an example, 

the human femoral head modelling is presented.  

In chapter 4, the numerical simulation of bone electrical stimulation in the human femoral 

head is introduced. The Asnis III s-series screw parameters in the human femoral head 

according to clinical study are numerically analysed. First, the femoral model used in 

simulation is experimentally validated and the electric field distribution in the bone depending 

on different implant parameters is evaluated. Then, the automatic approach to find an 

optimized implant position in the human femoral head is also presented. The limitations and 
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an outlook are also discussed. 

In chapter 5, the numerical simulation of bone electrical stimulation in the vitro testing is 

shown. Three systems for cell experiments are introduced in this chapter. The vitro testing 

setup for the Asnis III s-series screw in clinical study of human femoral head is also 

experimentally validated for simulation. The electric field distribution in chamber setup is 

numerically analysed and the design of the vitro testing setup for electro-stimulating implant 

in the animal testing is optimized.  

Chapter 6 introduces numerical simulation in the animal testing. Two designs of the electro-

stimulating implants are numerically compared according to the electric field distribution on 

the surface of the electrodes and an optimized one is suggested. Dielectric properties of one 

animal bone are automatically calibrated and the procedure is explained in detail. The 

automatic approach and the implant designs are discussed and a short outlook for the animal 

testing is presented.  
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2 Electrical stimulation of bone regeneration 

2.1 Bone properties and bone regeneration 

Bone tissue is specialized connective tissue in the body. It is made mostly by collagen and it 

contains almost all the calcium of the body. Collagen is a protein that provides a soft 

framework, and calcium phosphate is a mineral that adds strength and hardens the 

framework. With the combination of collagen and calcium, bone can support functional 

organs, protect highly sensitive body parts and resist load.   

There are two types of bone in the human body – cortical and cancellous. Cortical bone, 

synonymous with compact bone, is denser, harder, stronger and stiffer than cancellous bone. 

It facilitates the bone’s main function and accounts for up to 80 percent of the weight of a 

human’s skeleton. It can mostly be found in the shaft portion of long bone, such as bones in 

the arms and legs. Additionally, it can also be found in the outer shell around the cancellous 

bone at the end of the joints. Cancellous bone (trabecular bone) forms the inner layer of the 

bone and has a spongy, honeycomb-like structure. It can be found on the edges of long 

bones, such as femur. Although cancellous bone is not as hard as cortical bone, it is more 

flexible and it is really useful in the joint bones. Most importantly, it contains many blood 

vessels and red bone marrow. The red marrow in cancellous bone supplies osteoprogenitor 

cells and helps the new bone to form and grow.  

In 1892, Julius Wolff first proposed that bone adapts its structure accordingly to bone loading 

[8]. This bone adaptation function principle is named 'Wolff's Law'. It can be found in bone 

growth [9], after fracture healing [8], and in implant incorporation [10]. During bone adaption, 

bone is due to continuous resorption and formation. Frost defined these two processes as 

bone modelling [11] and bone remodelling [12], respectively. Modelling and remodelling are 

based on the separate actions of bone resorbing cell osteoclasts and bone forming cells 

called osteoblasts. At the cellular level, bone modelling and bone remodelling do not have 

many differences. The remodelling starts from a quiescent bone surface with the appearance 

of osteoclasts. Osteoclasts have been shown to be able to damage mineralized bone under 

physiological conditions. They are large multinucleated cells that form by fusion of 

mononuclear precursors of haematopoietic origin [13]. To resorb the bone tissue, osteoclasts 

first attach to the bone matrix and form a ruffle border at the bone interface that is completely 

surrounded by a 'sealing zone'. In this way, the osteoclast creates an isolated 

microenvironment. Subsequently the osteoclast acidifies the micro-environment and 

dissolves the organic and inorganic matrices of the bone [14]. Shortly after the bone 

resorption is accomplished, osteoblasts appear at the same surface site. Osteoblasts derive 

from mesenchymal stem cells in the bone marrow, periosteum and soft tissue. They are 
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specialized bone forming cells. After synthesizing bone matrix and regulating mineralization, 

finally they differentiate to osteocytes, mature bone cells. The growth factors which influence 

the bone modelling and remodelling are platelet derived growth factor (PDGF), insulin-like 

growth factor (IGF), bone morphogenetic protein (BMP) and transforming growth factor beta 

(TGF /ß) [15-18]. Once the resorption process is finished by osteoclasts, the growth factors 

are released into the bone fluid to activate osteoblasts to refill resorption cavities. 

Unlike in other tissues, the majority of bony injuries (fractures) can heal with no scar, 

because bone can be regenerated with its pre-existing properties largely restored, and the 

newly formed bone is eventually indistinguishable from the adjacent uninjured bone [19]. 

Although bone can be regenerated by itself during the lifetime, there are still some cases 

where bone regeneration is required in large quantity. For example, skeletal reconstruction of 

large bone defects caused by trauma, infection, tumor resection and skeletal abnormalities, 

as well as in the case of compromised bone regeneration, like avascular necrosis or 

osteoporosis [20]. There are lots  of different ways which can be used either alone or in 

combination for augmenting the impaired or insufficient bone regeneration process. The 

standard approaches which are widely used in clinical practice are distraction osteogenesis 

and bone transport [21,22], and different bone graft methods, such as autologous bone 

grafts, allografts, and bone-graft substitutes or growth factors [23]. In addition, non-invasive 

methods, such as low intensity pulsed ultrasound and pulsed electromagnetic fields (PEMF), 

are also commonly used to enhance bone regeneration [24].  

2.2 Avascular necrosis in the human femoral head 

In this dissertation, one of the electrical stimulation systems combining with bone graft is 

introduced to treat early stages of avascular necrosis in the femoral head. For clarity, a brief 

introduction of avascular necrosis is given in this section, including etiology, methods of 

diagnosis, classification and treatments.  

Avascular necrosis, often named osteonecrosis, is a bone disease caused by death of bone 

cells. It primarily affects weight-bearing joints. Figure 2.1 shows a picture of avascular 

necrosis in the femoral head. It is clear to see that the fatty tissue, necrotic lesion, in the 

femoral head causes bone collapse in the femoral head. Typically it occurs in young patients 

between the age of twenty to forty [25].  

Besides traumatic causes such as subcapital fracture or hip dislocation, the exact factors that 

affect the progression of avascular necrosis in the femoral head are still not fully understood. 

One of the most common risk factors for avascular necrosis of the femoral head is the use of 

corticosteroids [26]. But the corticosteroid dose of use that becomes a risk is still disputed. 

Many reports show evidence of a corticosteroid dose-related risk of avascular necrosis for 
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the femoral head in patients with severe acute respiratory syndrome (SARS) [27] and renal 

transplant [26]. Moreover, smoking and alcohol have also been implicated a risk factors for 

avascular necrosis of the femoral head [28].  

 

 

Fig. 2.1 Avascular necrosis in the femoral head – bone turns to fatty tissue and collapses.  

 

Compared to other radiographs, magnetic resonance imaging (MRI) is the best diagnostic 

method for avascular necrosis in the human femoral head, because MRI is particularly 

sensitive to the soft tissue structures in the body and it is a safe technique without radiation. 

It has been found to be 99% sensitive and 89% specific for avascular necrosis in the femoral 

head [29]. In figure 2.2, avascular necrosis in the patient’s femoral head was detected by 

MRI. The abnormal dark areas in the femoral heads (red circles) are the necrotic lesions. 

 

 

Fig. 2.2 MRI of avascular necrosis in patient’s femoral heads, horizontal view (left) and lateral view 

(right). The areas in the red circle are femoral head, in which the dark black areas are necrotic lesions.  

 

The treatment of avascular necrosis in the femoral head is based on the stage of the lesion. 

Before defining the stage, the volume of part of the femoral head involved in the necrotic 

lesion has to be calculated. Many reliable and reproducible methods have been described to 

measure the size of a lesion using MRI [30] or radiographs [31]. To evaluate the evolution of 

avascular necrosis, the Ficat classification [32] is commonly used. It describes a four stage (I 
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through IV) classification system based on standard radiographs. In Stage I the radiographs 

show normal. In Stage II the contour of the femoral head is normal but the radiographs show 

evidence of bone remodelling including cystic and sclerotic areas. Stage III involves 

flattening of the femoral head. In Stage IV, there is joint space narrowing with secondary 

degenerative changes in the acetabulum. Steinberg classification [30] is one of the common 

modifications of Ficat’s. It expands the Ficat system by dividing Stage II into femoral with and 

without collapse or hip with acetabular involvement (Fig. 2.3). The missing parameters in 

Ficat classification, the size and location of the necrotic area, are extended in another 

modification, the Association Research Circulation Osseous (ARCO) classification [33].  

 

 

 

Fig. 2.3 Steinberg classification for avascular necrosis in the femoral head based on Steinberg [30]. 

 

According to the stage of the avascular necrosis, the treatment can be proposed differently. 

For the early stage of the avascular necrosis (less than Stage IV in Steinberg classification), 

the operative treatment includes core decompression [34], osteotomy [35], bone grafting [36] 

and electrical stimulation [37]. For the higher stages of avascular necrosis (Stage IV and 

higher in Steinberg classification) in the femoral head, limited femoral resurfacing 

arthroplasty or total joint replacement are indicated as the femoral head has collapsed and 

the hip joint has degenerated such that the articulation is compromised. 

 

2.3 Bone electrical stimulation 

Electrical stimulation is a common method used for bone regeneration. Electromagnetic 



 

 

 

9

stimulation of bone fractures and other bone diseases, such as avascular necrosis of the 

femoral head, has been studied for more than half a century. The bone electrical stimulation 

theory has been summarized by Habel [38] into a simple schematic (Fig. 2.4). Exogenous 

bone mechanical deformation can transduce an endogenous electric field in the bone. As the 

electric potentials play an important role in early callus development and the remodelling 

stages of bone healing, the endogenous electric fields in the bone can inspire bone 

remodelling to regenerate the bone and accelerate bone growth.  

 

 

 

Fig. 2.4 Schematic of bone electrical stimulation theory based on Habel [38].  

 

The underlying biological mechanism has been presented by many research groups. Fukada 

et al. in 1957 [39] revealed that bone has piezoelectric properties; i.e. stress-generated 

potentials, that can be created by the shear forces in the collagen. The compression side 

produces a negative potential, while the tension side has a positive potential [40]. Since 

1957, the electric properties of bone material have been widely investigated. Friedenberg  

and Brighton [41] reported that a bio-electric potential can be generated by healthy bone. It is 

believed that electric signals in bone tissue is important in the bone modelling and 

remodelling [42,43]. The electric signals in the bone are generated either from 

piezoelectricity or from streaming potential. Experiments have shown that, the behaviour of 

bone cells can be influenced by externally applied electric energy [44]. Recently, Soda et al. 

[45] showed that applying low frequency electromagnetic fields on the bone can increase 

collagen synthesis in osteoblasts. Aaron et al. [7] reported that electric and electromagnetic 

fields can regulate the expression of genes in connective tissue cells for structural 

extracellular matrix proteins. Hence, using electrical stimulation can lead to the production of 

more bone-forming cells by the osteoprogenitor cells [46]. Consequently, bone healing can 

be accelerated by augmenting the development of extracellular matrix. 
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Basically there are three ways to therapeutically induce electric current into bone, direct 

current (DC), capacitive coupling (CC) and inductive coupling (IC).   

2.3.1 Direct current (DC) 

DC is an invasive technology [47], which involves the surgical placement of electrodes (Fig. 

2.5). A cathode is placed at the site of the bone defect and an anode is in the soft tissue 

nearby [48]. The advantage of using DC for bone stimulation is the constant stimulation of 

the desired osseous area, with increased patient compliance, so that optimization of the 

position of the electrodes is possible over time [49] . Due to the invasive nature of the 

procedure, DC stimulation has a risk of infection and tissue reaction although bone growth 

has been demonstrated using direct current devices [50]. 

 

 

Fig. 2.5 Electrical stimulation method: DC using two electrodes and a battery. Two electrodes are 

implanted to the bone fracture area. 

 

Osteogenesis has been shown to be stimulated at the cathode using currents between 5 and 

100 µA and varying the number of electrodes between 2 and 4 [48]. The stimulator is 

implanted to the bone and the treatment is continuous until the bone healing occurred, then it 

will be removed. Although DC has the risk of bone infection, tissue reaction and soft tissue 

discomfort [51], an 86% clinical healing rate of nonunions after 16 weeks of use of DC has 

been reported by Brighton et al. [52]. In the patients who did not achieve union, the authors 

suggested that failure was due to either the proper placement of cathodes or the premature 

discontinuation of cast immobilization.  

Many in vitro studies were carried on to illustrate the cell mechanism of action of DC. It is 

widely thought that DC stimulating osteogenesis by an electrochemical reaction at the 

cathode referred to as faradic products [48,53-60], which results in consumption of dissolved 

oxygen concentration and the pH value increased by the production of hydroxyl ions at the 

cathode [54]. Therefore, bone resorption is prevented and bone formation is increased by 

increasing osteoblast and decreasing osteoclast action [54]. Another faradic product which 

formed at cathode is hydrogen peroxide [54]. This enhances osteoclast differentiation [60]. 

The bone formation is triggered by the osteoblast due to the resorption by the osteoclasts. It 
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is also found that the DC’s stimulatory effect may be due to an increase in growth factor 

synthesis by osteoblasts, in particular bone BMP -2,6,7 [59].  

2.3.2 Capacitive coupling (CC) 

In CC stimulation [61], electrodes are applied externally to the skin above the area to be 

stimulated. A power source is usually attached to the patients cast and connected to the 

electrodes to generate an electrical field within the fracture site (Fig. 2.6). The big advantage 

of CC is that it is non-invasive. Many studies showed evidence of successfully treating bone 

non-unions using CC. In [62], 77% successful fracture union by CC in 22 non-unions was 

found, in which, all the patients were treated for an average of 22.5 weeks without an effect 

on infection, previous recalcitrant non-union, or prior internal fixation hardware. One study 

showed that CC could also be safely used in athletes with stress fractures [63]. Aaron et al. 

[64] have found that the electric field from 1 to 100 mV/cm which generated from electric 

potential 1 to 10V at frequencies between 20 Hz and 20 kHz in CC, has shown to be efficient 

for bone stimulation. Even though, the therapeutic results depend on patient compliance. 

Due to the high voltages and frequencies in CC, it may cause irritation [65].  

 

 

Fig. 2.6 Electrical stimulation method: CC using two capacitor plates. 

 

Molecular pathways and growth factors have been shown in CC to enhance proliferation and 

differentiation of the osteoblast [66].The mechanism by which CC stimulates bone formation 

is commonly thought to be calcium translocation via voltage-gated calcium channels [66,67]. 

Calcium is unregulated by CC, which is important in bone healing because calcium has a 

role in the mineralization of bone and conducts the communication between cell surface 

receptors, antibodies, and hormones for DNA synthesis needed for bone healing [68]. 

2.3.1 Inductive coupling (IC) 

In IC [69], often referred to as PEMF, a magnetic field is produced by forcing electric current 

through a wire coil placed over the lesion (Fig. 2.7). Bassett et al. [70,71] were the first to 
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report on the use of oscillating electromagnetic fields to treat non-unions. Pulsed 

electromagnetic fields can affect endochondral bone formation [72,73], connective tissue 

repair [74], osteoporosis [75,76], and various other conditions [77-80]. The frequency of 

PEMF devices for the bone healing is either at a relatively high frequency (1 – 10 kHz) or at 

relatively low frequency (1 – 100 Hz) [81]. The induced electric field at a low frequency (lower 

than 120 Hz) has been found to have has the most effect on bone modelling activity [82]. 

From the investigation of using a sinusoidal varying electric field to stimulate bone 

remodelling activity, the electric field frequency in the range of 15 to 30 Hz has been found to 

have remarkable sensitivity for preventing bone loss and inducing new bone formation [83]. 

However, negative results of electromagnetic stimulation tested on several animal models 

have been reported [63,84-86] and there is the continuing question of how particular 

waveform characteristics influence the biologic results [87].  

 

 

Fig. 2.7 Electrical stimulation method: IC using coils.  

 

Kraus and Lechner developed an application of low frequency for PEMF. It consists of a 

primary coil at a frequency of 0.2 to 20 Hz with a magnetic flux of 2 to10 mT. The primary coil 

is located outside of the bone defect to stimulate bone regeneration [88]. The induced 

electric field in the bone from the primary coil is really low, smaller than 0.1 V/m, which has 

no significant stimulation effect on bone healing [89]. Therefore, the magnetic induced 

electrical stimulation system was presented to improve the bone healing outcome by Kraus 

and Lechner [89]. This system is based on the interplay of two coils and two electrodes. One 

coil is placed outside of the body where the two electrodes are implanted, the so-called 

external primary coil, and is used to generate the sinusoidal oscillating magnetic fields. The 

second coil is an implanted transducer coil, which is used to receive induced currents from 

the external alternating magnetic field and connected to two electrodes. One electrode was 

placed in the bone to be healed, and another one in the immediate proximity. Figure 2.8 

shows the principle of the Kraus and Lechner system in treatment of avascular necrosis in 

the human femoral head. Two electrodes are designed as screws.  
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It has been found that the frequency refractures after leg lengthening can be diminished after 

carrying out the Kraus and Lechner system [90]. Although the effectiveness of the system 

has been tested in vitro and animal experiment [91], whether a low frequency magnetic field 

itself in this system has a big influence on the bone regeneration is still a debatable issue. 

Kraus [92] presented that the low frequency magnetic field (0.2 to 20 Hz) alone promotes 

bone healing by way of accelerated blood vessel development and bone remodelling. These 

positive effects are more apparent in magnetically stimulated bones than in control bones or 

in electrically stimulated bones. However, Blümlein [93] examined the effect of pure magnetic 

fields (30 Gauss and 22 Hz) on vascularization and bone formation in dogs non-unions and 

found that there was no positive effect of the magnetic field in the animal model. Also the 

same result was found by Gerber et al. [94]. They used the same magnetic field and found 

no effect on the growth of embryonic bones. Similar results were revealed in our previous cell 

culture study [95]. That is exclusive magnetic stimulation showed similar but non-significant 

tendencies in metabolic activity and cell viability and collagen type 1 synthesis compared to 

experiments of control, electrically stimulated and electromagnetic stimulated.   

 

 

Fig. 2.8 Kraus-Lechner system, (a) the primary coil is placed outside of the femoral head and 

generates a magnetic field. This magnetic field induces a current in (b), the secondary intra-corporeal 

coil. The secondary coil is connected to (A) and (B), the two electrodes. This generates an electric 

field between the two connected electrodes. 

 

Practically the Kraus and Lechner system has some disadvantages. For example the fatigue 

failure of the connecting wires and mechanical disconnections at the contact elements 

because of friction against the bordering tissue, additional implants (separate transducer 

system with cables) and minimum two osteosynthesis parts (e.g. two screws) . Therefore, to 
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improve the technique, based on the approach of Kraus and Lechner, Mittelmeier et al. [96] 

proposed a bipolar induction screw system (BISS), the depicted Asnis III s-series screw 

(Stryker Trauma, Kiel, Germany) (Fig. 2.9) with integrated coil and two electrodes. In this 

system, the transducer coil is embedded into the screw, thus there are no extra wires to be 

implanted. This reduces the failure risk of electro-stimulation caused by wire disconnection. 

Furthermore, it is also much easier to insert the implant and to remove e.g. after three 

months of treatment. Besides, it has a more consistent arrangement of electrodes to each 

other to guarantee a correct and reproducible handling of the system compared to the Kraus-

Lechner system [96]. 

 

 

Fig. 2.9 Asnis III s-series screw: (a) screw implant, (b) X-ray of screw implant. The internal coil is 

connected both to the tip and the shaft of the screw, which are isolated from each other. 

 

 

 

Fig. 2.10 (left) patient pre-operative MRI data, (middle) X-ray of patient data with Asnis III s-series 

screw, (right) patient post-operative MRI data. 

 

Ellenrieder et al. [37] performed a retrospective clinical observation of 53 patients (59 hips) 

treated with the Asnis III s-series screw. In this study, none of the patients had undergone an 

intertrochanteric osteotomy in the past, and none of their avascular necrosis state was higher 

than stage III, according to the Steinberg classification [97]. This is because the screw 

implant is only suggested when treating early stages of avascular necrosis in the femoral 
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head. For later stages, higher than stage IV of the Steinberg classification, a total hip 

replacement will be considered. Avascular necrosis in the patients’ femoral heads was 

diagnosed using MRI before the operation. After the surgery, the screw implants stimulated 

the weak bone in the femoral head for 5 to 12 weeks. The patients were asked to wear an 

extracorporeal coil around the body for 45 minutes three times a day and the implants were 

removed after three months. Another MRI check was used to assert the outcome of the 

treatment. Patient pre- and post-operative MRI data and X-ray with Asnis III s-series screw in 

the patient’s femoral head are shown in figure 2.10. The preliminary results of the study 

showed that 86% of the patients had a significantly improved medical condition. 
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3 Computational modelling of bone electrical stimulation 

3.1 Electro-quasistatic model 

The electro-quasistatic (EQS) formulation can be used to compute the voltage response in 

the stimulated target area of bone electrical stimulation. This formulation is a simplification of 

Maxwell’s equations. For electromagnetic fields that are slowly varying and have a negligible 

magnetic induction, the EQS approach may be applied [98]. 

3.1.1 Maxwell’s equations 

In 1865, James Clerk Maxwell presented a set of differential equations which became a 

foundation of electromagnetic theory [99]. This set of differential equations describes all 

macroscopic electromagnetic phenomena reflecting the relations between the characteristic 

quantities of electromagnetic fields, the space- and time-dependent electric and magnetic 

field strength ( � (�/�) and � (�/�) ). The governing equations of the bone electrical 

stimulation phenomena in this thesis can also be formed by Maxwell’s equations. The 

following four differential equations (3.1. to 3.4) describe the interrelation of the electric field 

� , the electric displacement� (��/��), the magnetic induction � (��/��) and the magnetic 

field �, 

 

��� � = � 
 

(Gauss’ law) 
 

(3.1) 

��� � = 0 
 

(Gauss’ law for magnetism) 
 

(3.2) 

���� � = � +
��

��
  

 

 

 

(Ampère’s law with Maxwell’s extension) 

   

 

(3.3) 

���� � = −
��

��
  

 

 

 

(Faraday’s law of induction) 

 

 

 

(3.4) 

 

whereas � is the volume density of free charges, and � is the density of free currents. Gauss' 

law describes the source of the electric displacement field. Written in integral form, it states 

that the total outward electric displacement flux over any closed surface is equal to the total 

free charge enclosed in the surface. Gauss’ law for magnetism describes the absence of 

magnetic monopoles. The origin of electromagnetic waves can be found in the coupling of 

Ampère's law and Faraday's law [100]. Ampère’s law indicates that a time-varying electric 

field will give rise to a magnetic field, even in the absence of a current flow. The additional 

term 
��

��
  is called displacement current density, and its introduction in the ���� � equation 

was one of the major contributions of Maxwell. Faraday’s law describes how a time varying 

magnetic field induces an electric field.   
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The set of constitutive relation equations in the following is extended to determine the 

electromagnetics in media. These additional material equations are valid for linear, isotropic, 

non-polarised or -magnetised media [101] 

 

� = �� 
 

(3.5) 

� = �� � 
 

(3.6) 

 � = �� 
 

(3.7) 

 

with electric permittivity � , magnetic permeability ��  and electric conductivity � . �  is the 

electrical conduction current density in a conductive medium. 

In reality, the material properties of biological tissue like bone or cartilage are normally 

anisotropic and frequency dependent. Therefore, in the numerical analysis and simulation, 

the dielectric properties of bone have to be clearly defined. Details of the dielectric properties 

of bone can be found in section 3.3.  

3.1.2 Electro-quasistatic fields 

Slowly varying electromagnetic fields play an important role in many applications in bio-

systems and medical engineering. The introduction of electro-quasistatic fields in this 

subsection is based on van Rienen [98] . 

Electro-quasistatics (EQS) gives a reasonable approximation for low-frequency fields which 

can be thought to be free of eddy currents ( i.e. the time derivative of the magnetic flux 

density may be neglected and thus ���� � ≈ 0  ), while the effects of the displacement 

current, which is the time derivative 
��

��
 of the electric flux density, are dominant.  

A harmonic time-dependence of the electric field can be expressed as  

 

� (�, �) = ��(�(�)�������) = ��(�(�)����)                           (3.8) 

 

with the angular frequency �, the phase angle � and the phasor �(�) =  �(�)���. 

Therefore, the time harmonic electro-quasistatic equations can be described as 

 

��� � = � 
 

 

(3.9) 

��� � = 0 
 

 

(3.10) 

���� � = ��� + �� + �� 
 
 

(3.11) 

���� � ≈ 0 
 

 

(3.12) 
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where the current density � is separated into a conduction current density ��  arising from 

conductive materials and an impressed current density �� . 

Since the electric field is assumed to be free of eddy currents, the electric phasor � can be 

derived from a scalar potential function: 

 

� = −���� �                                                                 (3.13) 

 

in which the complex potential �  is equal to the amplitude of the real, time harmonic 

potential: � = ��(�����). 

Using the time-harmonic electro-quasistatic equations (3.9) to (3.12), after a few steps, the 

electro-quasistatic equations can be reformulated as the following potential equation, i.e. one 

single differential equation. 

 

���([� + ������]�����) = �����                                   (3.14) 

 

In bone electrical stimulation, since the bone has a relatively low conductivity, the induced 

eddy currents in the bone are several magnitudes smaller than the currents generated by the 

coils that are integrated in the screw implant. Therefore, impressed currents can be 

neglected and the electro-quasistatic potential equation results in  

 

���([� + ������]�����) = 0                                          (3.15) 

 

The EQS formulation in equation (3.15) is solved in a volume conductor model of the bone, 

which forms the computational domain Ω, by applying conditions to the exterior boundaries 

�Ω� , � = 1, . . . , ��  of the model, where ��  is the number of boundaries with different 

conditions. Dirichlet boundary condition applies a potential  

                                              �│�Ω� = V��
���                                                           (3.16) 

with the constant amplitude V�  and phase ��  to the surface of the electrode contacts and 

ground in the model. Homogeneous Neuman boundary condition applies to the perfect 

insulator, where the gradient of the solution � is orthogonal to the normal component � of 

each boundary element 

                                                        � ∙ ��│�Ω� = 0                                                        (3.17) 

to the exterior boundary of the bone model as well as the electrode insulator. 
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3.2 Finite Element Analysis (FEA) 

In many biological applications, complex geometries are included. As the geometry is not 

regular, it is often impossible to analytically compute the electric and magnetic field 

distribution in the studied biological tissue. Numerical simulations are often used as an 

approximate solution to the problems. For instance, in this thesis, the electric field caused by 

electrical bone stimulation can be computed numerically by the Finite Element Method (FEM) 

even though the computation of the bone model is complex. Numerical discretisation 

techniques subdivide the complex bone configuration into small elements and each of the 

small elements is assigned its own material properties, such as conductivity and relative 

permittivity. The small elements can also be set as sources as needed. Then, the 

electromagnetic equations are solved for the collection of small elements to obtain the fields 

in each element and thus in the whole configuration.  

FEA is a favourite approach for the numerical solution of electromagnetic field problems due 

to the reason that FEA has a strong capability to deal with complex geometry [102]. It is used 

to solve boundary and initial value problems of partial differential equations on discretised 

geometries, called meshes. To get the approximate solution of the problem, the so-called 

Galerkin method is often used. The weak formulation of the partial differential equation is 

used to discretise the boundary value problem into finite elements and the solution on each 

finite element is interpolated by local basis functions and put into the derived (weak) 

formulation. The finite element meshes include triangles and quadrilaterals in two-

dimensional space and tetrahedral, prisms, pyramids and hexahedra in three-dimensional 

space. The interpolation degrees can also be varied from linear, quadratic to cubic. In [102], 

chapter 6, the use of the Finite Element Method (FEM) to solve Maxwell’s equations is given 

in more detail.  

Various software tools are based on a FEM implementation. In this work, the software 

COMSOL Multiphysics (Comsol AG, Göttingen, Germany) is used. The finite element 

computations of the bone electrical stimulation model used in this thesis were carried out 

using this commercial software, COMSOL Multiphysics, version 4.3b. It offers an easy to 

control graphical user interface for geometry generation and many mesh algorithms and 

adaptive refinement techniques are contained. Anisotropic material parameters can be 

accessed in many ways. For both, linear and nonlinear problems, various direct and indirect 

solvers are available. A very essential feature of COSMOL is that it has an application 

interface to MATLAB (Mathworks, Ismaning, Germany) and allows MATLAB to control 

COMSOL via script files and functions. 
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3.3 Bone dielectric properties 

To evaluate the electric field distribution in the bone caused by electrical stimulation, electric 

properties of the bone and the electro-stimulating implant, like relative permittivity ��  and 

electric conductivity � are crucial parameters. The implant geometry, its position in the bone 

and the stimulation parameters substantially influence the voltage response in the stimulated 

target area of the bone in bone electrical stimulation. Titanium alloy is a common material for 

orthopaedic and dental implants due to its high biocompatibility [103]. Thus, the electric 

properties of an electro-stimulating implant are directly provided by the manufacturer. Unlike 

the electro-stimulating implant, bone tissue is the most variable resistive medium in the body. 

It is an inhomogeneous composite material with fluid-filled pores and it is anisotropic in its 

structure [104]. Hence, its dielectric properties are varying at different frequency ranges.  

The dielectric properties of any material can be obtained from its measured complex relative 

permittivity �(�), written as 

�(�) =  �′ − �
�

���
                                                    (3.16) 

 

where �′ is the relative permittivity of the material and 
�

���
 is the out-of-phase loss factor, � 

is the total conductivity of the material, �� is the permittivity of free space and � is the angular 

frequency of the field. 

The dielectric properties of biological tissues result from the interaction of electromagnetic 

energy with the tissue constituents at the cellular and molecular level [105]. As early as in 

1957, Schwan [106] described that there are three distinct regions for the conductivity and 

relative permittivity of biological tissue as a function of frequency and that the relative 

permittivity occurs to have an ‘enormous value’ in the order of millions at low frequencies. 

These three regions are called the α, β and  dispersion, respectively (Fig. 3.1) and an 

example of a biological tissue’s dielectric properties in different frequency ranges is shown in 

figure 3.1 which is based on Schwan [106].  

Dispersion is the corresponding concept to relaxation in the frequency domain [107]. The 

different dispersion regions specify the non-symmetrical distribution of the relaxation times in 

biological tissue and result from dielectric effects at the membranes of the tissue, which has 

the following origins [106]: 

 �-dispersion, (mHz-Hz): associated with ionic diffusion processes at the outer cell 

membrane 

 �-dispersion, (kHz-MHz): due to the polarization at the poorly conductive membranes, 

resulting in cellular membrane capacitance 
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 �-dispersion, (GHz): due to the polarization of water molecules in the tissue 

 

 

Fig. 3.1 Example of relative permittivity (decreasing) and conductivity (increasing) of biological tissue 

within the three dispersions region α, β,  (based on Schwan [106]). 

 

In 1996, Gabriel et al. [108] systematically reviewed almost half a century’s literature 

available at that time in terms of dielectric properties of tissues over ten frequency decades. 

Later, an extensive experimental study was carried out on a large number of biological 

tissues at body temperature with three different measurement techniques in the frequency 

range of 10 Hz to 20 GHz [105]. They found good agreement between the experimental 

results and the data from three experimental setups in the overlapping frequency ranges, as 

well as the data from the literature [105]. Finally, Gabriel et al. [109] created a parametric 

model to characterise the electrical properties of various biological tissues as a function of 

frequency. The conductivity and relative permittivity of cortical bone and cancellous bone in a 

frequency range from 10 Hz to 100 MHz after the parametric model that is explained below, 

is shown in figure 3.2. 

To parameterise the conductivity and relative permittivity of the investigated tissue, the 

previously reported experimental data, complemented by the data surveyed in the literature, 

and a mathematical model characterising the four dispersion regions was used [109]. The 

frequency dependence within each region was expressed as a Cole-Cole term. The Cole-

Cole relation derives its name from Cole and Cole [110,111]. They noted that the frequency 

dependence of the electric permittivity in a range of different experiments could all be 

summarized by a particularly simple mathematical relation in the complex plane. 
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Fig. 3.2 The conductivity and relative permittivity of cortical bone and cancellous bone in a frequency 

range from 10 Hz to 100 MHz. Image based on the Cole-Cole dispersion parameters by Gabriel et al. 

[109,112]. 

 

The Cole-Cole model parameters can be found in [112] and have been widely used. With this 

mathematical model, the frequency dependent complex relative permittivity �(�)  can be 

calculated by 

 

�(�) = �∞ + ∑
∆��

��(����)(����)
�
��� +

��

����
                                   (3.17) 

 

where �∞ is the relative permittivity at high frequencies, ∆�� =  ��� − �∞, ��  is the permittivity 

at low frequencies with �� ≪ 1. �� is the relaxation time, and �� is the static ionic conductivity. 

�∞ and �� are the Cole-Cole-parameters found experimentally for every Cole-Cole equation 

[109]. In figure 3.2, the values of the relative permittivity of cancellous bone and cortical bone 

are extremely high (106 to 107) at low frequencies and decrease to diminish when the 

frequency increases. This phenomenon has been described by Schwan [106]. The relative 

permittivity of a biological tissue may reach an ‘enormous value’ in the order of millions at low 

frequencies (below 100 Hz). The reason why the electrical permittivity in biological tissues 

decreases with increasing frequency is that the different electrical charges are not capable to 

follow the changes in the applied electrical field. The distinct dispersion regions mentioned in 

[106] can be easily detected from the cancellous bone and cortical bone in the data [109]. 

The parametrical model described by Gabriel et al. [105,109] is used to predict the dielectric 

data that is in line with that contained in the vast body of literature. It is based on 

experimental data. Due to the errors in the different references, the relative permittivity 

values in [109] from the parametrical model below 100 Hz can be affected by up to a factor of 

two or three. The dielectric properties of bone are important to understand the generation 
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and distribution of electrical current in the body caused by external electrical fields.  

Although a wide range of values for bone impedances has been reported in the literature, the 

results are still difficult to compare due to the lack of a standard normalised representation of 

the bone impedance. Saha et al. [113] investigated the environmental condition factors which 

can affect the measurement of the dielectric properties of bone. In [113], bone specimens, 

standardised rectangular cortical bones, were chosen from the shaft of adult beef cattle 

femurs. Measuring the dielectric properties of bone in living animals or humans still presents 

difficulties. Therefore, the bone specimens were stored at -20 °C. Before the experiment, the 

bone specimen were thawed and brought to room temperature. Based on [113], care has to 

be taken regarding the environment during the measurements. The preserving solution’s pH 

value and temperature have to be specified when presenting the results on the electrical 

properties of bone as it may induce a relative big change in resistance, conductance and 

capacitance of the bone specimens. The bone specimen exposure time has to be short and 

the measurement has to be taken immediately after the bone sample was removed from the 

solution to avoid loss of moisture content and consequent errors. 

The sample of the investigated biological tissue is critical to the measured results of dielectric 

properties because biological tissues are inhomogeneous. It shows considerable variability in 

dielectric properties. In addition to the factor in [113], the electrical properties of bone are 

likely to depend on the microstructure and the chemical composition of the specific bone 

sample. The structure and chemical composition of bone samples depend on age, sex, 

species and the direction and location of the bone; therefore, these are also factors which 

influence the dielectric properties of the bone. Peyman [114] reviewed that dielectric 

properties of tissue varied with the biological tissues’ age and a significant decline in both, 

relative permittivity and conductivity as a function of age for some tissue, such as brain 

(white matter), long bone, skull, skin, muscle and bone marrow, has been found. 

Interrelationships between electrical properties and microstructure of human trabecular bone 

have been investigated by Sierpowska et al. [115] in 2006. They found that dielectric 

parameters of trabecular bone, especially relative permittivity and dissipation factor, were 

significantly and specifically related to a trabecular microstructure as characterized with 

micro-CT. Moreover, the effect of human trabecular bone composition on its electric 

properties has also been researched by Sierpowska et al. [116] and a strong linear 

correlation is found between the relative permittivity at 1.2 MHz and trabecular bone fat 

content. In addition, the relative permittivity measured at 200 Hz served as a good predictor 

of water content. Phase angle, specific impedance and especially conductivity were strongly 

related to the trabecular bone density and water content. 
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3.4 CAD modelling 

In general, the construction of a CAD model for a specific tissue often starts from the 

acquisition of anatomic data from an appropriate medical imaging modality [117]. The CAD 

modelling has to be capable to produce three-dimensional views of anatomy, differentiate 

heterogeneous tissue types, display the different structures and generate computational 

tissue models for analysis and simulation.  

3.4.1 CAD model generation 

Three major steps are basically involved in CAD model generation: non-invasive image 

acquisition, imaging processing and three-dimensional reconstruction to form a voxel-based 

volumetric image representation, and the construction of a CAD-based model [117].   

The commonly used imaging modalities in tissue modelling are computed tomography (CT) 

and MRI. Each has its own advantages and limitations. CT exposes a sample to small 

quantities of ionizing radiation and detects and images it according to its radiation absorption. 

The result of a CT scan is a series of 2D images which display a density map of the sample. 

The big advantage of CT as an imaging modality is its reasonably high resolution. The 

limitation of CT scanning is that it could not be ethically justified to create image models for 

each and every organ, due to the reason that radiation dosage is administered. The 

advantage of MRI is that it is capable to show subtle differences in soft tissue anatomy 

without the harmful effects of ionizing radiation present in CT. It is superior in differentiating 

soft tissue types and in recognizing border regions of tissues with similar density. The 

disadvantage of using MRI is that the patient is required not to move during the scan. 

To reconstruct a three-dimensional anatomic model from CT/MRI, the images have to be 

integrated using 2D segmentation and 3D region growth. 2D segmentation means extraction 

of the geometry of the CT scan data set [118]. In CT scans, the grayscale value of each 

voxel determines the tissue density. In order to differentiate the tissue in CT scans, contrast 

segmentation can be used. Although CT is inferior to MRI in differentiating soft tissue with 

similar density, it has the advantage that it is more effective to segment hard tissue and 

tissue with sharp density changes, for instance the interface between bone and soft tissues. 

Segmentation can be accomplished either manually or automatically. In spite of the fact that 

the manual segmentation method is time consuming, it is still often used since it offers whole 

user-control and all anatomical knowledge can be applied in the segmentation process [117]. 

Therefore many algorithms have been designed only to segment the region of interest 

automatically. To evaluate segmentation methods for a particular model, important factors 

should be considered, such as running time, accuracy, reproducibility and generality. There 

is no gold standard to evaluate the accuracy of a segmentation algorithm. In general, it is 
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evaluated by comparison with a manual segmentation by an expert. The accuracy of 

automatic segmentation can be evaluated by volume difference measures, overlap measures 

and geometrical measures [119]. 

The 3D voxel model from the region growth algorithm normally cannot be effectively used in 

numerical simulation [117]. CAD models, represented as boundary representations and 

mathematically described as Non-Uniform Rational B-splines (NURBS), need to be carried 

out for model design, analysis and simulation. Kluess et al. [120] presented a convenient 

approach to generate a CAD model from medical imaging data. In their method, first, the 3D 

voxel model is converted to a stereolithography (STL) file and this STL file is then imported 

into a reverse engineering software for surface refinement and NURBS surface generation. 

This method has also been mentioned in [117]. The bone CAD models in the present thesis 

are generated using this method. Moreover, the reverse engineering interface approach is a 

method that first converts the 3D voxel model to point data form and loads the points into 

reverse engineering software. Then, one generates a triangulate faceted model from the 

points and creates a NURBS surface from this faceted model. Besides this method, some 

commercial programs that can construct a CAD-based model directly from medical images 

were also introduced in [117]. For example, MedCAD (Materialis, Belgium), a standard 

module of medical image processing software, directly exports data from the imaging system 

to the CAD platform through either the International Graphics Exchange Standard (IGES), 

the Standard for Exchange of Product (STEP) or in STL format.  

3.4.2 Human femoral anatomy 

In this thesis, the Asnis III s-series screw is used to treat avascular necrosis in a patient’s 

femoral head. Therefore, this bone’s modelling is given as an example. To clarify the human 

femoral structure, the anatomy of human femur based on Gray [121] is introduced in this 

subsection.  

As the interest of biology and the functional mechanism of the human femur is not the focus 

of this work, it will not be explained here. More information about the biology and functional 

mechanism of the human femoral can be found in [119]. 

Figure 3.3 shows the left and right femur structure. The femur is the longest and strongest 

bone in the human skeleton. As in figure 3.3, it is almost perfectly cylindrical in the greater 

part of its extent. The femur consists of a body, and two extremities. The upper extremity is 

divided into a head, a neck, a greater and a lesser trochanter. From the mechanical point of 

view, the inner structure and outer form of the femur are governed by the conditions of 

maximum stress where weight is transmitted to the femur head through the acetabulum 

[121]. 

Figure 3.4 shows an upper extremity of a right femur viewed from behind and above. The 
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femur head is globular and forms a hemisphere. The head surface is smooth and coated with 

cartilage in the fresh state. Fovea capitis femoris is from ovoid depression and attaches to 

the ligamentum teres. The neck connects the head with the body and forms with the latter a 

wide angle. The greater and lesser trochanter is prominent bone structures which afford 

leverage to the muscles that rotate the thigh on its axis.  

 

Fig. 3.3 Posterior surface of left femur (left) and right femur (right) (anatomy from Gray [121]). 

 

Fig. 3.4 Upper extremity of right femur viewed from behind and above (anatomy from Gray [121]). 

 

3.4.3 Human femoral head modelling 

The process of human femoral head modelling is shown in figure 3.5. A femoral head which 

is used for the CAD model reconstruction is from a patient undergoing total hip replacement. 

Basically, these software tools are involved in the human femoral head modelling: 

 Segmentation: Amira 5.4 (Mercury Systems, Chelmsford, MA, USA) 

 CAD-reconstruction of faceted surfaces: Geomagic (Geomagic, Morrisville, NC, USA) 

 FEM solver: COMSOL Multiphysics  

There are alternatives to these choices. They can be replaced by similar software with the 

same functions. For example, the segmentation software Mimics (Materialise NV, Gilching, 

Germany) can replace Amira to segment the human femoral head. The numerical simulation 
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software COMSOL can be replaced by CST studio (CST STUDIO SUITE, Darmstadt, 

Germany) or others. Although COMSOL and CST both have pre-processing and post-

processing functions for the simulation, those have many limitations and are not sufficient for 

some special requirements. That is why some special pre- and post-processing software 

tools are needed. For example, to achieve a more precise mesh for the simulation, 

commercial pre-processing software Altair HyperMesh (Altair Engineering, Inc., Hamburg, 

Germany) can be used before the simulation to get a customized mesh. Then, the generated 

fine mesh can be directly imported to the simulation software to calculate the results. The 

results of the simulation from the FEM software can be exported in txt format and can be 

analysed in MATLAB. 

 

 

Fig. 3.5 Human femoral head modelling process according to Kluess et al. [120]. 

 

The first step of human femoral head modelling in this thesis is to get a medical image of the 

human femoral head. After the CT scan of the human femoral head specimen, the DICOM 

images are loaded into the software Amira. It is used to segment the bone tissue (cortical 

bone and cancellous bone) from the human femoral head CT data set and convert the 3D 

voxel model to STL files in American Standard Code for Information Interchange (ASCII) 

format. It is clear to see from the CT scans of the human femoral head that the cortical bone 

of the femoral head is just a really thin layer on the articular surface of the head. The inner 

part of the femoral head is cancellous bone. The segmentation can be done both manually 

and automatically in Amira depending on the type of material that needs to be segmented. 
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The automatic segmentation is a convenient approach for separating areas with highly 

contrasting colour and it can be applied to one or all slices. It separates between selected 

and unselected voxels based on a threshold colour value. As the cortical bone is a relatively 

thin layer on the surface of the femoral head and it is hard to set a threshold colour value for 

automatic segmentation, the whole segmentation process of the human femoral head in this 

thesis is done manually.   

The STL files of the human femoral head, both cortical bone and cancellous bone, are 

imported into reverse engineering software Geomagic and the surface of the cortical femoral 

head bone structure and cancellous femoral head bone structure were both refined. Then, 

the patch layout is drawn for surface creation and grids are established over the patch layout 

to generate NURBS CAD models. In order to control the model generation accuracy, the 

tolerance for the differences between the input STL files and the output CAD STEP file can 

be calculated and adjusted during the CAD model generation in Geomagic. 

The femoral head CAD models are imported to the software COMSOL Multiphysics to 

calculate the electric field distribution in the model. In COMSOL, the AC/DC module was 

used, specifically the module for electric currents in the frequency domain, to compute the 

electric potentials within the volume conductor model. When the computation module was set 

in COMSOL, basically there are three steps involved to get the results: assign the boundary 

conditions and material parameters for the whole computation domain, create the finite 

element mesh, solve the resulting linear problem and interpret the results. The material 

properties of all subdomains are set according to either material data sheets or experimental 

measurements. The boundary conditions for all subdomains are defined according to the 

problem that needs to be solved. The mesh in COSMOL Multiphysics can be generated 

either automatically or customized. The linear solver for the calculation includes as iterative 

solver the conjugate gradient solver. In the end, the results of the electric field distribution in 

the model can be represented through COMSOL post-processing. 
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4 Numerical simulation in human femoral head 

The Asnis III s-series screw system is used to treat avascular necrosis in patients’ femoral 

head. To better understand this clinical effect the electric field caused by Asnis III s-series 

screw in the human femoral head should be evaluated. To evaluate electric field distribution 

in electromagnetic stimulation of human femoral head, we considered two aspects. In this 

work one is analysing the influence of the implant parameters on the electric field distribution 

of the human femoral head, another is optimizing the implant position parameter in the 

femoral head.  

To better design an electro-stimulation implant for electrical stimulation therapy, it is 

necessary to know how the implant parameters influence the electric field distribution in the 

femoral head. The implant parameter which has the most influence on the electric field 

distribution in the bone tissue dominates the implant design. The implant parameters which 

have minor influence on the electric field distribution in the bone tissue can be neglected the 

implant design decision making. The effect of implant parameters on the electric field 

distribution in the femoral head can be numerically studied by FEA.  

Although use of the Asnis III s-series screw for internally-applied electrical stimulation of the 

bone healing process is a common clinical application, the optimum screw position in the 

human femoral head has not so far been investigated. It is important to realise that the 

implant position may be crucial to the outcome of the electro-stimulation treatment. Patients 

may have different reactions to the same surgery. Most notably example is that treat tibia 

fractures with electrical stimulation in the research of Jorgensen et al. [122], one patient 

refused to continue treatment because of heat and pain in the affected limb. In order to 

improve the outcome of the electro-stimulating screw implant and to predict the optimum 

position of the screw in the femoral head before surgery, how screw positioning influences 

the electric field distribution in the femoral head is really necessary to know. Therefore, it is 

important to analyse the effect of implant position on electric field distribution in the femoral 

head, and to optimize implant position in the femoral head. Moreover, to design customized 

electro-stimulating implants for the specific patients, patients’ personal requirements need to 

be considered. For example, the size and location of the weak tissue within the bone, e.g. 

necrotic lesions, are varied from patients to patients. Therefore, the position and the design 

of the electro-stimulating implant need be customized defined for the specific patient. Due to 

this considering, as a prior study, an optimized electro-stimulation screw implant position in 

one patient femoral head is numerically defined by combining FEA and optimization 

algorithm.  
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4.1 Material and methods 

In this subsection, the material and methods used in electro-stimulating implant parameter 

analysis and screw position optimization process are explained respectively.  

4.1.1 Implant parameter analysis in the femoral head 

Reconstruction of coordinate system 

The key of validation is that to keep the same coordinate system in the experiment and 

numerical simulation. Only the coordinates of measuring points are the same in both 

experiment and simulation, the validation results can be trustable and numerical simulation 

model can be reused in the parametric study. Therefore, we created one reference frame for 

the human femoral head model. This reference frame consists of three perpendicular boards 

and it was used in the validation experiment to get the coordinate of the measurement points 

by measuring arm. It was also used to reconstruct the coordinated system in the numerical 

simulation.  

 

 

 

Fig. 4.1 Coordinate system reconstruction in Geomagic. 

 

To reconstruct the coordinate system from the reference system, we segmented the 

reference frame from the CT scans by Amira 5.4. Unlike bone CAD model reconstruction, the 

STL surface file was imported to Geomagic not for surface refinement and NURBS model 

generation, but for datum generation. Three planes which matched surfaces of three 

perpendicular boards were created in the Geomagic. According to these three perpendicular 

planes, original point (0,0,0) was set as crossing point of three planes and x, y, z direction in 

coordinate system was defined (Fig. 4.1).  

As the Geomagic cannot directly set the CAD model using the new coordinate system, the 

IGES file which include the coordinate system information was imported to the CAD 
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software PTC creo (PTC, Inc., Needham, MA, USA). The position information between 

human femoral head CAD and reference frame was kept the same when human femoral 

head step file and reference frame IGES was imported to Geomagic. New coordinate system 

of the human femoral head could be set by saving the CAD model with the new coordinate 

system in PTC creo. The newly saved human femoral head CAD model in this moment had 

the same coordinate system as in the validation experiment and could be directly import to 

COMSOL to do numerical simulation.  

 

Model Generation 

Reconstruction of human femoral head model from CT scans of bone specimen has been 

explained in detail in subsection 3.4.3. Figure 4.2 shows the reconstructed human femoral 

head CAD model from CT scans with reference coordinated system. In reality, the human 

femoral head bone is surrounded by kinds of the soft tissues, such as muscle, fat and skin. 

But because the surrounding tissues of the femoral head have a high complexity and are of 

minor interest for the electric field distribution inside the femoral bone, the surrounding tissue 

was first substituted by blood in the simulation of screw parametric study. To consider close 

to a real patient situation, the surrounding blood cylinder in the simulation had a radius of 100 

mm and a length of 100 mm. The human femoral head was located in the middle axis of the 

cylinder.  

 

Fig. 4.2 Femoral head model reconstruction workflow. 

Although the bone surrounding tissues have high complexity, to better understand how the 

electric field in the femoral head was influenced by tissues around the bone, the surrounding 

tissues in the simulations were also represented by three cases, like only muscle tissue, 

muscle combination with fat, muscle combination with both fat and dry skin. The blood 

cylinder around the femoral head was replaced by muscle in the case of surrounding tissue 

only muscle. In other two cases, surrounding tissues were muscle combination with fat and 

muscle combination with both fat and dry skin, the thicknesses of the fat and the skin above 
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the muscles were 4 and 1 mm, respectively. Moreover, a designed sphere-shaped lesion 

was located in the femoral head to get close to the real case. In numerical simulation, lesion 

was categorized into two cases: lesion as fat and lesion as blood. This because that in the 

surgery, when the lesion was moved out from the patient´s femoral head, the blood was filled 

into the gap. 

The CAD model of the Asnis III s-series screw in the simulation (Fig. 4.3) was created in the 

Solidworks 2008 (Dassault Systemes Deutschland, Hamburg, Germany) which was based 

on CAD datasets of the screw from the manufacture. There was one simplification of the 

screw CAD model generation. The thread of the implant screw was not taken into account in 

the numerical simulation because it could increase the computational and mesh generation 

complexity. 

 

 

Fig. 4.3 The model of a human femoral head with muscle, fat and skin.  

 

Finite element simulation 

The numerical simulation of the human femoral head was performed using COMSOL 

Multiphysics Version 4.3. In COMSOL, at first was to choose the proper module for solving 

the current physical problem. In current study, the AC/DC module was used, specifically the 

module for electric currents in the frequency domain, to compute the electric potentials within 

the volume conductor model. The second step was to import or create the volume conductor 

model. In present study, the femoral head model and the screw implant model were imported 

and the bone surrounding tissues in the numerical simulation was created in COMSOL.  

Consequently, the third step was to set material properties for all the domains and the 

boundary conditions for all the desired boundaries. As the bipolar induction screw system is 

made of titanium alloy Ti6A14V and the insulation layer is based on epoxy resin, the material 

properties of the screw implant in the numerical simulation were according to the data sheets 

from manufacture. All the human tissues in the present simulation, such as cancellous bone, 
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cortical bone in the femoral head, blood, muscle, fat, and skin, were all simplified to 

homogenous and isotropic. As the dielectric properties of the bone at a frequency of 20 Hz 

have not been widely studied, in present study, the electric properties derived from Gabriel et 

al. [105,109] were used to calculate the electric field distribution in biological tissue [123]. 

The comparable data to those of Gabriel et al. was found in the research of Sierpowska et al. 

[124]. They investigated the dielectric properties of human trabecular bone at a frequency of 

50 Hz. The conductivity and permittivity of the tissues from Gabriel et al. [105,109] at 20 Hz 

frequency in present simulation can be seen in Table 4.1. As the surrounding tissue 

composition has a high complexity, the surrounding tissues of the human femoral head were 

replaced by blood or muscle, fat, and skin in the numerical simulation.  

 

Table 4.1. Electric properties of screw implant and tissue (according to [105,109]) used for 

numerical simulation 

 

Material Conductivity � [S/m] Relative permittivity �� 

Ti6A14V 7.407 ∙ 10� 1 

Epoxy 10� �� 4 

Cortical bone 0.020045 25119 

Cancellous bone 0.078902 4020200 

Muscle 0.20742 24306000 

Fat 0.015477 5032800 

Skin (dry) 0.0002 1136 

Blood 0.7 2560 

 

The boundary conditions in the simulation had Dirichlet boundary condition and Neuman 

boundary condition (equations 3.16, 3.17). Dirichlet boundary condition was considered to 

impose an electric potential on the surface of the screw implant electrodes. The insulating 

surfaces of the screw implant and the exterior boundary of the model were set to the 

Neumann boundary condition.   

After the boundary conditions and material properties were defined, all the domains needed 

to be discretized to finite elements to calculate electric potential on all the nodes. Therefore 

the fourth step of the numerical simulation was to discretize all the domain of volume 
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conductor models into small elements. In present study, all models had the free tetrahedral 

mesh and were adjusted manually (Fig. 4.6). The triangular element size on the surface of 

the electrode was set based on the results of parametric study about the triangular element 

length. This parametric study was to ensure the simulation had sufficient computational 

accuracy. The objective of the parametric study was to find the triangular element length on 

the screw surface that could keep the alteration of the integral of the current density over the 

surface area of the simulation electrode to a value below 2%. To the end, the screw implant 

surface was meshed using triangular elements and the maximum element length was 0.5 

mm. Due to the limitation on computational consumption, the human femoral head was 

meshed using free tetrahedral elements and maximum element length was 0.8 mm. The 

resulting model for each implant parameter variation consisted of three million mesh 

elements. The model was discretized with four million degrees of freedom (DoF).  

The last step of the numerical simulation was to choose the proper solve in COMSOL to 

calculate the electric potential on the all the nodes. An iterative solver with the generalized 

minimal residual method (GMRES) was used to solve the resulting system of equations. The 

iteration was stopped when the 2-norm of the residual was below ten to the power of minus 

six to insure the enough accuracy of computation. 

 

 

Fig. 4.4 The mesh in the femoral head model. 

 

Moreover, since the conduction current in the femoral head is several orders of magnitude 

higher than the displacement current, for the purpose of reducing the computational 

complexity, the influence of the permittivity of the cortical and cancellous bone at a frequency 

of 20 Hz could be neglected theoretically. But in order to keep the same stimulation 
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parameters (electric voltage 700 mV and frequency 20 Hz) as the clinical situation, the 

numerical simulations were still solved in the frequency domain. To investigate the influence 

of surrounding tissue on the electric field distribution in the femoral head, three different 

layers (muscle, fat and skin) in the simulation were carried out.  

 

Electric field computation 

The electric potential inside of the femoral head was solved based on the assumption of the 

outer boundaries of the surrounding tissue were isolated and zero Neuman boundary 

conditions were applied on these boundaries. 20 Hz frequency and maximum secondary root 

mean square (RMS) voltage 700 mV on the surface of the screw were used in the numerical 

simulation. Due to the reason of that the induced eddy currents in the relatively low 

conductivity of the cancellous bone are several orders of magnitude smaller than the currents 

generated by the coils which are integrated in the screw implant at 20 Hz stimulation 

frequency, the induced eddy currents in the femoral head were neglected in the simulation. 

Therefore, the Maxwell equations in current model can be considered as time harmonic 

electro-quasistatic equation 

 

                                              ���([� + ������]�����) = 0                               (3.15)  

 

in which � is the electric potential, � is the conductivity, �� is the relative permittivity, and 

�� ≈ 8.854 × 10−12 As/Vm is the electric field constant. To keep the same conditions as in 

the clinical study, the influence of permittivity of cortical and cancellous bone at frequency 20 

Hz was not neglected in the current simulation even though that is relatively small. Therefore 

in COMOSL, study type frequency domain but not stationary was chosen for our simulation.  

To quantify the deviation electric field distribution amount all different kinds of screw implant 

parameters, an efficient approach to evaluate this influence is to determine the volume of 

tissue activated (VTA). The VTA considered in the simulation is based on one experiments 

[89]. The activated tissue electric field interval in the femoral head was 5 to 70 V/m [89]. The 

VTA was calculated in COMSOL with MATLAB version R2011b by the grid method. The 2-

norm of the electric field on each grid node was interpolated from the nearest point in 

MATLAB. To maintain the balance between computational accuracy and computational time 

consumption, the grid size was chosen to be 2 mm in numerical simulations. In order to 

quantify the VTA changes according to different screw parameters, the volume fraction was 

calculated. It is written as 
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������ �������� =
���

�������������  ����  
× 100%  

 

Validation experiment 

For evaluating the electric field distribution in electromagnetic stimulation of the human 

femoral head, the numerical model has to be validated. Validation is a really important step in 

the numerical simulation of complex biology tissue model due to the reason that to ensure 

the accuracy of simulation results. If the simulation results and validation experiment data 

have the acceptable difference, the numerical simulation results can be considered 

reasonable in the real system. The context in this subsection is based on Su et al. [125]. 

As validating is utilized to determine if the numerical model is an accurate representation of 

the real system, we set up on validation experiment with the same human femoral head and 

the screw implant as in the screw implant parametric study in the femoral head model. Due 

to the reason that in the numerical simulation, the electric potentials at each mesh nodes are 

numerically calculated by FEA software, to verify the numerical data, the electric potential 

was determined experimentally using a bone specimen and compared with the numerical 

data. The validation experiment (Fig. 4.1) was set up according to the clinical application of 

Asnis III s-series screw system. 

The human femoral head used for the experimental validation and numerical simulation was 

retrieved from an osteoarthritic patient undergoing total hip replacement due to the lack of 

sources of fresh femoral heads from patients with early stage avascular head necrosis. The 

early stage avascular femoral head necrosis normally can be totally healed after the certain 

treatment. Although the cartilage lesion of the femoral head has a relatively small lesion, it 

should not result in relevant discrepancies between numerical simulation and experimental 

measurement. Many factors can influence the electric properties of the bone tissue, such as 

time of exposure or moisture [113]. To minimize the kinds of influences, in our study the bone 

specimen used was refrigerated at –20 °C from post-surgery until the experiment. Although 

freezing is commonly recognized as a method of preserving bone samples for electrical 

measurements [126], the influence on the electric bone properties is not known so far. 

Moreover, the femoral bone was moistened by sodium chloride (NaCl) solution during the 

experimental measurements in our study to avoid drying of the thawed specimen.   

The validation experiment process comprised the following steps. The first step was to carry 

out a CT scan of the bone specimen with a reference frame to reconstruct the CAD model of 

the bone for numerical simulation before setting up the validation experiment. The second 

step was to prepare the experiment setup (Fig. 4.5). In the setup, a 3D coordinate measuring 
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arm, MicroScribe G2x (Solution Technologies, Oella, MD, USA) was used to determine the 

coordinates of the measuring points, which should be kept consistent in the numerical 

simulation. The primary coil generates the same oscillating (20 Hz) magnetic flux density as 

in the clinic study, 5 mT. The bipolar induction screw system (Asnis III s-series screw) was 

implanted into the centre of the bone. One care was taken that, before the screw was 

implanted into the bone, the root mean square (RMS) voltage on the surface of the screw 

needed to be measured, which was 500 mV. Because this electric potential was also the one 

used into the numerical simulation and the results from the numerical simulation was 

compared to the experimental ones. The third step was to measure the RMS voltage on the 

surface of the bone and approximately 5 mm into the bone (see Fig. 4.6). The recorded 

results needed to be compared with those in the numerical simulation. The last step was to 

take X-ray scans of the bone specimen after the validation experiment. This step was used to 

refine the position of the screw in the simulation as the position of the screw in both the 

numerical simulation and the validation experiment has to be kept consistent. 

 

 

Fig. 4.5 Human femoral head model validation experiment setup. 

 

 

Fig. 4.6 Measuring points in validation experiment (right) and in numerical simulation model (left). 
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Screw implant parametric study 

In the numerical simulation the screw implant was located in the centre axis of the human 

femoral head model in accordance to the validation experiment. There are three kinds of 

parameters were investigated in implant parametric study: screw tip design, screw insulation 

length, and screw positioning. Besides the original tip, a round and a flat tip were considered. 

The screw was positioned, one step at a time, further into the femoral head dome or out of 

the femoral head in the simulation model to analyse the influence of screw position on the 

electric field distribution. In order to keep the screw tip and shaft length proportionately the 

same, the screw insulation length was varied in both the screw tip and the shaft direction. 

Furthermore, to investigate how the tissues surrounding the bone influence the electric field 

in the femoral head, the surrounding tissues were considered as in three cases: muscle only, 

muscle with fat, and muscle with fat and dry skin. One designed lesion in the sphere shape 

was located in the femoral head to consider the real clinical condition. The tissues 

surrounding the bone in the lesion cases were considered as muscle with fat and dry skin. As 

in reality, when weak bone tissue is removed from the bone during surgery, blood fills up in 

the open space. Therefore, lesion materials were considered as fat and blood respectively in 

the simulation.  

4.1.2 Optimization of the implant position in the femoral head 

Asnis III s-series screw system is only suitable for early stage of the avascular necrosis in the 

femoral head (Steinburg Stage I to III). Due to the reason that MRI was used to diagnose 

early stage of avascular necrosis in the patients and to assess the outcome of the treatment, 

only patient MRI data (pre-operative and post-operative) is available for the optimization 

process. To determine the optimum position of the electro-stimulating screw implant within 

the femoral head, the first is to set up the numerical model of implant and femoral head 

before optimization techniques could be applied. The second step is to apply this numerical 

model into FEM software to calculate the electric field distribution in the femoral head. The 

third step is to include numerical simulation into the optimization algorithm and calculate the 

optimum position of screw in the patient femoral head.  

 

Numerical modelling 

Model reconstruction 

To numerically analyse the screw implant optimization in the patient femoral head, a typical 

patient who suffered from avascular necrosis (Steinberg Stage III C) was chosen. The pre-

operative patient MRI data was used to reconstructed the proximal femur model according to 

the procedure described by Kluess et al. [120]. Two software tools were used in the model 

reconstruction. First the proximal femur and the lesion in the bone of the patient were 
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manually segmented from the pre-operative MRI data using Amira 5.4 software (Mercury 

Systems, Chelmsford, MA, USA) , and converted to STL files in ASCII format. Then the STL 

of the femur was transferred to the reverse engineering software Geomagic (Geomagic, 

Morrisville, NC, USA) and lesions were refined and generated to a NURBS CAD model for 

numerical simulation. To keep the same as reality, the proximal femur model was divided into 

sections of cortical and cancellous bone. But as the MRI patient data had relevant large slice 

sickness, the contrast between thin cortical bone and cancellous bone in the patient femoral 

head MRI data were not all the time clear. Due to this reason, the full volume of the femur 

was scaled down and then subtracted from the original volume in Geomagic. To verify the 

ratio of the scaling, the patient model (in 4.1.1) was reconstructed from CT scans. As a 

result, the inner subtracted volume represents cancellous bone, whereas, the outer layer 

represents cortical bone.  

 

 

Fig. 4.7 Patient femoral MRI data. The pre-operative (left) and post-operative (right) femoral head 

under the area of the black rectangle is used to reconstruct the femoral head model for the simulation. 

 

To define the initial position of the screw in the femoral head, the post-operative MRI patient 

data was used (Fig. 4.7). As first, the screw was manually segmented using Amira 5.4. The 

screw datum which included screw position information was reconstructed using Geomagic. 

In the end, the screw has to be translocated from the post-operative into the pre-operative 

femur model. To do the screw translocation, the post-operative femur model was 

reconstructed from the post-operative MRI data. The transformation matrix which included 

the best-fit alignment of the post-operative femur to the pre-operative data was created. The 

screw datum was translocated to the pre-operative femur model by loading the 
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transformation matrix. 

The screw model was created according to the screw datum in the pre-operative femur 

model and the size of the screw was obtained from the manufacturer’s datasheet. The thread 

of the implant was not taken into account in the numerical simulation due to the reason to 

reduce computational and mesh generation complexity.  

 

 

Fig. 4.8 Patient femoral head model. Femoral head with lesion and screw implant, where the (0, 0, 0) 

point is the bottom centre point of the implant. 

 

To decrease computational effort, the proximal femur model (Fig. 4.8) in the numerical 

simulation was reduced to the femoral head as depicted in figure 4.7 by the black frame. 

Another reason for this considering is that the electric field caused by screw implant should 

only affect the volume inside the femoral head. The surrounding tissue of the femoral head 

was substituted by blood in the present simulation since the surrounding tissues of the 

femoral head are highly complex and are of minor interest for the electric field distribution 

inside the femoral head. The surrounding blood cylinder has a radius of 100 mm and a length 

of 120 mm. In order to reduce mesh complexity, the thread on the surface of the implant was 

not taken into account to simulation.  

Due to the lace source of the dielectric properties of bone are available, the conductivity and 

relative permittivity of bone tissue and blood were taken from Gabriel et al. [105,109]. The 

material properties of the screw implant in the numerical simulation were according to the 

data sheets from manufacture. Dirichlet boundary condition and Neuman boundary condition 

were applied in the simulation (equations 3.16, 3.17). Dirichlet boundary condition was 

considered to impose an electric potential, RMS 700 mV, on the surface of the screw implant 

electrodes. Neumann boundary condition was applied to the insulating surfaces of the screw 

implant and the exterior boundary of the model. 
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Mesh generation 

In all calculation domains of the femoral head model simulation, the tetrahedral mesh was 

implemented and adjusted manually. To ensure sufficient computational accuracy, triangular 

elements with a maximum element length of 0.5 mm was used to mesh the screw implant 

surface and free tetrahedral elements with a maximum element length of 0.8 mm was used 

to mesh the human femoral head. The resulting model for each implant positioning consisted 

of 1.68 million mesh elements and 2.2 million DoF was existed in the model computation.  

 

Optimization platform 

An optimization platform was developed to optimise the implant position in the femoral head 

model. MATLAB software and finite element COMSOL Multiphysics 4.3b software were 

integrated through use of the iSIGHT software (Dassault Systemes Deutschland, Hamburg, 

Germany) interface. Figure 4.9 shows the general approach of design optimization process. 

To optimize the designed model, input parameters for the model should be automatically 

adjusted according to different optimization algorithm and output results from the simulation 

should be automatically determined if that is optimized or not. Moreover, the model 

simulation should be automatically started with the adjusted input parameters. All these 

function are available in iSIGHT .iSIGHT supplies a desktop solution which provides a visual 

and flexible tools for creating simulation process flows, integrating varies of CAD and CAE 

commercial software, in order to automate the exploration of design alternatives and 

identification of optimal performance parameters. It also combines different classes of 

optimization algorithms to exploit the particular aspects of these algorithms to address 

specific aspects of a design problem.   

 

 

Fig. 4.9 General optimization approach.  
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Software integration 

As COMSOL is not supported application in iSIGHT, this software package has to be 

integrated first into iSIGHT. Process integration is important in simulation and optimization, 

as it automatically adjusts the variables at the end of every cycle and starts the new 

simulation with the adjusted variables. As shown in figure 4.10, the patient’s femoral head 

model based on the screw position is built in COMSOL. Moreover, in COMSOL the model is 

discretised into small elements for numerical analysis, boundary conditions and electric 

properties to all materials are applied and the electric field in all domains is calculated. The 

VTA in the femoral head is calculated in MATLAB according to the COMSOL calculation 

result of the electric potential. The result of VTA is saved into output files after the VTA 

calculation. Finally, the input screw position is adjusted according to the response of the 

output VTA results by the iSIGHT optimization. Variables and objectives from the input and 

the output files will be parsed by the optimization platform respectively. To integrated 

COMSOL into iSIGHT, the batch model with a SimCode component was used and was 

named as ‘CallComsol’ in iSIGHT. In additional, the input parameters and output parameters 

are monitored in iSIGHT to analyse how the input parameters influence the output 

parameters. This is really important to better understand the model design. 

 

 

Fig. 4.10 Integration scheme. 

 

Optimization strategy 

The optimization was based on the femoral head simulation. It is a process of hundreds of 

simulation cycles and optimization searches. Besides the optimization efficiency and 

precision, the time consumed by each step is one of the most important factors in 

optimization process. The grid size of the VTA calculation was chosen to be 3 mm to 
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maintain a balance between optimization efficiency and computational accuracy.  

 

 

Fig. 4.11. The workflow in iSIGHT. 

 

There are two components in our global optimization strategy, one is design of experiment 

(DOE) and another one is optimization. The reason to run DOE before the optimization is to 

better understand how each parameter influences the final design. It is normally a preferred 

approach to find the global optimization for the model design. DOE screens the design space 

and then results in an estimated optimum result. In order to balance the run time and 

accuracy, in our optimization process, the screw position parameters in model simulation 

were sampled using the optimal Latin Hypercube technique with 100 points. The estimated 

optimum screw implant position was found by DOE. The optimization algorithm in the 

workflow does not have to start from scratch or randomly at some points in the design space. 

Instead, the optimization uses the results of the DOE to start the search intelligently in the 

vicinity of the estimated optimal point. In practice, the optimizer starts where the DOE left off. 

As the current study is a single objective application, the single objective optimization method  

‘sequential quadratic programming technique [127]’ was chosen in the optimization process. 

This method explores the local area around the initial design point and rapidly obtains a local 

optimum design. It builds a quadratic approximation to the Lagrange function at each 

iteration. On each iteration, a quadratic programming problem is solved to find an improved 

design until the final convergence to the optimum design. A considerable reduction in the 

number of optimization iterations to convergence is achieved and the global optimal solution 

was found. Figure 4.11 shows the workflow of the optimization process in iSIGHT. 
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Variables and objectives:  

The variables, objective and constraints of optimization can be shown following. 

Variables:  screw position in the � direction (spx) (mm), 

                  screw position in the � direction (spy) (mm), 

                  screw position in the � direction (spz) (mm), 

Objective:  maximum volume of tissue activated (VTA) in the femoral head (mm3)      

Constraints:   screw position in the � direction (spx) (mm),     -3<spx< 3 

                      screw position in the � direction (spy) (mm),     -3<spy<3 

                      screw position in the � direction (spz) (mm),     -15<spz<3 

Three parameters of screw position was defined, screw position in the �, � and � direction 

respectively. The objective of the optimization was to find the optimum position of the screw 

that delivers the maximum VTA to the femoral head. The screw position in the femoral head 

should be considered as reasonable for surgery. Therefore, there were some constraints on 

the screw positions in the �, � and � directions. 

4.2 Results 

4.2.1 Implant parameter analysis in the femoral head 

 

 

 

Fig. 4.12 Results of validation experiment, where the measuring points are (top) approximately 5 mm 

depth in the femoral head and (bottom) on the surface of the femoral head: blue bars are the RMS 

voltages in the validation experiment; and red bars are the RMS voltages in the numerical simulation. 
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Validation results 

Figure 4.12 reveals that the results of the validation experiment are close to those of the 

numerical simulation when the measuring points are at 5 mm depth in the femoral head and 

on the surface of the bone. The tolerances between the numerical simulation data to 

experiment data on all measuring points were calculated. On average, 24% difference can 

be found when the measuring points are on the surface of the bone. When the measuring 

points are at 5 mm depth in the bone, this percentage decreases to 19%. In total, average 

20 % tolerance can be found in all the measuring points. Also we considered that the 

tolerance is acceptable for the validation of numerical simulation. 

 

Screw implant parametric study 

To simplify the models in the screw implant parametric study, the surrounding tissue of the 

femoral head in whole screw implant parametric study is only blood. The activated tissue 

electric field distributions in the human femoral head under different screw parameter 

variations are shown in the following figures. Contour lines of the field for a 2D cutting plane 

of the human femoral head are presented to give an insight into the activated tissue electric 

field distribution in the femoral head.  

 

Tip design parameters 

 

 

Fig. 4.13 Numerical simulation of electric field distribution: testing three screw tip designs. The electric 

field in blue and red areas provides regions of < 5 and > 70 V/m, whereas the green areas are optimal 

activated regions for bone tissue growth. 

 

 

Figure 4.13 shows that, the original tip and the round tip designs have similar electric field 

distributions under the condition of keeping the screw in the same position. But in the flat tip 

design, the electric field shows a minor difference around the screw tip. This tiny changing is 

caused by the edge effect.  
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The results of the volume fraction can be found in figure 4.14. It shows that there is only 

0.2% electric field change in the human femoral head of between the original tip and the 

round tip designs. But this difference rises to 1.4% when the tip design is changed to flat. 

The linear regression function for simulation of tip designs is also shown in the figure 4.14, 

which is �(�) = 0.698 x + 25.161 and �� is 0.876. 

 

 

Fig. 4.14 Numerical simulation of screw tip design: results for volume fraction. The line with the star is 

the volume fraction for each screw positioning parameter and the dashed line without a star is the best 

fitting linear regression function of the numerical simulation. 

 

Screw insulator parameter results 

In the screw insulation length variation, all the screw insulation varied under the condition of 

keeping the screw position constant and using the original screw tip design. There were two 

cases of screw insulation length variation. In the first case, the screw insulation was varied 

while the screw shaft electrode was kept same (Fig. 4.15 (left)). The results show that the 

tissue area activated by the electric field increased when the screw insulation length 

decreased. Figure 4.16 (left), shows that this changed has been quantified, that is each 

1 mm changed in the insulation length resulted in a volume fraction difference in the femoral 

head of approximately 1.8%. The linear regression function is �(�) = −1.738 x + 31.063 and 

�� is 0.997.  

Figure 4.15 (right) shows the second case of the screw insulation length variation. In this 

case, the length of the insulation was varied while the screw tip was kept the same. It is clear 

to see that the larger the screw insulation length in this variation, the bigger the activated 

tissue electric field distribution area. Comparison to in the first case, the volume fraction 

increased in the second case only by approximately 1% when the insulation length was 

increased same amount, 1 mm (see Fig. 4.16 (right)). The linear regression function for the 

simulation of this kind of insulation variation is �(�) = 0.973 x + 23.029 and �� is 0.996. 
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Fig. 4.15 Numerical simulation of electric field distribution: testing different screw insulation lengths, 

where (left) the length of the screw shaft electrode stays constant and (right) the length of the screw tip 

electrode stays constant. The electric field in blue and red areas provides regions of < 5 and > 70 V/m, 

whereas the green areas are optimal activated regions for bone tissue growth. 

 

 

Fig. 4.16. Numerical simulation of screw insulation length, where (left) the length of the screw shaft 

electrodes stays constant and (right) the length of the screw tip electrode stays constant. The line with 

the star is the volume fraction for each screw positioning parameter and the dashed line is the best 

fitting linear regression function of the numerical simulation. 

 

Screw position parameter  

Figure 4.17 shows the electric field distribution of the screw positioning in the femoral head 

under the condition of using the original screw design. The screw moved in the femoral head 

in two directions, one is forwards, one is backwards. The activated tissue electric field area is 

increased when the screw is moved backwards and decreased when the screw is moved to 

the dome of the femoral head. Figure 4.18 demonstrates that an approximately 1.5% change 

in the volume fraction in the femoral head can be found in each 1 mm change of the screw 

position. The linear regression function for the simulation of the screw positioning parameter 

is �(�) = −1.517x+ 26.575 and �� is 0.989.  
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From the volume fraction and electric field distribution in the femoral head for these four 

parameter variations, it is clear to see that the screw tip design has the least effect on the 

electric field distribution, and the insulation length and position variations have similar effects. 

 

 

 

 

Fig. 4.17 Numerical simulation of electric field distribution: testing (right) screw backward positioning 

and (left) forward positioning. The electric field in blue and red areas provides regions of < 5 and > 70 

V/m, whereas the green areas are optimal activated regions for bone tissue growth. 

 

Fig. 4.18 Numerical simulation of screw positioning: results for volume fraction. The line with the star is 

the volume fraction for each screw positioning parameter and the dashed line is the best fitting linear 

regression function of the numerical simulation. 

 

 

Surrounding tissues 

Figure 4.19 shows the electric field distribution in the femoral head of the different tissues 

surrounding the bone under the condition of keeping the screw position and design the 

same. Significant activated tissue electric field distribution changing can be found between 
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the case of surrounding tissue is blood and muscle. When the surrounding tissue changed 

from blood to muscle, the activated tissue electric field area was clearly increased. But 

comparing only muscle case, to the other two cases - muscle with fat and muscle with fat 

and skin - the electric field area of the activated tissue remained almost the same as in the 

case of muscle only. In figure 4.20 these three scenarios are demonstrated by the volume 

fraction of the electric field in the femoral bone. From the case of blood to only muscle tissue 

surrounded, 4% volume fraction is gained. But a similar change of the volume fraction cannot 

be found in the cases of combination, muscle and fat, or muscle with fat and skin.  

 

 

Fig. 4.19. Numerical simulation of electric field distribution: testing different tissues surrounding the 

bone, where the surrounding tissue is (up left) blood, (up right) muscle, (down left) muscle with fat, and 

(down right) muscle with fat and skin. The electric field in blue and red areas provides regions of < 5 

and > 70 V/m, whereas the green areas are optimal activated regions for bone tissue growth. 

 

 

Fig. 4.20. Numerical simulation of tissue surrounding the bone: volume fraction.  
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Lesion in the femoral head 

Figure 4.21 shows the electric field distribution of the different lesion materials under the 

condition of keeping the tissues surrounding the bone as muscle with fat and skin. The screw 

position and design are kept the same as well. Two cases of lesion material are considered, 

one is blood and one is fat. The activated tissue electric field in the femoral head is 

significantly increased from fat to blood. Similar scenario can be seen in figure 4.22. It shows 

that comparing to the case of lesion is fat, 46% the volume fraction is gained in the case of 

lesion is blood.  

 

 

Fig. 4.21 Numerical simulation of electric field distribution: testing different lesions, where the designed 

sphere-shaped lesion in the bone is considered as (right) fat and (left) blood. The electric field in blue 

and red areas provides regions of < 5 and > 70 V/m, whereas the green areas are optimal activated 

regions for bone tissue growth. 

 

 

Fig. 4.22 Numerical simulation of lesion in the bone (lesion as blood, lesion as fat): volume fraction. 

4.2.2 Optimization of the implant position in the femoral head 

The results of the optimum position of the screw which delivers the maximum VTA to the 

femoral head was shown in Table 4.2. Compared to the initial position (based on post-
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operative MRI data), deltas of 0.7 mm, 2 mm and -6.1 mm in the � , �  and �  directions 

respectively exist on the calculated optimum screw implant position. A pareto plot generated 

by DOE (Fig. 4.23) in optimization algorithm reveals that how the screw position in the �, � 

and � directions influences the VTA in the patient femoral head. It shows that the screw 

positioning in the axial �  direction has the largest influence (50%) on the VTA in the femoral 

head. Screw in the �   direction positioning can cause negative effect on the VTA in the 

femoral head. It means screw positioning in the direction of moving in or out of the femoral 

can bring out the biggest effect on the activated tissue electric field distribution in the femora 

head. These results are essential to the implant surgery processing.  

Table 4.2. Screw implant position in the femoral head after optimization. 

 Optimum position (mm) 

spx (screw position in �  direction) 0.7 

spy (screw position in � direction) 2.0 

spz (screw position in � direction)       -6.1 

 

 

Fig. 4.23 Pareto plot of screw position effects on the volume of activated tissue at different screw 

positions in the � , � and � directions (spx, spy and spz). 

 

The activated tissue electric field distributions in the human femoral head with both original 

screw implant position and optimum screw implant position are shown in figure 4.24. To give 

an insight into the activated tissue electric field distribution, contour lines of the field for a 2D 

cutting plane of the femoral head are presented. Compared to the screw position in the post-
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operative femoral head of the patient (original screw implant position in the numerical 

simulation), the optimum screw position in the femoral head is located almost outside of the 

lesion. But comparing to the original screw implant position, the larger activated tissue 

electric field area in the necrotic lesion can be found.  

 

 

  

Fig. 4.24 Electric field distribution in the femoral head in 2D ZY cut plane. Screw position in the 

optimum position (right), and screw position in the patient’s post-operative MRI data (left). 

 

To quantify the activated tissue electric field volume changes in the femoral head from 

original screw implant position to optimum screw implant position, percentage of VTA has 

been calculated. The result shows that 85% percentage of VTA in the femoral head can be 

found in the original post-operative position and 88% in the optimum calculated position. 

4.3 Discussion 

Numerical simulation is a commonly used method of calculating the electric field distribution 

in biological tissue [123,128-132]. The influence of different parameters of an electro-

stimulating implant on the electric field distribution in the human femoral head has been 

evaluated and an automatic modelling approach [133] was introduced in the present study to 

find the optimum position of an electro-stimulating implant in the femoral head. iSIGHT in 

combination with COMSOL was used in the optimization procedure [134]. The numerical 

simulation model of a femoral head for the implant parameter analysis was experimentally 

validated and demonstrated that the position of the implant in the femoral head and length of 

the implant insulation have a significant influence on the VTA in the femoral head compared 

to the effect from the implant tip design. The effect of screw position in each direction (�, �, �) 

has been quantified and optimized screw position has been given for the patient specific 

femoral head in the screw positioning optimization. A very important result for screw implant 
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surgery was found in the optimization. It is that the screw position in the �  direction (moving 

inside or outside of the femoral head) was found have the most effect on the VTA in the 

femoral head.  

The electric potentials at all measuring points were measured in the experiment and 

numerically calculated in the numerical simulation. As a result, an acceptable range (average 

20%) of tolerance was found between numerical simulation data and experiment data in the 

screw parameter analysis. Subsequently, series evaluations of the effect of different screw 

parameters on the electric field in the femoral head were carried out using the numerical 

model. Nevertheless, the electric properties of the human femoral head in the model were 

not calibrated according to the experimental validation. The real electric properties of the 

specific human femoral head are necessary to be calibrated and used in the evaluation of 

electric field distribution in the femoral head although only 20% difference was obtained 

when using the electric properties from Gabriel et al. [105,109]. The bone dielectric 

properties calibration from experiment could be achieved by an automatic optimization 

process. The objective of the optimization process could be minimizing the difference 

between numerical data and experimental results.  

Although in Kraus [89] the electro-stimulating implant was located in the weak bone and 

successfully stimulated new bone growth, the sensitivity of the electric field in the bone to the 

implant was not investigated. Screw positioning, screw tip design, and screw insulation 

length were analysed in screw parametric study. Our screw implant parametric studies 

results show that in the current human femoral head specimen, a linear relation has been 

found between the insulation length of the screw and the change in the activated tissue 

electric volume in the femoral head. According to the results, there are two possibilities to 

achieve large VTA in the femoral head by changing the length of the insulation: either 

increasing the screw insulation length while keeping the screw tip electrode length the same 

or decreasing screw insulation length while keeping the screw shaft electrode length the 

same. In the results of screw insulation length parameter variation, keeping the screw shafts 

same case shows almost two time bigger influence on the VTA than keeping the screw tip 

same. The influence of each 1 mm screw insulation length on VTA while keeping the screw 

shafts same and keeping the screw tip same are −1.8% and 1.0%, respectively. Among three 

parameters, the screw positioning in particular is relevant and important because it can be 

changed during the implantation process. The numerical data shows that 1.5% VTA change 

can be found when each 1 mm tiny screw positioning in the femoral head. It reveals an 

approximated negative linear relation between the screw positioning and VTA in the femoral 

head. This gives a guidance for intra-operative application when considering the effect of the 

screw position on the electric field in the bone (for example, by moving the screw implant 
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outside of the femoral head to get a larger VTA in the femoral head). The screw position 

revealed the largest effect on the electric field distribution in the femoral head in these three 

parameters. In present study, the screw position was only investigated without considering a 

necrotic lesion; however, necrotic lesions are usually removed and filled with fresh 

autologous bone during surgery [37]. Moreover, comparing to screw insulation variation and 

screw positioning variation, the relevant low influence on VTA was found from the screw tip 

designs (0.2% in round tip and 1.4% in flat tip). This demonstrates that the shape of the 

screw tip design has only a minor influence the VTA in the femoral head.  

However, the effect of VTA in the femoral head from the radius of the screw implant was not 

included due to the reason that the screw radius is mainly decided on the basis of the 

patient’s femoral head size. Therefore, the number of the screw implant and the radius for 

each implant should be taken from the relevant surgery process and evaluated when 

designing a patient’s specific screw implant. In present work, the mechanical stability of the 

bipolar induction screw system with different tip designs and insulation lengths was not 

included. Although in Mittelmeier et al. [96], the mechanical stability of the original Asnis III s-

series screw was tested and the BISS screw (which was later named the Asnis III s-series 

screw) was found has significantly higher mechanical values than normal screw due to a 

reinforcing effect by the attached electrode. In future studies, in order to produce customised 

screws for specific patients, their mechanical stability should be considered.  

Moreover, the screw parametric study and screw position optimization in the femoral heads 

are based on various limitations, assumptions and simplifications. As the electric potential on 

the surface of the screw is relatively low, around 750 mV, electrical double layer (EDL) was 

not included in the screw parametric study and screw position optimization. But EDL is 

important to bone electric stimulation [135]. Therefore, in future studies, the electric potential 

caused by EDL on the surface of the screw in the bone should be calculated like in [135,136] 

and the femoral head model in the screw parametric study should be revalidated and the 

optimum screw position in the patient femoral head should be recalculated with the new 

electric potential on the surface of the screw.  

The electrical properties of cancellous bone and cortical bone for the human femoral head 

simulation were used both isotropic and homogeneous conductivity and permittivity. Because 

bone density varies between patients, the electrical properties of the femoral bone may also 

differ from patient to patient, especially for osteoporosis patients. Williams and Saha [137] 

found that the specific capacity of wet human cortical and cancellous bone depends on bone 

density. Sierpowska et al. [115] found that the electrical and dielectric parameters of human 

trabecular bone, especially the relative permittivity and the dissipation factor, were 

significantly and specifically related to the trabecular microstructure. Therefore, to achieve 
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patient-specific stimulation modelling, the relationship between bone density and dielectric 

properties should be taken into account in future studies. Also the material properties of 

femoral head can be considered as uncertain [138] and the influence of uncertainties in the 

bone dielectric properties of bone on the probabilistic VTA in the femoral head can be 

analysed. iSIGHT combining COMSOL by using Monte Carlo application could be one 

solution for this propose.  

In both screw implant parametric study and screw implant optimization study, the electric 

fields varying from 5 to 70 V/m were only considered to as this interval electric field has been 

shown the optimum effect on bone growth [89]. But application of excessive current densities 

to biological tissue can cause tissue degradation [139]. Introducing a specific strength of 

electric field to the bone tissue is predicted to cause overstimulation of bone tissue. 

Moreover, Qu et al. [140] explained using a hypothetical model that to effectively stimulate 

bone remodelling, both the upper and the lower electric field limits were needed. Therefore, 

minimizing the volume of overstimulated tissue should be an important objective to the 

optimization process. The overstimulated tissue electric field should also be considered in 

the screw implant parametric study.  

Another simplification in screw parametric study is that the necrotic lesion within the femoral 

head has not been taken into account in the evaluation of implant parameters until now, 

although the bipolar induction screw system was used for stimulating the weak bone in the 

femoral head in the case of avascular necrosis. Moreover, the size of the surrounding tissue 

of the human femoral head in the simulation model was comparable to reality, but it was 

simplified by using blood due to the reason that geometric complexity of model 

reconstruction and lack of knowledge of the electric properties of the soft tissue at a 

frequency of 20 Hz. Even though, we consider this model simplification is acceptable 

because from the results of bone surrounding tissues study, the attached tissue surrounding 

the bone has the greatest influence on the electric field distribution in the numerical 

simulation. In the future study, cartilage bone can also be considered around the femoral 

head to get more realistic model for human femoral head. 

One care should be taken is that the necrotic lesion in the femoral head cannot be neglected 

when using numerical simulation to guide a surgical approach as the size, location and 

material of the lesion have significant influence on VTA in the femoral head. In practical 

surgery, bone graft and electrical stimulation was combined to treat avascular necrosis. It 

means necrotic lesion was removed from the patient and health bone and blood were filled in 

the original lesion place in the patient femoral head. The results showed that considering 

lesion as blood in the femoral head can significantly increase the activated tissue electric 

field volume in the femoral head. It numerically proved that the surgical process for screw 
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implantation is necessary for heal the avascular necrosis in the femoral head. 

The limitation in the screw positioning optimization study is that patient MRI data was used to 

reconstruct the patient specific femoral head model. This because that the screw implant is 

commonly used to treat early stages of avascular necrosis in the femoral head and MRI is 

commonly used to diagnose early-stage necrotic lesions in the femoral head [141] due to its 

sensitivity to soft tissue. But MRI data which was used for proximal femur model 

reconstruction has a slice thickness of 3 to 5 mm, which is relatively large and results in low 

geometric accuracy. Also because of this, the cancellous bone in the femur had to be scaled 

down from the model. A good solution to overcome this limitation involves taking additional 

CT scans of the patient after diagnosing avascular necrosis and before removing the screw 

implant. In screw parametric study, the thread on the surface of the screw was not 

considered in the numerical simulation owing to the complexity of the mesh and long 

computational time consuming. 

Comparing the optimization method used in [132,136], combining COMSOL with iSIGHT is 

more convenient and easier as iSIGHT has an easy handling user interface. Besides, there 

are more optimization algorithms available for single and multi-objectives optimization 

problems in iSIGHT. In future studies, all the single-objective algorithms should be used to 

solve the current optimization problem and the ability of these algorithms could be evaluated 

and compared.  

In current screw positioning optimization, only the stimulation parameters (700mV and 20 Hz) 

were used in the optimization process. Further stimulation parameters can be considered in 

the optimization approach in future studies. For instance, the required frequencies of 

stimulation are 12 and 20 Hz, depending on the clinical application, and electric potential can 

also vary. Moreover, when a patient has a very large lesion or more than one lesions in the 

femoral head, two screws could be implanted. Therefore, depending on the patient-specific 

location of the lesion in the femoral head, the number of screws can also be considered as a 

parameter to be optimized. To design the customized electro-stimulating implant for specific 

patient, CAD design software can be integrated into the optimization approach.  
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5 Numerical simulation in cell experiments 

The objective of in vitro testing is to analyse the effect of electric fields on the growth of 

human osteoblasts and to allow an optimal cellular stimulation. The cell experiments in this 

chapter include three systems. System I is designed for the Asnis III s-series screw system. 

The Asnis III s-series screw system has been successfully used in the clinical treatment of 

avascular necrosis in the femoral head. But the underlying understanding of bone cell growth 

in this system has not been studied so far. Therefore, bone cell growth was evaluated in 

system I in three different conditions: electromagnetic field, electric field and controlled. 

System II is a designed chamber system. This system’s aim is to analyse the bone cell 

growth under conditions of an applied electric field. System III is designed for an electro-

stimulating implant in animal testing. The optimized design of cell experiments for this system 

is numerically found by applying FEA.  

Through the cell experiments, the optimal stimulation parameters for both, clinical study of 

avascular necrosis in the femoral head and the animal tests, should be found. Designing and 

establishing the setup of each electro-stimulating implant were very time-consuming. 

Numerical simulation is a convenient tool for analysing electrical stimulation in biological 

tissue. Therefore, numerical simulation is used to calculate the electric field distribution in the 

designed domain and optimize the setup design before the cell experiment process. 

Moreover, the numerical model of the cell setup model can be experimentally validated to 

ensure numerical simulation accuracy.  

5.1 Material and method 

5.1.1 Cell experiment system I 

Grunert et al. [95] designed a 3D test setup for the Asnis III s-series screw system (Fig. 5.1). 

They did series experiments on human osteoblasts on three-dimensional scaffolds in the 

Asnis III s-series screw system, including electric magnetic stimulation and exclusive 

magnetic stimulation. Prior to the cell experiments, numerical simulations of the test setup, 

as well as experimental validation via measurements of the electric potential induced by the 

screw system were conducted. Here, only the numerical simulation and experimental 

validation in [95] are shown in this chapter, more details about the cell experiment can be 

found in [95]. 

 

3D test setup for cell experiments 

A custom made polystyrole inlay was designed [95] for 6-well cell culture plates (BD 

Bioscience, San Jose, CA, USA) to facilitate stable alignment of the screws and to elevate 
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the circumjacent calcium phosphate and collagen scaffolds in the well plate (Fig. 5.1). Three 

kinds of scaffolds were used to seed the human osteoblasts in the cell experiments, ß-

tricalcium phosphate (TCP) scaffolds, BONITmatrix scaffolds (DOT, Rostock, Germany) and 

collagen scaffolds. The results of the osteoblasts’ growth in each scaffold were compared to 

each other in [95]. The diameter of the holder was 37 mm, the height at the scaffold level 

was 3.5 mm and 5 mm at the screw, with a centre cut-out of 5 mm. The screw was 

positioned in the centre of the scaffold and screw holder by screwing it through a pre-drilled 

hole in the cover plate of the cell culture plate (Fig. 5.1 (left)). The surrounding magnetic field 

was generated by a Stryker Asnis III s-series hip coil (Stryker GmbH & Co. KG, Duisburg, 

Germany).  

 

Numerical simulation of the 3D test setup 

 

Fig. 5.1 3D cell experiment setup (left) and sketch of experiment setup. 

 Fig5.2

  

Fig. 5.2 Schematic design of the model geometries in COMSOL and their material properties used for 

numerical simulation. 

A B C D 



 

 

 

59

The numerical simulation of the test setup was carried out by FEM using the software 

COMSOL Multiphysics 4.3b. FEM was used to calculate the electric field distribution in the 

cell culture well caused by the Asnis III s-series screw. The AC/DC module was used; 

specifically, the module for electric currents in the frequency domain, to compute the electric 

potentials in the model. The conjugate gradients iterative solver was used to solve the 

resulting system. To reduce the model complexity, the scaffold was not involved in the 

numerical simulation. When ignoring the scaffold in the numerical simulation, this cell 

experiment setup was a totally symmetric system. Therefore, a symmetrical 2-dimensional 

model was applied (Fig. 5.2) in the numerical simulation. To reduce the mesh complexity, the 

thread on the surface of the screw was not taken into account in the numerical simulation. 

The chosen sizes of the screw holder, Asnis III s-series screw and well plate were the same 

as their real sizes in the simulation. The 2D model in COMSOL and the material properties 

used for electric potential calculation are shown in Fig. 5.2. The stimulation parameters 

(Frequency 20 Hz, peak electric potential 800 mV) were taken from experimental 

measurements of the Asnis III s-series screw system. 

In the simulations, a Dirichlet boundary condition and a Neuman boundary condition were 

available (equations 3.16, 3.17). A Dirichlet boundary condition was applied to impose an 

electric potential, on the surface of the screw electrodes. A Neumann boundary condition 

was considered for the insulating surfaces of the implants and the exterior boundary of the 

cell experiment model.   

 

 

Experimental validation 

 

 

Fig. 5.3 Setup of validation experiment. 1) Computer to process the coordinates of measuring points.  

2) Measuring arm (MicroScribe G2x). 3) Stryker Asnis III s-series System Generator 1900-0800. 4) 

Agilent Multimeter 34410A for electrical potential measurement. 5) Stryker Asnis III s-series Hip coil 

1900-0860, 6) Asnis III s-series screw in cell experiment setup. 
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To prove numerical simulation accuracy, the validation experiment (Fig. 5.3) was set up 

according to the cell experiment. The measuring arm was used to get the coordinates of the 

measuring points in the experiment. These coordinates for the measuring points should be 

kept constant in the numerical simulation (Fig. 5.3). The primary coil generates an oscillating 

(20 Hz) magnetic flux density of 3 mT. The Asnis III s-series screw was fixed by a screw 

holder in the well plate and the scaffold was placed on the screw holder. A volume of 6 ml 

DMEM (Biochrom, Berlin, Germany) containing 10% fetal calf serum (FCS), 1% Amphotericin 

B, 1% Penicillin-Streptomycin and 1% Hepes-Buffer (all: Gibco® Invitrogen, Darmstadt, 

Germany) was used. Before the Asnis III s-series screw was fixed in the well plate, the 

default electric voltage on the surface of the screw was measured and then used in the 

numerical simulation to compare the results to the validation experiment. The validation was 

done by measuring the electric potential on the surface and bottom of the scaffold (Fig. 5.4). 

The results of the validation were compared to the numerical simulation. 

 

Fig. 5.4 Measuring points in the cell validation experiment. 

5.1.2 Cell experiment system II 

Although the test setup designed by Grunert et al. [95] can be successfully used for the in 

vitro experiment, there was a disadvantage for this system. The primary coil, generating the 

20 Hz magnetic field to induce the current into the secondary coil in the Asnis III s-series 

screw, can increase the temperature in the incubator which results in a negative impact on 

the survival of human osteoblasts. For this reason, Hiemer et al. verified the test setup for in 

vitro tests of human osteoblasts in the Asnis III s-series system. How the human osteoblasts’ 

growth has been influenced by the electromagnetic field and electric field has also been 

compared and similar results have been found on the effect of metabolic cell activity at the 

end of the cell experiment. Therefore, a verified chamber setup only contains the electric field 
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in the cell experiments and the numerical simulations related to this setup are carried out in 

this subsection.  

 

Chamber design for cell experiment 

The novel in vitro test setup, a so called stimulation chamber, was based on the concept of 

the Asnis III s-series screw system and was designed in cooperation with the Fraunhofer 

Institute for Ceramic Technologies and Systems (IKTS), Hermsdorf, Germany. Two 

electrodes were aligned horizontally for cell culture experiments (Fig. 5.5). The stimulation 

chamber consists of six divisions with equal dimensions (5.4 cm x 5.4 cm x 2.4 cm), inserting 

a custom made holder, to ensure a stable arrangement of several components. A DMEM 

medium was contained in the chamber. After closing the cover with pre-drilled holes and 

connecting the electrodes to the power supply, the chamber was incubated at 37 °C and 

5% CO2 in a humidified atmosphere for 24 h before starting the electrical stimulation (Fig. 

5.5). 

 

Numerical simulation of chamber setup 

The electrodes in the original chamber setup were cylindrical shapes and the diameters of 

the cylinders were the same as the Asnis III s-series screw’s. To better visualize how the 

human osteoblasts grew on the surface of the electrodes after the cell experiment, triangular- 

shaped electro-stimulating implants for animal testing were used for designing the new 

electrodes. The triangular-shaped electrodes were located in two positions: flat side up and 

flat side down. The length of the triangular-shaped electrodes and insulator were kept as in 

the cylinder design. Numerical simulation was used to calculate the electric field distribution 

in the chamber caused by different types of electrodes and to compare how the shape of the 

electrode influences the electric field distribution on the bottom of the box and on the surface 

of the electrodes.  

 

 

Fig. 5.5 Chamber setup system for vitro experiments. 

 

The electrical stimulation of the chamber was performed using a waveform generator which 
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developed a sinusoidal wave alternating current with an electric peak voltage of 700 mV and 

a frequency of 20 Hz. The two designed electrodes were located in the same position of the 

setup. DMEM was filled in the box, 5 mm higher than the top surface of the electrodes. The 

calculation model and solver in COMSOL Multiphysics 4.3b were the same as in [95]. Figure 

5.6 shows a chamber setup model with triangular-shaped electrodes in the numerical 

simulation. 

 

 

Fig. 5.6 Chamber setup model with triangular-shaped electrode in simulation  

where the flat side is up. 

 

5.1.3 Cell experiment system III 

In chapter 6 electro-stimulating implants were designed for the animal testing. To find the 

optimal stimulation parameter for animal testing with electro-stimulating implants, a series of 

cell experiments should be carried out. Therefore, the in vitro setups for electro-stimulating 

implants need to be designed. Again, numerical simulation is the prior step for the in vitro 

setup design.  

 

In vitro setup for implant design 1 

To see how electro-stimulating implants stimulate the osteoblasts’ growth in the cell chamber 

and on the surface of the scaffold, we need to design a vitro setup of implant design 1 in 

animal testing for cell experiments. The scaffold used here will be the same as in [95].  

Numerical simulation was used to find an optimized in vitro setup which produces the best 

electric field distribution in the cell chamber and on the surface of the scaffold. This 

optimization problem means that both the activating electric field volume in the cell chamber 

and the activating electric field area on one specific surface in the cell well should be 

maximized. It can be accomplished by combining iSIGHT with FEA software.  
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Numerical simulation model 

The size of the cell well in figure 5.7 is taken from the standard 12 cell wells. Implant design 

1 is designed to be fixed in the cell well by one implant holder. DMEM fills the cell well during 

cell experiments. The electric field distribution in the cell well is calculated by the FEA 

software COMSOL Multiphysics 4.3b.  

Optimization parameters 

Constraints:  2 mm < d < 4 mm 

                     0.5 V  < v <  0.4V 

d is the height of the scaffold and v is the electric voltage on the surface of the implant. 

Objectives:  - maximum volume of activated tissue electric field norm (5 – 70 V/m) in cell 

         chamber 

                    - maximum area of the (5-70 V/m) on the surface of the scaffold 

 

Fig. 5.7 Cell chamber setup for implant design 1. 

 

 

Optimization process 

The model of the cell well setup in vitro was created in COMSOL and integrated into iSIGHT 

to accomplish the optimization (see 4.1.2). Since COMSOL is not one of the directly 

supported applications in iSIGHT, a SimCode component in iSIGHT was used to execute 

COMSOL through a command line interface. The modelling in COMSOL was launched 

through a batch mode in MATLAB (Mathworks, Ismaning, Germany). After the COMSOL 

modelling had been integrated into iSIGHT, the initial constraints on d and v were saved in 

the input file. Maximum volume of the electric field (5-70 V/m) in the cell well and the area of 

the electric field (5-70 V/m) on the surface of the scaffold were the objectives in the 

optimization algorithm.  
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The optimization workflow included a two-step optimization plan: design of experiment (DOE) 

and the optimization algorithm (see 4.1.2). DOE was used to screen the design space and 

find an estimated optimal design. The optimal Latin hypercube technique with 100 points was 

chosen to sample the variables in the whole data space. The optimization uses the results of 

the DOE to start the search intelligently in the vicinity of the estimated optimal point. 

Furthermore, due to the fact that the current study is a multi-objective application, the Non-

dominated Sorting Genetic Algorithm (NSGA-II) was selected in iSIGHT to calculate the 

optimum values for d and v based on the results of the DOE. The whole optimization process 

is automatic. For each optimization step, the SimCode model was executed by COMSOL, 

created a new cell well setup model with current d and v and calculated the volume of 

activated tissue electric field (5-70 V/m) in the cell well and on the surface of the scaffold. 

After that, the results were imported into the optimization algorithm. When the output of the 

calculation did not converge, it was not optimal and new values for d and v were created 

automatically according to the optimization algorithm. Consequently, the input file was 

updated with new values for d and v and used for the next calculation. The optimization 

process stopped when convergence was finally reached. 

5.2 Results 

5.2.1 Cell experiment system I 

The numerical simulation results are shown in figure 5.8. In order to compare them with the 

results of the experimental validation, 6 ml DMEM were used in the experiment and the 

electrical potential on the ASNIS III s-series screw was measured while using the default 

setting of the generator. The default electric potential on the surface of the screw, 800 mV, 

was also used in the numerical simulation. To better view how the activating electric field was 

distributed in the cell chamber, the contour line of the electric field norm was shown in the 

range from 5 to 70 V/m because this range of the electric field has the best effect on bone 

cell growth [89] (Fig. 5.8 (left)). It is clear to see that close to the screw, the electric fields 

have a higher intensity than 70 V/m, and close to the cell chamber edge the electric fields 

have a really low intensity, lower than 5 V/m. The desired activate tissue electric field 

interval, 5 – 70 V/m, was shown to reach from the upper edge of the inlay ring to the middle 

of the screw holder radius in the well plate. 

Figure 5.8 (right) shows the electric potential distribution in the cell chamber. The electric 

potential showed large variations with potentials ranging from 0.514 V to 0.796 V 

immediately around the screw implant. But close to the outer edge of the well, the electric 

potential is around 0.3 V with only small deviations. This electric potential result was 

compared to the data of the validation experiment. In the experiment, the electric potential of 

the measuring points on the top and bottom surface of the scaffold has been measured. It is 

clear to see that in both, numerical simulation and experiment, electric potentials on the top 
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and bottom surface of the scaffold fall in the range of 0.38 V to 0.43 V (Fig. 5.9). The 

tolerances between numerical simulation data and validation experiment results, in both top 

and bottom measuring points, were in the acceptable range. It means the cell experiment 

setup model for system I is validated by the experiment.  

 

 

Figure 5.8 (right) Contour line of electric potential (V) and (left) Electric field norm (E-norm [V/m]) in cell.  

 

 

 

 
Figure 5.9 Electric potentials of the numerical simulation compared to the cell experiment validation on the top 

and at the bottom of the experimental setup. 

 

5.2.2 Cell experiment system II 

The electric field distribution on the bottom of the box in the chamber setup with two designs 

of electrodes (cylinder and triangular outer shape) has been shown in figure 5.10. In both 

cases the electric field distribution on the bottom of the box shows a similar phenomenon. 

The four corners are covered by the holder. Most of the area of the bottom has the activating 

electric field interval of 5-70 V/m. In the triangular-shaped electrodes design, locating the 

electrodes flat side down can get a maximum electric field of 56 V/m, which is still in the 

range of activating electric field. 

Figure 5.11 shows the electric field distribution on the surface of the different electrodes. 
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Similar electric field distributions can be found with the two designs of the electrodes. For 

each electrode in the three cases, most of the surface on the electrodes is in the range of 5 

to 70V/m. Only in the area near to the insulators, the electric fields are higher than 70 V/m. 

Therefore, in the cell experiment, when the electric peak voltage on the surface of the 

electrodes is 700 mV, the shape design (cylinder or triangular) and the positioning (locating 

flat side down or up) of the electrodes in the chamber setup have no relevant influence on 

the electric field distribution on the surface of the electrodes and on the bottom of the box.  

 

 

Fig. 5.10 Electric field distribution on the bottom of the box. 

 

 

Fig. 5.11 Electric field distribution on the surface of the electrodes. 

 

5.2.3 Cell experiment system III 

The optimum scaffold height and the electric potential on the surface of the electrodes are 

shown in Table 5.1. Comparing the electric peak potential in the animal tests (400 mV) to the 

cell experiments, the electric potential which leads to the maximum volume of activating 

electric field in the cell well is 340 mV. The scaffold height is 2 mm.  
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Table 5.1 Optimization results 

d [mm) v [V] Surface (A) [mm²] Volume [mm³] 

2.034 0.3407 171.01 1100.68 

 

 

 

Fig. 5.12 The optimum electric field distribution in the cell chamber in a 2D cut plane (left) and on the 

surface of the scaffold (right). 

 

The optimum electric field distribution in the cell chamber in a 2D cut plane is shown in figure 

5.12 (left). In the cell chamber around the implant the electric fields are higher than 70 V/m. 

Figure 5.12 (right) shows the electric field distribution on the surface of the scaffold with the 

optimum scaffold height. On the surface of the implant, only small areas around the implant 

are not in the activated tissue electric field interval (5-70 V/m), the rest of the surface of the 

scaffold is all in the activating electric field.  

 

  

Fig. 5.13 Pareto plots of the effects of the scaffold height and implant surface electric potential on the 
activated tissue electric field surface of the scaffold (left) and activated tissue electric field volume in 

the cell chamber (right). 
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Figure 5.13 shows how the input parameters, height of scaffold and electric potential on the 

surface of the implant, influence the output parameters, activating electric field area on the 

surface of the scaffold and volume in the cell well. A 70% effect of electric potential on the 

surface of the implant can be found in the activated tissue electric field area on the surface of 

the scaffold. Similar effects (45% and 55%) are shown in the activated tissue electric field 

volume in the cell well from the electric potential on the surface of the implant and the height 

of the scaffold.   

5.3 Discussion 

Prior numerical simulation has been successfully used to design the in vitro setup for cell 

experiments. This can give an insight into the electric field distribution in the cell chamber. 

Also, numerical simulation helps to save time in cell experiments, as designing and 

establishing the cell experiments is a time-consuming, complex process.   

One common limitation in all the numerical simulations in this chapter is that electric double 

layer (EDL) was not taken into account. But EDL is important to cell experiments [135]. 

Therefore, in future studies, the electric potential caused by EDL on the surface of implant 

electrodes in cell experiments should be calculated as in [135,136] and used in numerical 

simulations. 

Numerical simulation data and experimental validation results in cell experiment system I 

showed a good consistency. Only a minimal derivation from the simulation was revealed. 

This showed the accuracy of the numerical simulation.  

Limitations exist in the numerical simulation of the in vitro test setup from cell experiment 

system I. The scaffold has not been included in the numerical simulation and only one 

experiment was done to validate the cell experiment model due to the complex structure of 

the scaffold and validation experiment process. Because the scaffold structure has been 

neglected in the numerical simulation, the cell setup model was simplified to a two-

dimensional model. Even though, the electric potential in the experimental validation on all 

the measuring points was measured with the scaffold. Because the results were comparable 

to the numerical simulation, the scaffold was neglected in the numerical simulation to 

decrease the model reconstruction complexity. But in order to evaluate how the scaffold 

influences the cell experiment model validation results, more than one experiment should be 

done to enable the comparison. The thread of the screw has not been involved in the 

numerical simulation in order to reduce the mesh complexity.  

The chamber setup in system II was a verified design based on system I from Grunert et al. 

[95]. In order to improve the chamber design for the purpose of a better view on the human 

osteoblasts’ growth on the surface of the electrodes in the cell experiment, numerical 
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simulation was used to compare the electric field distribution on the bottom of the box and 

surface of the electrodes caused by the two electrode designs and their different positioning 

in the chamber setup. The likely electric distributions were found in all electrode designs and 

orientations after the numerical simulation. Although the electric potential has been 

calculated in cell setup models in system II, the models have not been experimentally 

validated. To show the accuracy of the numerical simulation in system II cell setup models, it 

is necessary to carry out an experiment to validate the models in future studies. As in the 

validation experiment with system I, the electric potential on the measuring points in the 

numerical simulation and the validation experiment can be compared and the tolerance can 

be calculated. 

Moreover, the cell experiment setups in system I and system II were based on the clinically 

used Asnis III s-series screw system. The implant parameters and stimulation parameters 

are not optimized. To improve the outcome of cell experiments, it is necessary to optimize 

the cell setups for system I and system II. For example, the electric potential on the surface, 

the size and position of the implants in the cell setup can be optimized by combining iSIGHT 

with COMSOL.   

Combining iSIGHT with a FEA solver is a convenient approach. The optimum in vitro setup 

for the cell experiment was found after applying an optimization algorithm. However, there is 

a limitation for system III optimization. Only the activated tissue electric field has been 

considered in the optimization process. Because of a lack of methods, bone overstimulation 

has not been involved in the bone cell setup design. Therefore, in cell experiments, the bone 

cell growth from overstimulation should be analysed by applying a higher electric field 

intensity to the cell. For example, applying a certain electric potential to the surface of 

implants can bring most areas of an implant’s surface to an electric field intensity of more 

than 70 V/m. Thus, the outcome of the cell growth after overstimulation could be seen. The 

electric potential which would be used in the overstimulation experiment can be optimized by 

combining iSIGHT with COMSOL.  
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6 Numerical simulation in animal testing 

Besides evaluation of the electric field distribution in the human femoral head, investigating 

the effects of electrical stimulation on bone in in vitro and in vivo models is also important to 

better understand bone electrical stimulation. This chapter will focus on the in vivo animal 

testing models. In chapter 5, in vitro models are set up for cell experiments according to the 

clinical study and the electric field in the bone cell setup model is numerically calculated.  

The aim of the animal tests is to evaluate bone growth under the conditions of electrical 

stimulation in the animal bone. The different stimulation parameters, like duration of 

stimulation per day, stimulation period, frequency and electric potential, can be analysed in 

animal tests by connecting a control circuit into all implants in the animal. The results of bone 

growth in the animal bone can be obtained from a histological analysis to quantify the change 

of bone structure and to evaluate the effectiveness of the stimulation parameters selected in 

the animal tests. Moreover, static tests can be used to determine the pull-out forces and the 

degree of implant ingrowth in the animal bone. 

Before the animal tests, a proper animal has to be chosen for the experiments. The next step 

is to design suitable electro-stimulating implants for the animal tests. To design the electro-

stimulating implants, numerical simulation is a necessary tool for predicting the electric field 

distribution in the designed domain. Therefore, the task in animal testing is to use the 

numerical simulation to evaluate the electric field distribution in the animal bone and on the 

surface of the implant and to optimize the animal electro-stimulating implant design 

numerically.  

During the numerical simulation for the animal tests, insufficient sources for the bone 

dielectric properties were available for the numerical simulation despite numerical simulation 

already being widely used in electro-stimulating implant design and electric field distribution 

evaluation in bone tissue. Numerical simulation is a common tool in biomedical research and 

development. For instance, ultrasound propagation in cancellous bone, a new method for the 

diagnosis of osteoporosis, can be simulated and the propagation behaviour in the bone can 

be analysed [142,143] by numerical simulation. A new approach for the enhancement of the 

bone proliferation rate by electro-stimulation in the acetabular region was investigated by 

Potratz et al. [132,136], in which numerical simulation was used to compute the electric field 

distribution in the complex model based on high resolution CT scans of the acetabular area. 

Clinical application can be improved by analysing the electric field distribution of the bone 

and the design of electric implants can be also be enhanced through FEA. The model and 

dielectric properties’ parameters of the bone structure decide the precision of the FEA. As a 

bone model can be accurately reconstructed by using image segmentation and CAD 

software, bone dielectric properties are especially essential to the outcome of the numerical 
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simulation. Due to the reason that bone has a complex structure, measuring the electric 

properties of bone is a difficult task. Therefore, another aim of this chapter is to automatically 

calibrate the dielectric properties of animal bone from experimental data. An automatic 

approach was defined to calibrate dielectric properties of animal bone at a frequency of 

20 Hz as in the clinical application. 

6.1 Material and method 

6.1.1 Electro-stimulating implants for animal tests 

The animals chosen in the animal tests were female New Zealand white rabbits of 3 — 4 kg 

weight due to the reason that compared to sheep, this kind of rabbit is easier to handle 

during the operation and application of electrical stimulation. The designed electro-

stimulating implants were planned to be inserted into the rabbit’s distal femurs (Fig. 6.1). For 

implantation, one hole was drilled on one side of the rabbit tibia and a designed implant was 

inserted into the hole. The gap between the bone and the designed implant was defined as a 

bone defect in the animal tests. After animal testing, the new bone growth by electrical 

stimulation in the gap was checked to determine how much the different stimulation 

parameters influence the new bone growth in the animal bone. The control unit, connected to 

all the implants and supplying the stimulation parameters for all implants, was embedded in 

biocompatible silicon and inserted under the skin of the rabbit’s pelvis. 

 

 

Fig. 6.1 The rabbit’s right leg in the rabbit skin STL file (left) and electro-stimulating implant position in 

the rabbit distal femur (right). 

 

The shape and size of the rabbit distal femur indicated that the electro-stimulating implants 

should be as small as possible to permit the operation procedure. Two kinds of electro-

stimulating implants were designed for the animal tests (Fig. 6.2 and Fig. 6.3). Implant 
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design 1 consisted of three parts (two electrodes and one insulator). These three parts were 

connected by two screws and biocompatible gluten from the top and bottoms sides of the 

implant. Two biocompatible cables were inserted into the implant to connect the two 

electrodes. Electric power was supplied to these two electrodes by these two cables. The 

material of the electrodes and insulator were TiAI6V4 and PEEK, respectively. As in the 

preliminary test, the liquid showed to pass through the gap into the implant interior and 

caused a short circuit. For this reason, a new, more robust implant design 2 (Fig. 6.3) was 

developed to improve the ingrowth of bone cells on the implant surface. The outer shape of 

the implant corresponds to the shape of the first design. At each plane lateral surface, the 

implant had a slot for the insulator (NOVO sin, Eschen, Germany), in which a wire electrode 

(Ti6AI4V, length 7mm, Ø 0.3 mm) was integrated into. The three wire electrodes were 

connected to the cables in the inside of the electrode from a hole on the implant longitudinal 

axis upwards. The fourth cable was connected with conductive adhesive to the electrode 

implant body. 

 

Fig. 6.2 Implant design 1 (left) and its structure (right). 

 

 

Fig. 6.3 Implant design 2 (left) and its structure (right). 
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Numerical simulation 

Besides the complexity of the construction and difficulties of installation, another important 

criteria for deciding on the final design for the animal tests is electric field distribution. The 

design that brings a relatively larger activated tissue electric field on the surface of the 

implant electrodes and in the gaps between implant and bone, can be used for the final 

animal tests. COMSOL Multiphysics version 4.3b (Comsol AG, Göttingen, Germany) was 

used to calculate the electric field distribution caused by the two designs of the electro-

stimulating implants in the rabbit distal femur models. 

 

Model reconstruction 

As shown in figure 6.4, the construction of the CAD implants was accomplished in 3D-CAD-

Software Solidworks 2008. The CAD of the rabbit distal femur models were reconstructed 

from the rabbit CT scans by using the procedure of Kluess et al. [120]. The position of the 

implants in the rabbit distal femur models were defined according to figure 6.1. To ensure 

comparable results, the positions were kept constant for both implants in the rabbit distal 

femur model. The surrounding tissue of the rabbit distal femur was simplified to being blood 

in order to decrease the complexity of the model reconstruction. To consider being close to a 

real rabbit distal femur, the surrounding blood cylinder in the simulation has a radius of 

15 mm and a length of 30 mm. The rabbit distal femur was located in the middle axis of the 

cylinder. In the operation, when the implants were inserted into the holes in the rabbit distal 

femur, blood was filled into the gaps. After a certain time of electrical stimulation, new bone 

will grow in the gap. Therefore, in the simulation the material in the gap between the bone 

and the implants was considered in two cases: the gap is blood and the gap is cancellous 

bone.  

 

Fig. 6.4 Animal models for both implant designs. 
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Stimulation parameters 

Frequency and signal wave form, are kept constant compared to the human clinical study, i.e. 

20 Hz and sinus wave. To ensure that the most area of the implant surface has the optimum 

electric field interval (5-70 V/m) [89] which activates tissue in the animal bone, one 

parametric study was carried out for both designed electro-stimulating implants to define the 

optimized electric potential on the surface of both implants. It showed that 400 mV and 

150 mV of peak electric potentials should be applied to implant design 1 and design 2, 

respectively.  

Material parameters 

As the dielectric properties of rabbit distal femur are not available in the literature, the 

conductivity and relative permittivity of cancellous bone, cortical bone and blood were 

derived from Gabriel et al. [105,108,109] in both implant models. The material properties of 

the designed implants in the numerical simulation were used according to the data sheets 

from the manufacturer (see table 4.1).  

In the simulations, the Dirichlet boundary condition and Neuman boundary condition were 

available (equations 3.16, 3.17). A Dirichlet boundary condition was applied to impose an 

electric potential, 400 mV and 150 mV, on the surface of the designed implant electrodes, 

respectively. A Neumann boundary condition was considered for the insulating surfaces of 

the implants and the exterior boundary of the model.   

6.1.2 Calibration of the dielectric properties of the animal bone 

To develop an algorithm to calibrate dielectric properties, three steps need to be obtained: 

 Acquiring an experimental data set 

 Accomplishing numerical modelling and simulation 

 Calibrating the bone conductivity and relative permittivity 

Experiment 

Calibration of dielectric properties of animal bone is an optimization process. The first step is 

to measure the electric potential at specific points in the bone and then compare this 

experimental result to numerical simulation data. At the end, the minimum difference needs 

to be found. Therefore, one experiment was set up to acquire the electric voltage at the 

measuring points in the rabbit distal femur bone. 

Bone sample preparation 

The hind leg from an eight-week old rabbit was chosen for experimental measurement (Fig. 

6.4). The bone specimen was obtained directly after euthanasia of the animal and 

maintained under refrigeration at – 20 °C until the time of the experiment. Freezing is 

considered a common method of preserving bone samples for electrical measurements 

[126]. Moreover, the surrounding soft tissue was not resected before refrigeration to 
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preserve the moisture of the bone specimen. Before the experiment, the specimen was 

thawed and the soft tissue was removed. During the experiment NaCl solution was used to 

keep the bone specimen moist. 

Experimental setup 

Figure 6.5 demonstrates the experimental setup. To get the coordinates of the measuring 

points in the experiment measurement, a three-dimensional coordinate measuring arm, 

MicroScribe G2x (Solution Technologies, Oella, MD, USA) was used. The bone specimen 

was fixed in a rectangular box to get a datum for the coordinate measuring. The corner and 

the edges of the box were considered as the coordinate system datum for the experiment. 

Design 1 of the electro-stimulating implant was inserted into the rabbit distal femur and a 

generator and two cables were connected to the implant to supply electric power to the 

implant. A 20 Hz sinusoidal electric signal with a voltage of RMS 400 mV was applied to the 

implant. The same electric potential was also used in the numerical simulation. To strike a 

balance between numerical computational and experimental complexity, 25 measuring points 

were equally distributed on the surface of the bone, and approximately 2 mm into the bone 

(see Fig. 6.6). The RMS voltage on these measuring points was measured. This data was 

compared to the results from the numerical simulation. Due to the complexity of the 

experiment process, only one bone specimen was used in the current study.  

 

 

Fig. 6.5 Experimental setup: measuring arm (MicroScribe G2x) (a), Agilent 33220A 20 MHz 
Function/Arbitrary waveform generator (b), the box for the coordinate system (c) and the bone 

specimen (d). 
 

Numerical simulation 

To compare experimental results to numerical simulation data, a numerical simulation has to 

be applied to the experiment setup. The model needs to be reconstructed from the bone 

specimen in the experiment and the coordinates for all the measuring points need to be kept 

consistent. The electric potentials on all the measuring points will be numerically calculated 

in the bone specimen model.  
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Model reconstruction 

The geometrical structure of the rabbit distal femur in figure 6.5 (bottom) was based on high 

resolution CT scans of the bone specimen in the experiment, according to the procedure 

described by Kluess et al. [120]. To maintain the accuracy of the calibration at a later stage, 

care was taken to keep the coordinate system in the experiment and in the numerical 

simulation consistent. Therefore, the rabbit distal femur, fixed in the rectangular box, was 

placed in the CT scanner again after the experimental measurement. With the same 

procedure as in the reconstruction of the CAD model of the rabbit distal femur, the datum of 

the coordinate system in the numerical simulation was reconstructed from the CT scans of 

the rectangular box. From the CT scans of the bone specimen, the implant position was 

defined in the numerical simulation.  

 

  
 

Fig. 6.6 Measuring points in experiment (top) and in numerical simulation (bottom). 
 

Stimulation process 

Numerical simulation of the rabbit distal femur was performed using COMSOL Multiphysics 

version 4.3b. The cancellous and cortical bones in the rabbit distal femur were considered as 

homogenous and isotropic to reduce the complexity of the calculation. Due to the reason that 

data of the dielectric properties of the rabbit distal femur were not available in the literature, 

the initial conductivity and permittivity of the tissues as given in table 6.1 were derived from 

Gabriel et al. [105,108,109]. The electric potentials at specific measuring points were 

interpolated from the nearest points in COMSOL. The material properties of the designed 

implants in the numerical simulation were used according to the data sheets from the 

manufacturer.  
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Calibrating the dielectric properties of the bone 

Once the electric potentials at the measuring points are available in both, the experimental 

measurement and the numerical simulation, the dielectric properties can be calibrated. 

iSIGHT (Dassault Systemes Deutschland, Hamburg, Germany) was used to accomplish the 

calibration as it has highly capable simulation process automation and design optimization 

capabilities. 

Problem definition 

The calibration of the dielectric properties of the rabbit distal femur at 20 Hz was considered 

as one optimization problem. The optimization techniques were combined with the FEM 

software COMSOL Multiphysics. This combined methodology can calibrate the dielectric 

properties of the distal femur by measuring the electric potential at different points. The 

dielectric properties’ parameter values of the femur model setup inside COMSOL were 

modified by the optimization technique. The goal of the optimization was to minimize the 

differences between the output electric potential in the numerical simulation and the 

experimental data. The minimum area difference between the experimental measurement 

and the numerical simulation, the electric potential and the minimum absolute difference 

between these two data sets have to be elaborated to receive the global optimum.  

Calibration methods require extensive experimental data. As the electric field around the 

implant within the bone stock is the most interesting area, the electric potentials around the 

implant were mainly measured to reduce the overall computational effort. In total, 24 

measuring point results were used in the optimization approach (Figure 6.6 (top)).  

 

Table 6.1 Data space for conductivity and relative permittivity used in the calibration. 

Bone type Conductivity 

range � [S/m] 

Relative 

permittivity range 

�� 

Initial conductivity 

� [S/m] 

Initial relative 

permittivity 

�� 

Cortical 0.002 to 0.1 2511 to 10� 0.02004 25119 

Cancellous 0.007 to 0.2 4.0 ∙ 10� to 10� 0.078902 4020200 

 

 

The initial dielectric properties (cortical conductivity (CC), cortical relative permittivity (PC), 

cancellous conductivity (CS), cancellous permittivity (PS)) for the simulation were taken from 

Gabriel et al. due to the lack of data available for rabbit bone at 20 Hz. Gabriel et al. 

[105,108,109] reviewed the dielectric properties of biological tissue. They found that the 

cortical bone conductivity in general is less than 0.1 S/m and the relative permittivity is less 
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than 10� when the frequency is less than 100 Hz. Sierpowska et al. [124] measured the 

dielectric properties of the trabecular part of bovine femur at 50 Hz, with a conductivity at 

around 0.125 S/m and a relative permittivity of 5 ∙ 10�  . Therefore, the data space for 

conductivity and relative permittivity used in the calibration were set as shown in Table 6.1. 

 

Setting up the iSIGHT model 

The distal femur model of the rabbit was created in COMSOL and was integrated into 

iSIGHT to run the optimization. Figure 6.7 shows the workflow in iSIGHT. Since COMSOL is 

not one of the supported applications in iSIGHT, a SimCode component (named CallComsol) 

was used in iSIGHT to execute COMSOL through a command line interface. The modelling 

in COMSOL was launched through MATLAB batch mode. After the COMSOL modelling had 

been integrated into iSIGHT, the initial conductivity and relative permittivity (see Table 6.1), 

which were saved in the input file, and the electric potentials at the measuring points from the 

initial numerical calculation were parsed for COMSOL modelling. Data matching, a direct 

application in iSIGHT, was used to compare the results from the numerical simulation to the 

experimental measurement. The objectives in the optimization algorithm were the sum of the 

absolute difference and the sum of the absolute area difference.  

The optimization workflow entailed using a two-step optimization plan: DOE and the 

optimization algorithm (see 4.1.2). An estimated global optimization result can be found in 

the DOE as it screens the whole design space. The ‘optimal Latin hypercube technique’ with 

150 points was chosen to sample the variables in the whole data space. Furthermore, the 

multi-objective algorithm ‘Non-dominated Sorting Genetic Algorithm (NSGA-II)’ was selected in 

iSIGHT to calculate the optimum dielectric properties for rabbit distal femur at 20 Hz based 

on the results of the DOE. When a considerable reduction in the number of optimization 

iterations to convergence was achieved, the global optimum solution was found. 

Figure 6.8 shows the whole automatic optimization process. For each optimization step, the 

CallComsol model executed COMSOL. In COMSOL, a new rabbit distal femur model with 

the current dielectric property parameters was created and the present electric potentials at 

all measuring points were calculated, then the results were saved to the matrix of the 

numerical data. The data matching component compared the electric potentials at all 

measuring points from the numerical simulation to the experimental measurement and the 

results were imported into the optimization algorithm. The new dielectric properties were 

created automatically according to the optimization algorithm when the output of the 

calculation in the data matching was not optimal. Consequently the input file was updated 

and used for the next calculation. 
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Fig. 6.7. The workflow in iSIGHT. 

 

 

Fig. 6.8. iSIGHT parametric, automatic optimization procedure. 
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6.2 Results 

6.2.1 Electro-stimulating implants for animal tests  

 

 

Fig. 6.9 Electric field distribution on both designed implants’ electrode surfaces when gaps are blood.  

 

To compare the electric field distribution on the surface of the designed implants, the 

activated tissue electric field (5-70 V/m) distribution on the surfaces of the implants when the 

gaps are considered as blood are shown in figure 6.9. With the design 1 implant, the 

activating electric field is not as homogenous as with the design 2 implant. Although, the 

activated tissue electric field is distributed on the whole surface of the upper electrode of the 

design 1 implant, this is not the case on the lower electrode. With implant design 2, the 

activated tissue electric field distribution on the surface of the electrodes is homogenous and 

it covers almost the whole implant electrode beside the wire electrode and the round edge. 

The implant’s round edge is not an interesting area for the animal tests due to the reason 

that the implant was pressed into the hole drilled into the rabbit distal femur using a hammer 

and the bone is stimulated on the surface of the implant and in the gap between the bone 

and the implant.   

Figure 6.10 shows the electric field distribution on the electric insulators of both designed 

implants when considering the gaps as blood. The activating electric field is homogenously 

distributed on the design 1 implant’s insulator. In implant design 2, all the areas of the 

insulator have a higher electric field than 70 V/m and the highest intensity of the electric field 

(682 V/m) is distributed on the edge of the wire electrode.  
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Fig. 6.10 Electric field distribution on both designed implant insulators’ surfaces when gaps are blood. 

 

In figure 6.11, the iso-surfaces of the activated tissue electric field (5-70 V/m) distribution in 

the gaps between the bone and the two implants while considering gaps as blood are shown. 

In implant design 1, the electric field distribution in the gap is relatively more inhomogeneous 

than in the case of implant design 2. It is clear to see that in implant design 1 the gaps 

between electrodes and bone are both in the range from 5 to 70 V/m. But the gap around the 

insulator is higher than 70 V/m. In implant design 2, homogenous activating electric fields fill 

all the gaps around the implant. For animal test requirements, this electric field distribution is 

more ideal for the stimulation of bone.  

 
Fig. 6.11 Electric field distribution in the gaps between bone and implant when gaps are blood. 
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Figure 6.12 shows, when considering the gaps as cancellous bone, how the activating 

electric field is distributed on both designed implants’ electrode surfaces. In implant design 1, 

only parts of the electrode surfaces are in the activated tissue electric field interval and the 

minimum intensity of the electric field on the electrode surface shows as 40 V/m. In implant 

design 2, the activated tissue electric fields are equally distributed on the surface of the 

implant body electrode but not on the surface of the wire electrode.  

 

 

Fig. 6.12 Electric field distribution on both designed implants’ electrode surfaces  

when gaps are cancellous bone.  

 

 

Fig. 6.13 Electric field distribution on both designed implants’ insulator surfaces  

when gaps are cancellous bone. 
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Figure 6.13 shows, when the gaps are considered as cancellous bone, how the electric field 

is distributed on the surfaces of both designed implant insulators. In implant design 1, the 

electric fields on the surface of the insulator are in the range of 58 V/m to 678 V/m. The 

activated tissue electric fields are distributed in the middle of the insulator surface. In design 

2, all the electric fields on the surface of the insulator have a higher intensity (from 102 V/m 

to 695 V/m) than the activated tissue electric field. 

 

 

Fig. 6.14 Electric field distribution in the gaps between bone and implant  

when gaps are cancellous bone. 

 

In figure 6.14, the activated tissue electric field distribution in the gaps is shown for both 

designed implants, when the gaps are considered as cancellous bone. From the resulting 

iso-surfaces, it is clear to see that in implant design 1, only the gaps around the insulator 

have the desired activated tissue electric field intensity. But this is not the case in implant 

design 2. Homogenous activated tissue electric fields are distributed in the gaps between 

bone and implant.  

The aim of the implant design for the animal testing is to find an implant that delivers a 

relatively larger activated tissue electric field on the surface of the implant electrodes and in 

the gaps between implant and bone. Therefore, as a short conclusion, in both gaps 
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considerations, blood and cancellous bone, design 2 results in a better activated tissue 

electric field distribution not only on the surface of the implant electrode but also in the gaps 

between bone and implant.   

6.2.2 Calibration of the dielectric properties of the animal bone 

The results of optimizing the conductivity and relative permittivity at 20 Hz for both, cortical 

and cancellous animal bone, are shown in Table 6.2. Comparing these calibrated rabbit 

distal femur dielectric properties to bone dielectric properties from the parametrical model 

[105,108,109], in both bones the conductivity of cortical and cancellous bone are higher and 

the relative permittivity is relatively lower. 

 
Table 6.2 Optimized conductivity and relative permittivity after calibration. 

Bone 

structure 

Optimum 

conductivity � [S/m] 

Optimum relative 

permittivity �� 

Cortical 0.09615 19522 

Cancellous 0.14913 1561507 

 
 

 

 
Fig. 6.15 Pareto plots of the effects of the dielectric properties on the sum of the absolute difference 
(left) and the sum of the absolute area difference (right), cortical conductivity (CC), cortical relative 

permittivity (PC), cancellous conductivity (CS), cancellous permittivity (PS). 

 

Pareto plots demonstrate the effects of the dielectric properties on the sum of the absolute 

difference and sum of the absolute area difference between the experimental data set and 

the numerical simulation data set (Fig. 6.15). One common phenomenon between these two 

plots was that the conductivity of cancellous bone (CS) and cortical bone (CC) has the most 

effect on the results (more than 90 %). Only less than 10 % effect can be found from the 
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relative permittivity on both, cancellous and cortical bone. This means that at a frequency of 

20 Hz, the conductivity is the most essential parameter in analysing the electric field 

distribution in the bone. And the conductivity of cancellous bone has the most effect on the 

calibration [144] due to the reason that the volume fraction of the cancellous bone is much 

bigger than the volume fraction of the cortical bone in a rabbit distal femur. 

6.3 Discussion 

6.3.1 Electro-stimulating implants for animal tests  

Implant design 1 and 2 are numerically compared in the rabbit distal femur model. Design 2 

has obvious advantages over design 1. No matter if considering gaps as blood or cancellous 

bone, in both relevant areas, implant surface and the gaps between bone and implant in the 

rabbit distal femur, with implant design 2 a more homogenous activated tissue electric field 

(5-70 V/m) distribution can be found. This is not the case with design 1. 

Moreover, in implant design 2, a 150 mV peak electric potential on the electrodes is sufficient 

to result in a homogenous activating electric field distribution in the interesting areas. But in 

design 2, at least 400 mV need to be applied. Lower power consumption is important to 

animal testing. It results in longer battery life and produces less heat which leads to less 

discomfort for the animal because the power supply was inserted under the rabbit leg skin for 

the animal tests.  

From the construction of both implant designs, design 2 also showed advantages compared 

to design 1. Design 1 has three different parts, two electrodes and one insulator. These three 

different parts need to be installed. As the size of the parts is small, they are hard to handle. 

This raises the risk of a short-circuit during the tests. Design 2 has one complete electrode. 

The wire electrodes can be easily fixed on the slots of each electrode plane. The length of 

the implant design 2 is 1.5 mm shorter than that of implant design 1. Due to the reason of the 

relatively small size of a rabbit distal femur, the smaller the implant, the easier the operation.  

The numerical simulation of the rabbit femur models with the two designed electro-

stimulating implants is based on some simplifications and has limitations (see 4.3). For 

example, considering a low electrical potential (peak potentials 400 mV and 150 mV) on the 

surface of the implant electrodes, the influence of electrical double layer (EDL) was not 

considered in all numerical simulations. In future studies, EDL should be calculated like in 

[135,136] and new comparisons for two implants should be made. The rabbit distal femur 

model is simplified only to cortical bone and cancellous bone with blood surrounding it. This 

simplification is reasonable as in [125] was found that only the attached surrounding tissue 

has the most effect on the electric field distribution in the bone. Due to the lack of sources for 

the cortical and cancellous rabbit distal femur bone dielectric properties at 20 Hz, in the 
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simulation, the computed data from Gabriel et al. [105,109] was used. Although, in the 

numerical simulation the rabbit distal femur cortical and cancellous bone were considered as 

homogenous and isotropic, in reality the structure of cancellous bone is porous and includes 

blood vessels. And the numerical models for both designed implants were not validated and 

bone dielectric properties were not calibrated.  

In the current implant comparison study we only focus on the activated tissue electric field on 

the surface of the implant electrodes and in the gaps between implant and bone, but the 

influence of the electric field on the implant insulators has not been involved. In future studies, 

the cell experiment for bone cell growth on the surface of the insulator has to be carried out 

and the results have to be considered in implant design.  

6.3.2 Calibration of the dielectric properties of the animal bone 

A convenient approach is presented for automatic calibration of the dielectric properties of 

bone tissue at a specific frequency. It combines numerical modelling and experimentation. 

Calibration is considered to be an optimization problem and is implemented by combining the 

software tool iSIGHT with COMSOL. These two software products are both common and 

commercially available. iSIGHT is well known for its strong automatic design exploration and 

optimization techniques. It is widely used in industry for optimizing product design. COMSOL 

Multiphysics is a widely used, commercial FEA software. Furthermore, calibrating material 

parameters with iSIGHT in combination with Computer-aided engineering (CAE) software is 

also a common method. For example, Zhou et al. [145] identified constitutive parameters for 

composite deformation at elevated temperatures using iSIGHT and ABAQUS.  

The dielectric properties of rabbit distal femur bone at 20 Hz were automatically calibrated as 

an example. The present study introduced an automatic calibration method for bone 

dielectric properties at any specific frequency. The motivation for this arises from the 

complex measurement method for bone dielectric properties and the need to understand 

electrical stimulation of bone regeneration. Although electrical stimulation used for bone 

healing is becoming more and more common, only limited sources of bone dielectric 

properties are available for numerical simulations. Therefore, this study aims to provide a 

convenient and reproducible method for calibrating bone dielectric properties from a specific 

frequency base using limited resources [105,108,109]. 

In contrast with complex electric measurement methods for bone dielectric properties, the 

presented algorithm represents an automatic calibration approach. Here, iSIGHT in 

combination with COMSOL is used to calibrate the bone specimen dielectric properties and 

to achieve the optimum values. The experimental measurement is a common process in 

validating numerical simulation of electrical bone stimulation. Keeping a consistent 

coordinate system in both the experiment and the numerical simulation is a key to the 
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calibration approach. Compared to complex electric measurements of bone dielectric 

properties, this experiment is relatively easy to implement. However, in Saha et al. [113] 

many factors influence the measurement of dielectric properties, such as time of exposure, 

moisture content and temperature. These could also be influencing factors for the presented 

experiment. To improve the accuracy of the experimental measurement, more experiments 

under different conditions should be conducted. The results could be compared and used for 

automatic calibration.  

The current calibration process is based on available sources. As only limited sources of 

bone dielectric properties are available, the data range for calibration is relatively wide. The 

accuracy of the optimum dielectric properties can be improved when the values of bone 

specimen dielectric properties are available. Another possibility to improve the accuracy of 

calibration is to get more measuring points for both experiment and numerical simulation. But 

this may increase the computational effort. The size of the bone specimen should also be 

taken into account. Too many measuring points may destroy the bone specimen.  Due to the 

experiment process complexity, there was only one bone specimen relied upon in the bone 

dielectric properties calibration. To verify the accuracy of the calibration, more bone 

specimens should be used in calibration in the future. The simplifications and limitations for 

the numerical simulation are similar to the numerical simulation for the human femoral head 

(see 4.3). 

Combining iSIGHT with COMSOL is not only suitable for calibration of dielectric bone 

properties. Some electrical stimulation parameters, such as frequency and electric potential, 

can also be optimized using this method. Moreover, it is also applicable to many other 

optimization problems in bio-electrics, such as optimum electric implant design for bone 

electrical stimulation and optimum position of the electric implant in the bone. 
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7 Summary and Outlook 

Electrical stimulation has been used for treatment of bone diseases for several decades. 

Using the Asnis III s-series screw system is a common treatment for avascular necrosis in 

the human femoral head using electromagnetic fields. Although it has been shown in a 

clinical study that 86% of the patients had a significantly improved medical condition after 

treatment, the influence of the stimulation parameters and the electro-stimulating implant’s 

parameters on this clinical application have not been fully studied. Furthermore, the optimum 

parameters for this clinical application are still unknown. This thesis analyses the influence of 

the stimulation parameters and electro-stimulating implants parameters on volume tissue 

activated (VTA) on bone regeneration and carries out a parameter optimization for bone 

electrical stimulation. Three aspects have been considered to optimize the parameters, field 

distribution in the human femoral head, bone cell experiments and animal testing. Finite 

element analysis (FEA) was used to analyse how the electric field distributions in the bone 

and the designed in vitro setup models were influenced by the electrical stimulation and 

electro-stimulating implant’s parameters. Combining iSIGHT with a FEA solver (COMSOL 

Multiphysics) was an approach to automatically optimize the parameters in models. 

In human femoral head model, the effect of screw implant parameters, including screw tip 

design, screw insulator length and screw positioning, on the electric field distribution in the 

femoral head model was analysed. Screw positioning and screw insulator length brought out 

similar and significant effects on the VTA in the femoral head but the screw tip design did not. 

Moreover, an electric field distribution calculation for femoral head with surrounding tissues 

models was carried out for analysing effect of surrounding tissues on VTA in femoral head. 

The results showed that the simplification of femoral head surrounding tissues to blood was 

acceptable as only the attached surrounding tissue brought out the significant effect on VTA 

in the femoral head. Removing the necrotic lesion from the patient and let the blood fill the 

lesion gaps before implanting the screw is a correct procedure in surgery due to the lesion as 

blood having 35%more VTA than lesion as fat in the femoral head.  

An automatic optimization approach was carried out for optimizing the electro-stimulation 

screw implant position in patient’s femoral head by combining iSIGHT with COMSOL. After 

the optimization procedure, the screw’s optimum position in the patient’s femoral head model 

brought a 3% VTA gain compared to the original screw position derived from post-operative 

MRI data. The screw’s z-direction positioning (moving in and out of femoral head) yields the 

highest effect on the VTA in patient’s femoral head model.  

In an animal testing, an evaluation of two designed electro-stimulating implants for animal 

bones could be carried out by numerical calculating the electric field distributions caused by 

the implants in the bone models. Implant design 2 showed obvious advantages compared to 
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design 1 implant after the numerical analysing in both defined areas, electric field distribution 

on the surface of implant and in the gap between bone and implant. An automatic calibration 

procedure was carried out for rabbit distal femur bone dielectric properties at 20 Hz using an 

optimization approach combining iSIGHT with COMSOL and an experiment. The dielectric 

properties of rabbit distal femur bone was calibrated and the conductivity of cancellous bone 

was found to have the highest effect on the calibration due to the volume fraction of 

cancellous bone being much bigger than the volume fraction of the cortical bone in rabbit 

distal femur. 

In cell experiment, a design for three cell experiment systems was carried out for in vitro 

testing by numerically calculating electric field distribution in cell experiment’s setup models.  

In system I, the activated tissue electric field was found to distribute in the centre area of 

scaffold and setup model was successfully validated by one experiment. In system II, 

triangular outer shape electrodes brought out the similar electric field distribution as the 

cylinder shaped electrodes. In system III, the optimum potential on the surface of electrode 

and height of scaffold have been automatically found and the electric potential has much 

higher effect (70%) than height of scaffold (30%) on the activated tissue electric field area on 

the surface of scaffold.  

In the future, the surgery plan for a bone electrical stimulation therapy will be informed by the 

results from a numerical simulation in the bone model. Customized electro-stimulating 

implants for specific patients can be designed using the automatic optimization approach. 

More parameters can be optimized besides the ones already shown in this thesis, such as 

electric potential on the surface of implant, number of implants, lesion size and location. To 

automatically optimize the design of electro-stimulating implant in bone electrical stimulation, 

CAD software, i.e. Solidworks, can be integrated to the optimization approach. The validation 

experiment approach presented may be used as a standard process to validate a bone 

model for further bone electrical stimulation. Automatically calibration bone dielectric 

properties method will be used for at all frequencies and any bone specimen in order to use 

to improve bone dielectric properties accuracy in future numerical simulation. Electrical 

stimulation of bone will be analysed in cell experiments with bone cells to find the limit of the 

bone stimulation for surgery and in the design of electro-stimulation implants. The present 

optimization approach can also be used to design the cell experiment’s setup. Furthermore, 

the cell experiment setups should be validated by experiments to ensure the numerical 

simulation model accuracy.  
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8 Zusammenfassung und Ausblick 

Die elektrische Stimulation wird seit mehreren Jahren in der Behandlung von 

Knochenerkrankungen eingesetzt. Das Schraubensystem ASNIS III S-Serie wird bei 

avaskulärer Nekrose des Hüftkopfes zur Erzeugung elektromagnetischer Felder innerhalb 

des Knochens verwendet. Obwohl in klinischen Studien 86% der Patienten eine signifikante 

Verbesserung zeigten, sind die Einflüsse der Stimulationsparameter und der Parameter des 

Implantates auf den Behandlungserfolg noch nicht tiefgreifend erforscht. Des Weiteren sind 

die optimalen Stimulationsparameter für diese klinische Anwendung noch unbekannt. Die 

vorliegende Arbeit analysiert den Einfluss der Stimulationsparameter und der 

Implantatparameter auf das aktivierte Gewebevolumen (volume tissue activated, VTA) zur 

Knochenregeneration und führt eine Parameteroptimierung für die Elektrostimulation des 

Knochens durch. Drei Aspekte wurden für die Optimierung der Parameter herangezogen: 

Feldverteilung im Hüftkopf, Knochenzellexperimente und Tierversuche. Um zu analysieren, 

wie die elektrischen Feldverteilungen im Knochen und die geschaffenen in-vitro Modelle 

durch die Stimulations- und Implantatparameter beeinflusst werden, wurde die Finite-

Element-Methode (FEM) angewandt. Mit der Software-Kombination von iSIGHT und einem 

FEM-Solver (COMSOL Multiphysics) wurde ein Ansatz gewählt, der eine automatisierte 

Parameteroptimierung im Modell ermöglicht. 

Die auf ihren Einfluss auf die elektrische Feldverteilung im generierten Hüftkopfmodell 

analysierten Implantatparameter beinhalten die Form der Implantatspitze, die Länge der 

Isolierung und die Position des Implantats im Knochen. Dabei zeigen die Position und 

Isolatorlänge sowohl signifikante als auch ähnlich große Effekte auf das aktivierte 

Gewebevolumen im Hüftkopf, die Form der Implantatspitze jedoch nicht. Darüber hinaus 

wurde die elektrische Feldverteilung für das den Hüftkopf umgebende Gewebe berechnet, 

um den Einfluss des umgebenden Gewebes auf das aktivierte Gewebevolumen zu 

analysieren. Die Ergebnisse zeigen, dass es erlaubt ist, die umgebenden Gewebe (Muskel, 

Fett, Haut) vereinfachend als Blut zu modellieren, da nur das direkt am Knochen anliegende 

Gewebe einen signifikanten Einfluss auf das aktivierte Gewebevolumen hat. Bei der 

Implantation wird das nekrotische Gewebe entfernt und Blut füllt die entstehende Lücke. Im 

Unterschied zu einer fetthaltigen Läsion, führt Blut als direkt umgebendes Gewebe zu einer 

mehr als 35%igen Steigerung des aktivierten Gewebevolumens im Hüftkopf. 

Eine automatisierte Optimierung in Bezug auf die Position des Implantats im Hüftkopf wurde 

mit der Kombination von iSIGHT und COMSOL durchgeführt. Im Vergleich zur post-

operativen Implantatposition beim Patienten anhand von MRI-Daten, wurde durch die 

Optimierung eine 3%ige Steigerung des aktivierten Gewebevolumens im Hüftkopfmodell 

errechnet. Der Implantatparameter mit dem größten Einfluss ist die z-Richtung der Position 
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(entlang der Bohrung). 

Für den Tierversuch am Kaninchen wurden zwei Implantatvarianten numerisch evaluiert, 

indem die elektrische Feldverteilung im Knochenmodell berechnet wurde. Variante 2 zeigte 

Vorteile gegenüber Variante 1 in den beiden definierten Bereichen bezüglich elektrischer 

Feldverteilung an der Oberfläche und in der Lücke zwischen Knochen und Implantat. Es 

wurde eine automatisierte Kalibrierungsprozedur mit dielektrischer Eigenschaft bei 20 Hz 

durchgeführt, indem in iSIGHT und COMSOL ein Optimierungsansatz mit einem Experiment 

kombiniert wurde. Die dielektrischen Eigenschaften des Kaninchenknochens wurden 

kalibriert und die spezifische elektrische Leitfähigkeit der Spongiosa wurde als am 

einflussreichsten auf die Kalibrierung bestimmt, da im Kaninchenbein Spongiosa viel 

ausgeprägter als Kortikalis ist. 

Für das Zellexperiment wurde die elektrische Feldverteilung in drei Zellexperimentsystemen 

für die nachfolgenden in-vitro Tests numerisch berechnet. In System I verteilte sich das 

elektrische Feld im aktivierten Gewebe im Zentrum des Gerüsts. Das Modell konnte durch 

ein Experiment erfolgreich validiert werden. In System II führten kegelförmige Elektroden zu 

ähnlichen elektrischen Feldverteilungen wie zylinderförmige Elektroden. In System III wurde 

das optimale Potential an der Elektrodenoberfläche und die Höhe des Gerüsts automatisiert 

ermittelt. Das elektrische Potential hat hier einen stärkeren Einfluss (70% Gewichtung) auf 

die elektrische Feldfläche im aktivierten Gewebe auf der Oberfläche des Gerüsts als die 

Höhe des Gerüsts (30% Gewichtung). 

Zukünftig könnten in die präoperative Planung für eine Elektrostimulationstherapie am 

Knochen die Ergebnisse der vorliegenden numerischen Simulation am Hüftknochenmodell 

einbezogen werden. Zudem können durch den automatisierten Optimierungsansatz Elektro-

stimulationsimplantate patientenindividuell entworfen werden. Neben den in dieser Arbeit 

untersuchten Parametern kann z.B. nach dem elektrischen Potential an der Implantat-

oberfläche, der Anzahl der Implantate, der Größe der Knochenläsion und deren Lokalisation 

optimiert werden. Um das Design von Elektrostimulationsimplantaten automatisch zu 

optimieren, kann eine CAD-Software in den Optimierungsansatz integriert werden. Um das 

Knochenmodell für weitere Elektrostimulation zu validieren, kann der vorgestellte 

experimentelle Validierungsansatz als Standardprozess verwendet werden. Die gewählte 

Methode, die dielektrischen Eigenschaften des Knochens automatisiert zu kalibrieren, kann 

für alle Frequenzen und Knochenproben verwendet werden, um die Genauigkeit künftiger 

numerischer Simulationen zu verbessern. Die elektrische Stimulation des Knochens kann in 

Zellexperimenten untersucht werden, um das obere Limit der elektrischen Stimulation zu 

begrenzen und im Design des Implantats zu berücksichtigen. Der vorgestellte Optimierungs-

ansatz kann beim Design des experimentellen Setups benutzt werden. Des Weiteren sollten 
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die entwickelten Zellkultur-Setups durch Experimente validiert werden, um die Genauigkeit 

des numerischen Simulationsmodells sicherzustellen. 
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Theses 

1. Clinical application shows that the growth of bone can be affected by a low-frequency 

electric field. 

2. Avascular necrosis, often named osteonecrosis, is a bone disease caused by death 

of bone cells and primarily affects weight-bearing joints. 

3. A suitable low frequency sinusoid electric field in the bone can be generated by Asnis 

III s-series screw system which consists of one screw with two electrodes and 

embedded coils and external primary coil outside of bone. Asnis III s-series screw 

system can only be used to treat early stage of avascular necrosis in femoral head. 

4. Electric field distribution caused by Asnis III s-series screw system in bone can be 

calculated by electro-quasistatic equation.  

5. FEA is a favourite approach for the numerical solution of electromagnetic field 

problems in bone as it can deal with complex bone geometry. 

6. Electric properties of bone and electro-stimulating implant, like relative permittivity �� 

and electric conductivity �  are crucial parameters for evaluation electric field 

distribution in the bone caused by electrical stimulation. 

7. Bone tissue is an inhomogeneous composite material with fluid-filled pores and it is 

anisotropic in its structure. The dielectric properties of bone are varied at different 

frequency range. 

8. The results of present numerical simulations underline that the electro-stimulation 

treatment of bone structures in clinical applications can be influenced by the implant 

parameters. 

9. Comparing to screw tip design, screw positioning and screw insulator length of the 

Asnis III s-series screw system brought out similar and significant effects on the 

volume tissue activated (VTA) in the human femoral head 

10. Moving the necrotic lesion out from the patient and filling the blood in the lesion gaps 

before implanting the screw to patient is a correct procedure in surgery due to the 

reason that the lesion as blood can bring out more than 35% VTA than lesion as fat in 

the patients femoral head. 
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11. Combining iSIGHT with a FEA solver (COMSOL Multiphysics) is a convenient 

approach to automatically optimize the parameters bone electrical stimulation. 

12. Moving Asnis III s-series screw implant within femoral head can result in the 

significant effects in the VTA in patients femoral head model.  

13. Bone dielectric properties at any frequency can be automatically calibrated by an 

optimization approach, combining iSIGHT with COMSOL, using experimental data. 

14. For animal tests electric field distribution on the surface of implant and in the gap 

between bone and implant different designs of electro-stimulating implant showed 

obviously differences at both defined areas in the numerical simulations. 

15. Prior numerical simulation is a necessary step for designing the in vitro setup for cell 

experiments. It can give an insight of electric field distribution in the cell chamber and 

it helps cell experiment save the establishing time caused by inappropriate design. 
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