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forming activity, some osteoblasts are transformed into osteocytes while the rest stay 

on the periosteal or endosteal surfaces of bone as lining cells. Osteocytes are mature 

osteoblasts in the bone matrix. Extracellular concentration of calcium and phosphorus, 

in addition to adaptive remodeling behavior via cell-to-cell interactions in response to 

local environment are controlled by osteocytes. Osteoclasts, controlled by hormonal 

and cellular mechanisms, are multinucleated, bone-resorbing cells. These cells 

function in groups, attaching to bare bone surfaces, dissolve the inorganic and organic 

matrices of bone and calcified cartilage by delivering hydrolytic enzymes. (Kalfas, 

2001) 

1.1.2. Bone Fracture and Classification 

Bone fracture is defined formally as a medical condition in which there is a break in 

the continuity of the bone. (Marshall & Browner, 2012) Main causes of the fractures 

are listed as trauma, pathology (e.g. bone cancer), medical or design errors in 

prosthesis and overuse. Although many categorizations of the fractures are available, 

OTA (Orthopedic Trauma Association) classification is the most organized one, 

classifying the fractures with a number indicating which bone is broken (e.g. 1 for 

Humerus); another number indicating the location of the fracture (e.g. 1 for 

Diaphyseal); then a group (Type A1, etc.) and a subgroup (Simple, Complex, etc.) both 

indicating the geometry of the fracture. (Cannada, 2011) Further detail of the 

classification is more of a medical area than an engineering one, hence out of the scope 

of the present study.  

1.1.3. Fracture Healing 

After the fracture occurs, bone healing process starts, which consists of three stages: 

early inflammatory stage, repair stage and late remodeling stage. In the inflammatory 

stage, a hematoma develops within the fracture site during the first few hours and days. 

Inflammatory cells and fibroblasts infiltrate the bone under prostaglandin mediation, 
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which leads to the formation of granulation tissue, ingrowth of vascular tissue, and 

migration of mesenchymal cells. The primary nutrient and oxygen source of this early 

process is provided by the exposed cancellous bone and muscle. During the repair 

stage, fibroblasts begin to lay down a stroma, connective tissue cell that helps support 

vascular ingrowth. During vascular ingrowth, a collagen matrix is formed while 

osteoid is secreted and subsequently mineralized, which leads to the formation of a 

soft callus around the repair site. This callus is feeble regarding resistance to movement 

in the first 4 to 6 weeks of the healing process, so adequate fixation is essential. 

Eventually, the callus ossifies, forming a bridge of woven bone between the fracture 

fragments. Alternatively, if proper fixation is not employed, ossification of the callus 

may not occur, and an unstable fibrous union may develop instead, leading to longer 

healing time. (Kalfas, 2001) In this stage, if the fracture site is properly fixed and space 

between bone fragments is less than or equal to 0.1 mm, the process is called primary 

healing; otherwise the process is called secondary healing. Experiments showed that 

primary healing leads to 100% improvement on healing time. (ķen, ¢akmak , Seyhan, 

Gºĵ¿ĸ, & Taĸer, 1991) Healing bone is restored to its original shape, structure, and 

mechanical strength and fracture healing is completed during the remodeling stage. 

Remodeling of the bone occurs slowly over months to years and is promoted by 

mechanical stress placed on the bone. As the fracture site is exposed to an axial loading 

force, bone is generally laid down where it is needed and resorbed from where it is not 

needed. Thus, appropriate amount of load should be applied on the bone, to avoid 

stress shielding effect. Satisfactory mechanical properties are typically obtained in 3 

to 6 months (Kalfas, 2001). 

1.2 Fracture Fixation 

1.2.1. History  

Groundwork of the modern treatment techniques of bone and joint injuries were laid 

in the first half of the 19th century. (Bartonicek, 2010) However, the focus of the 

treatment was avoiding surgery and immobilizing the injured limb, due to pain and 

infections associated with surgery. In 1846, inhaling ether vapor as anesthetic was put 
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forward. In the second half of the century, use of antiseptics and other means to 

improve surgical hygiene were suggested and started to be widely used. Also, the 

invention of x-ray imaging in 1896 made surgery planning and result evaluation 

possible. All these developments led to operative treatment becoming more popular.  

Surgical techniques were made possible by the scientific advances, however the 

production of implants were still lacking. Therefore doctors had to develop their own 

implants in late 19th and early 20th centuries. Search for suitable material was also a 

serious concern. The oldest implants for internal fixation of fractures were made from 

mainly ivory, bone and metals such as bronze, lead, gold, copper, silver, brass, steel 

and aluminum. Ivory and bone pegs were used for intramedullary fixation; silver was 

used for cerclage wires, plates and intramedullary pins. The first plates were made 

from nickel coated sheet steel and later from silver, high carbon steel, vanadium steel, 

aluminum or brass. For the metals corrosion was a major problem during this period. 

The use of stainless steel as implant material solved this problem.  

1.2.1.1. Cerclage 

Wire cerclage was one of the earliest methods of internal fixation. Improvement of this 

technique was published in 1912 by Robert Milne as cerclage using flexible threaded 

pins. In 1914 Vittorio Putti presented cerclage with a narrow metal band. In 1916 a 

similar method was published by Frederick William Parham and the implant spread 

world-wide under the name Putti-Parham bands whose various modifications are still 

occasionally used today (Bartonicek, 2010). 

1.2.1.2. Plates 

Carl Hansmann was the first to publish his experience with fracture fixation using a 

plate in 1886. Hansmann used plates from nickel coated sheet steel, which is 

demonstrated in Figure 1, in 20 different cases. Part of the plate and the shanks of the 

screws that fixed it to the bone protruded from the wound and therefore could be 
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removed percutaneously. The wound was kept strictly aseptic for 4-8 weeks and then 

the plates were removed upon healing. No complications were reported in the study.  

 

Figure 1: Hansmann Plate (Bartonicek, 2010) 

Lewis W. Steinbach in 1900 used a silver plate of his design, fixed to the bone 

fragments by two steel screws in four cases. It was the first study to document the 

injury, the plate fixation and the final outcome with radiography. Martin in 1906 also 

used radiographs to document his study in which plates and monocortical screws in 

addition to Ashhurstôs study with bicortical screws in 1899. William Lawrence Estes 

in 1912 used a plate made of nickel plated soft steel to treat the fractures and his design 

is reported to have good results. Joseph Augustus Blake published his work of seven 

years in 1912, reporting the treatment of 106 cases with his plate design made mostly 

of silver and occasionally brass or steel. Also in 1912, for the first time a radiograph 

of a fracture of the medial malleolus fixed with a plate was published by Emil H. 

Beckman. William OôNeil Sherman, working for Carnegie Steel Company had the 

chance of experimenting with both material and design of the plates. His sophisticated 
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plates designed on the basis of mechanical principles were made of vanadium steel 

using self-tapping monocortical screws. He published his results in 1912 as well. In 

1914, the first angled blade plate for osteosynthesis of femoral neck fractures was 

designed by Miller Edwin Preston. However, he was unable to use the design in many 

cases. In the meantime, in Europe Albin Lambotte presented his work of seven years 

in 1907. He treated various diaphyseal fractures with plates made of aluminum which 

were fixed by self-tapping monocortical screws. In 1913 he published three different 

types of plates, one of which was contoured. In 1907, William Arbuthnot Lane 

published a successful fixation of diaphyseal femur fracture using a pair of plates. 

Carbon steel plates of his design were fixed to the bone with monocortical screws. 

Their disadvantage was their flimsiness and the necessity to immobilize 

postoperatively the limbs with external splints. Henry S. Souttar published his work in 

1913 with a new design of plate fixed with a finely threaded screw. He considered the 

invasion of the plate on the bone and tried to reduce its ñfootprintò to avoid negative 

effects on healing. Ernest William Hey Groves included animal experiments in his 

study. He designed curved plates and plates with T-shaped ends. Moreover, 

comparison of Lane and Lambotte plates as well as wood and metal screws were his 

contributions to development of the plates. The efforts of all the aforementioned 

researchers, plates became the most frequently used implant for internal fixation at the 

beginning of the 20th century. (Bartonicek, 2010) 

Research on the bone plates led to development of compression plate (CP) in 1949. 

Solving some problems of the earlier plates such as insufficient stability, requirement 

of additional splinting, corrosion and infections; compression plate was not widely 

used due to structural weakness. An improvement over compression plate, dynamic 

compression plate (DCP) was introduced in 1969. Superiority of dynamic compression 

plate was due to increased stability of the fixation and removal of the external 

immobilization. This plate included holes for axial compression, which was achieved 

with eccentric screw insertion. However dynamic compression plate delayed mating, 

caused cortical bone loss under the plate and microscopic gaps on the bone upon 

removal of the plate. Moreover it acted like a stress concentrator leading to increase in 

likelihood of re-fracture. To overcome the problem of disturbance of the periosteal 

blood circulation in dynamic compression plate, limited-contact dynamic compression 
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plate (LC-DCP) was developed. The contact surface was reduced by more than 50%. 

Yet the principle of plate osteosynthesis with compressive forces acting against the 

bone was still present. To eradicate the ill-effects, point contact fixator (PC-Fix) was 

introduced. This plate was the first version of plate fixators in which angular stability 

was accomplished by a conical connection between screw heads and screw holes. 

Additionally, the use of unicortical self-tapping screws appeared as equally effective 

as external fixation in obtaining stability. During healing, the head of a screw had 

produced a nearly ñcold-forgedò connection between the screw head and the screw 

hole which made the removal of the plate problematic. Hence, less invasive 

stabilization system (LISS) was developed with a new thread connection between the 

screw head and screw hole. The plate is implanted through the skin and locked to the 

bone with unicortical screws. To lock the plate tightly, locking head screws are used. 

Unlike the compression screw, this screw-plate assembly does not need friction 

between the plate and the underlying bone for stabilization. Hence the plate does not 

have to have the geometry adapted exactly to the shape of the bone. In year 2000, 

locking compression plate (LCP) was released, which was based on a combination of 

the anchorage technologies of PC-Fix and LISS in one implant. Today, almost all plate 

shapes have been equipped with the new locked compression plate hole which permits 

the use of either conventional cortex screws or angular-stable screws. Moreover, LCP 

can be applied in three manners depending on the approach of the surgery: 

conventional LCP, pure internal fixator (PIF) or a combination of both. Despite the 

advantages of LCP, there was still room for improvement and pre-shaped LCP was 

introduced in 2001. This plate allows all screws to be centrally anchored in the bone 

fixed laterally and is useful in fracture fixation of various anatomical regions. Pre-

shaped LCPs are widely used today especially in corrective surgery of the bone when 

the fracture is close to joints. However it is still not ideal since it is non-biodegradable 

and removal of the implant requires surgery. Aforementioned plates can be seen in 

Figure 2 (Malekani, Schmutz, Gu, Schuetz, & Yarlagadda, 2012). 
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Figure 2: Different Types of Plates (Bartonicek, 2010) 

1.2.1.3. External Fixation 

Earliest external fixation evidence was found in the writings of Hippocrates, who lived 

before Christ. More modern designs were seen in the 19th century, however in the first 

half of the century, published work on external fixators were unsuccessful, mainly due 

to infections. In 1872, Heine used an external fixator of his design which consisted of 

two ivory pins inserted transversely through both cortices of each fragment and a bar 

to which pins were connected. He had good results in humerus, however his fixator 

was seen to be inadequate for femur or other high load bearing bones. External fixation 

as we know it today, started to develop in the 20th century. In the USA, in 1897-1898 

Clayton Parkhill designed external fixation clamps and used them for different types 

of fractures. Parkhillôs design can be seen in Figure 3. In 1911, Freeman improved his 

work and introduced the ñturnbuckleò to facilitate reduction, which was a highly 

sophisticated precursor of the AO (Arbeitsgemeinschaft f¿r Osteosynthesefragen) 

femoral distractor. In Europe, Albin Lambotte was the pioneer of external fixation. He 

developed his own external fixator independently of his American colleagues and his 

sophisticated design was similar to current AO tubular fixator. (Bartonicek, 2010) 
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Researchers like Stader, Lewis, Breidenback, Herzberg, Klap and Illizarov all 

modified and improved the design of Parkhill throughout the 20th century (Apley & 

Noorden, 2000). 

 

 

Figure 3: Parkhill's External Fixator (Bartonicek, 2010) 

1.2.1.4. Intramedullary Nailing  

Intramedullary (IM) nails in 18th and early 19th centuries were made by ivory. They 

acted more like biological stimulators instead of mechanical fixators. The nail was 

attacked by the patientôs body so they had to be removed in 1 to 3 weeks, still helping 

the healing process. Metallic nails were originally used to fix fractures of the articular 

ends of bones, specifically in fractures of the femoral neck. The first operation was 

performed by Langenbeck in 1858. Paul Niehans in 1904 published treatment of a 

supracondylar humeral fracture in a child. The author performed open reduction and 

nailing in six cases. The first successful ñcloseò nailing of a diaphyseal fracture was 

described by Georg Schºne in 1913. Under fluoroscopic control, seven diaphyseal 

fractures of the ulna and radius were treated with silver nails inserted percutaneously. 
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Hey Groves conducted a series of experiments to evaluate the performance of nails 

made of bone, ivory and metals. In 1918 he treated two cases of gunshot fracture with 

steel nails (Bartonicek, 2010). In 1940 Gerhard K¿ntscher developed his famous 

cloverleaf nail, whose modifications are still in use. An example of K¿ntscher nail can 

be seen in Figure 4. Throughout the World War 2, K¿ntscher treated many wounded 

soldiers with his design. After the war ended, K¿ntscher nail was known and started 

being used worldwide. In the second half of 20th century, as previously mentioned, 

there were rapid advances in plate technology and plates were the most popular 

treatment technique. Therefore there were no ground breaking advances in the design 

of IM nails after K¿ntscher (Bong, Koval, & Egol, 2006). 

 

Figure 4: K¿ntscher Nail in Femur (Christensen, 1973) 

1.2.2. Modern Bone Plates 

Bone plates can be defined formally as implantable fracture fixation devices attached 

to bone fragments with screws to bridge the fracture gap and shield the fracture site 

from stress as bone heals (Universal Medical Device Nomenclature System, 1999). 

Today, using biocompatible and mechanically fit materials, bone plates provide a good 

solution and they are used either internally or externally. As mentioned earlier, bone 
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plates dominate the field when compared to alternative treatment techniques such as 

IM nails, external fixators and wires in the last 30 years. Non-surgical technique 

casting, also having its own advantages like, obviously, absence of surgery and 

invasion (leading to better nourishment of the bone), cannot provide as much fixation 

as the surgical techniques do. Hence, the bone plates are of main concern in this study.  

Some of the major orthopedic plate manufacturers are Johnson& Johnson, Stryker, 

Zimmer, Biomet and Medtronic. Figure 5 illustrates an osteotomy set (consisting of 

bone plates, screws and hand tools) from a major plate manufacturer from Turkey, 

TST.  

 

Figure 5: Osteotomy Set Example (TST, 2015) 

A drawback of the bone plates today is that they are sold as huge sets consisting of 

many plates (like the one shown in Figure 5), to cover various types of bone fractures 
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and bone properties, which change with patient age, habits and environment. The sets 

need to be carried to the surgery rooms and sterilized. Afterwards the suitable plate for 

the patient is chosen by the medical doctor. Even with a set, all cases still cannot be 

covered, since the plates offer predetermined locations and angles for the bone screws. 

There are plates with multi-axial and poly-axial screws, but these solutions offer a 

limited angular degree of freedom and the screw locations are predetermined. Some 

plate examples are shown in Figure 6, Figure 7 and Figure 8. 

 

Figure 6: Distal Radius Plate (Zimmer, 2015) 

 

Figure 7: Proximal Femur Plate (Stryker, 2015) 
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Figure 8: Proximal Humerus Plate (Biomet, 2015) 

1.3 Design Problem and Motivation 

As previously mentioned, the main criticism to the osteotomy sets in this study is the 

lack of freedom they offer to the surgeon in terms of position and orientation of the 

fixation, despite the number of plates they include. So the aim in this study is designing 

a novel internal implant providing more flexibility and decreasing the number of parts 

necessary to fix the bone. For this purpose, an engineering problem definition 

document is prepared in addition to medical doctorsô explanations about the issue. Due 

to lack of quantitative data available, objective target values are not specified. 

Requirements: 

¶ Successful fixation of the bone 

¶ Improvement on weight, volume and number of parts of the osteotomy sets 

(mobility) 

¶ Ability to be used in diaphyseal area of humerus (upper arm) 
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¶ Biocompatibility 

¶ Minimal invasion of periosteum 

¶ Ease of use: Satisfactory pre-operative and operation times 

¶ Satisfactory post-operative time (recovery time of the patient) 

¶ Comfort of the patient: The implant geometry and weight should not cause 

discomfort 

It should be stated that the initial aim of this study was designing an implant to work 

on all human long bones, which would be the only way the new design can replace the 

osteotomy sets as a commercial product. However, the study evolved into only 

focusing on humerus, still proving the concept works. The current design should be 

extensively improved to supplant the osteotomy sets. 
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Figure 9: Left to Right: 12 Hole Locking Plate, Monolateral External Fixator, 

Intramedullary Nail, Modular Segmental Fixation Implant, Intact Model 

(Sakellariou, et al., 2012) 

Four different methods were applied to fourth generation bone composite models, one 

model was left intact. Axial compression, four-point bending and torsion tests were 

conducted on these five models, in that order. The loads applied were within the linear 

elastic region at the sub-yield level, as determined by preliminary pilot tests. Axial 

compression was determined as the slope of load versus displacement curve. Flexural 

rigidity is by definition elastic modulus (E) multiplied with second moment of area (I) 

and indicates the resistance material can offer against bending loads. In this study loads 

were controlled, deflection was measured and flexural rigidity was calculated using 

the deflection formulae. Likewise, for the torsional rigidity torque was controlled and 

angle of twist was measured. Mean value results are presented in Table 1:  
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Table 1: Mean Values of Test Results, Compression Stiffness, Flexural and Torsional 

Rigidity (Sakellariou, et al., 2012) 

 Intact 

Modular 

Segmental 

Implant 

IM 

Nail 

Locking 

Plate 

External 

Fixator 

Axial Compression (N) 973 919 816 758 619 

Four Point Bending (N) 835 629 320 597 651 

Internal Torsion (NĬm) 2.66 1.37 0.84 0.778 1.44 

External Torsion 

(NĬm) 
2.59 1.268 0.73 0.788 1.438 

Compression Stiffness 

(N/ɛm) 
0.97 0.92 0.816 0.758 0.62 

Flexural Rigidity (ὔ

ά ) 
44.37 33.32 16.93 31.67 34.51 

Internal Torsional 

Rigidity (ὔ ά ȾὨὩὫ) 
0.77 0.418 0.208 0.22 0.418 

External Torsional 

Rigidity (ὔ ά ȾὨὩὫ) 
0.75 0.388 0.24 0.22 0.418 

Using the results, the researchers ranked these four reconstructive methods with 

respect to stiffness, flexural rigidity and torsional rigidity. These rankings are given in 

Table 2: (Lower ranks indicates better values) 

Table 2: Rankings of Four Reconstructive Methods (Sakellariou, et al., 2012) 

Compression Stiffness Flexural Rigidity Torsional Rigidity 

Intact 1 Intact 1 Intact 1 

Modular Implant 2 Modular Implant 2 Modular Implant 2 

IM Nail 2 External Fixator 2 External Fixator 2 

Locking Plate 3 Locking Plate 2 Locking Plate 3 

External Fixator 4 IM Nail 3 IM Nail 3 
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According to these rankings, the researchers scored each reconstructive method, 

reaching the conclusion that modular segmental implant and monolateral external 

fixator have significantly better mechanical behavior, proving their initial hypothesis. 

In another study researchers used finite element analysis to assess fatigue properties 

of commercially available hip implants, which can be considered modular design due 

to assembly of several parts. The results of the study indicated the modular design was 

successful, even under the worst loading case of jogging (Dickinson, Browne, Roques, 

& Taylor, 2013). Another design focused on mandibular (jaw) fractures, achieving 

modularity of the bone plate by deformation. There was a deformable region on the 

plate helping the doctor to align the plate for better fixation. Experiments were 

conducted using the static loading case, whose results showed that the designed plate 

can withstand the average human bite force (Cervantes , Slocum Jr, & Seldin, 2011). 

Another study focused on modular femoral implants, observing patient recovery after 

the application of the implant to the patients with various bone defects. An example of 

the femoral stem part can be seen in Figure 10. Femoral stem was assembled with a 

spherical part called acetabular cup, which replaces the hip joint. 
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Figure 10: Femoral Stems (Cervantes , Slocum Jr, & Seldin, 2011) 

The authors stated that overall; the operations were a success with 96.9% survival at 5 

years. The advantages of modular implants were listed as: intraoperative versatility; 

minimized proximal stress shielding due to porous coating; variety of stem and neck 

length and offset. The disadvantage of modular implants was high stress at taper 

junction, hence the need of thorough mechanical design. The study showed that 

modular femoral implant surgeries have high success rate, but bone defect type should 

be carefully considered planning for surgery. For instance, the authors refer to the work 

of Mccarthy and Lee, in which success rates were high for Paprosky types 1, while 9% 

failure was observed in Paprosky type 3A and 4 (McCarthy & Lee, 2007). However, 

in their study, with careful surgical planning, no significant difference in success rate 

between defect types was observed (Desai, et al., 2012).  

High success rates of bone plates are common knowledge, therefore studies on non-

modular plates are excluded. Furthermore, aforementioned studies indicate that 

modular plates or treatment devices consisting of assembly of several parts are also 

successful, hence encouraging the success of the novel design in this study. 
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2.3 Pedicle Screws 

Treatment of spinal trauma or deformities requires angular degree of freedom for the 

surgeon, due to the shape of human spine. A commonly used device, pedicle screw 

can be seen in Figure 11: 

 

Figure 11: Sequoia Pedicle Screw System (Zimmer, 2015) 

In this system, assembly heads are free to rotate and translate on the rod, which comes 

in varying shapes and diameters for different cases. Polyaxial screw heads provide 

additional angular degree of freedom. Upon achieving desired configuration, the 

surgeon locks the system using the locknut part. Axial force of the locknut part causes 

friction force, securing the orientation of polyaxial screw; location and orientation of 

the head assembly. A study was conducted to investigate the effect of depth and 

diameter of the bone screw on pull-out strength (Talu, Kaya, Dikici, & ķar, 2000). 

Five groups were formed with pedilen rigid foam as the model of lumbar vertebrae. In 

the first group 6.5 mm diameter and 40 mm long screws were used to obtain reference 

values. The following groups consisted of after application and removal of 6.5 mm Ĭ 

40 mm screws, application of screws: of the same size; 6.5 mm Ĭ 45 mm; 7 mm Ĭ 40 

mm; 7 mm Ĭ 45 mm. Ten different pull-out tests were performed for each group. 
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Results are shown in Table 3. As can be seen, substituting a pedicle screw with another 

screw of the same size results in drastic reduction in pull-out strength of the pedicle 

screw. It is obvious from these results that if a second surgery is to take place for some 

reason, the surgeon should choose a screw larger in diameter and length.  

Table 3: Results of the Pull-out Test (Talu, Kaya, Dikici, & ķar, 2000) 

 Number of Experiments Pull-out Strength (Average) (N) 

Group 1 10 2033.0 

Group 2 10 1508.6 

Group 3 10 2332.4 

Group 4 10 2707.7 

Group 5 10 3023.3 

Another study focused on the effect of rod reduction technique on pull-out strength of 

the pedicle screw (Kang, et al., 2014). Rod reduction is deforming the rod when it is 

misaligned with the spine. The researchers contemplated that undertaking this 

procedure might pull the pedicle screw head, rather than pushing the rod, hence leading 

to damage in screw-bone interface. To test their hypothesis, thoracic Ponte osteotomies 

were performed on 3 thoracic levels in 15 cadaveric specimens and pedicle screw 

systems were applied. Left rod was perfectly aligned while the rod was reduced. A 

sample specimen that was used can be seen in Figure 12. 
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Figure 12: Left Side Control Rod and Right Side Reduced Rod (Kang, et al., 2014) 

Afterwards the pull-out strength was measured using tensile test machine. Rod 

reduction resulted in 40% decrease in pull-out strength of the screws: 419 N in reduced 

rod versus 708 N in the control rod; meaning rod reduction procedure should be carried 

out with caution. A comparative study was conducted to evaluate performances of 

pedicle screws and spinous process screws in C2 vertebra (Liu, Mao, Xu, & Ma, 2014). 

Spinous process screws are easier to insert in C2 vertebra due to its size and shape. 

The researchers aimed to compare the mechanical properties. Eight fresh human 

cadaveric cervical spine specimens were harvested and screws were inserted in pairs. 

Results showed that the pull-out strength of the spinous process screw is comparable 

to the pedicle screw, an average of 387 N and 465 N respectively. The researchers 

concluded, from a medical stand point spinous process screw may provide an 

alternative to pedicle screw. Another study was conducted to compare anterior lumbar 

screw-plate fixation and posterior lumbar pedicle screw fixation (Liu, et al., 2014). 

Twelve fresh human cadaveric lumbar specimens (L4-L5) were divided into four 

groups: anterior lumbar interbody fusion+pedicle screw fixation; anterior lumbar 

interbody fixation+anterior lumbar locked screw plate (both fixed); anterior lumbar 

interbody fixation and untreated control (both non-fixed). Axial compression, flexion, 

extension, left and right lateral bending and rotation tests were applied to the 

specimens, in that order. Specimens can be seen in Figure 13 and Figure 14. 
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Figure 13: Anterior Lumbar Interbody Fusion+Anterior Lumbar Locked Screw Plate 

Specimen in Axial Compression Test (Liu, et al., 2014) 

 

Figure 14: Anterior Lumbar Interbody Fusion+Pedicle Screw Fixation Specimen in 

Axial Compression Test (Liu, et al., 2014) 
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The tested loads for axial compression were 400, 600, 800, 1000 and 1200 N at the 

loading speed of 5mm/min. The loads for flexion, extension, left and right lateral 

bending and rotation tests were 100, 200, 300, 400 and 500 N, respectively. In the axial 

compression test, axial stiffness of the specimens were compared. Control and anterior 

lumbar interbody fusion groups had significantly lower axial stiffness than the two 

fixed groups. Anterior lumbar interbody fusion+anterior lumbar locked screw plate 

group had the highest axial stiffness. In the flexion test, angular displacement in 

specimens were compared and similar results were obtained; two fixed groups 

performed noticeably better. However, no significant difference was observed between 

the two. In the extension test, anterior lumbar interbody fusion+pedicle screw fixation 

specimen had the lowest linear displacement. This specimen also had the lowest 

angular displacement in the left and right lateral bending tests. In the rotation test 

however, the anterior lumbar interbody fusion+anterior lumbar locked screw plate 

specimen had the lowest angular displacement values. To sum up, this study proves 

that the stability of the anterior lumbar interbody fusion treatment can be increased 

considerably with the use of pedicle screws or locked plates. In another study, 

reliability of the pedicle screw fixation was assessed (Yalnēz, ¢iftdemir, Eĸkin, & 

D¿lger, 2009). 144 patients who had posterior thoracic pedicle screw implanted were 

retrospectively reviewed. A total of 827 thoracic pedicle screws were inserted to the 

patients by the same spine surgeon using the free-hand technique. Screw containment 

was evaluated by three independent reviewers on post-operative plain radio-graphs 

and thin-slice computed tomography scans for the cases necessary. 780 of the screws 

(94.3%) were observed to accurately fix the thoracic spine. Slightly more than half of 

the faulty screws (%51.1) were encountered in scoliosis patients. No symptoms or 

complications took place related to faulty screw placement. To sum up, the researchers 

concluded that pedicle screw fixation has a high success rate and is a safe method for 

thoracic spine treatment.  

The novel design in this study, which will be presented in the upcoming sections, is 

inspired by the design of pedicle screws. Hence their comparative performance was 

worthy of interest. Aforementioned studies show that the performance is satisfactory, 

supporting the novel design.  
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2.4 Materials 

From a material science point of view, medical grade stainless steels and titanium 

alloys are most commonly used in implants. During this research, medical grade 

stainless steels and titanium alloys are evaluated considering mechanical properties, 

cost and market availability. Steel has an elastic modulus of around 200 GPa, whereas 

titanium has an elastic modulus of around 100 GPa, which is closer to the elastic 

modulus of the bone, which is in the order of 10 GPa. Closer elastic modulus leads to 

reduction of stress shielding effect. Stress shielding can be described as the implant 

carrying too much of the compressive load, therefore fracture site not carrying enough 

of it. As a result bone loses strength according to Wolffôs Law (Samiezadeh, Avval, 

Fawaz, & Bougherara, 2014). In addition to elastic modulus, titanium alloys are 

advantageous in terms of yield strength. Medical grade stainless steels have a yield 

strength in the order of 200 MPa whereas medical titanium alloys have yield strength 

within the range of 170 to 895 MPa, as can be seen in Table 4. The combination of 

elastic modulus closer to the bone and higher yield strength makes Ti6Al4V 

mechanically superior to stainless steels. Moreover, titanium alloys offer the chance 

of using magnetic resonance imaging, unlike the steel which is magnetic. Considering 

all these factors an agreement on Ti6Al4V (also known as Grade 5 Titanium) alloy is 

reached, just like the current common knowledge in the field.  

Table 4: Comparison of Medical Titanium Alloys 

 Grade 1 Grade 2 Ti6Al4V Ti6Al7Nb 

Density ὫȾὧά  4.51 4.51 4.42 4.51 

Tensile Strength, Ultimate (MPa) 240 344 890 995 

Tensile Strength, Yield (MPa) 170 - 310 275 - 410 820 895 

Elongation at Break 24 % 20 % 14% 12% 

Reduction of Area 35 % 35 % 25% 35% 

Modulus of Elasticity (GPa) 105 105 114 100 
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In spite of the popularity of Ti6Al4V, in their previously mentioned study Samiezadeh 

et al. showed that composite bone plates were promising. In another study, the authors 

designed a polyetheretherketone (PEEK) spinal fixation device for rats. The 

experiments on rats were a success. Although loads on a humanôs long bones and ratôs 

spine cannot even be compared, the study is worthy of interest since the current 

materials have aforementioned flaws, while the suggested material has the potential to 

overcome these. (Shahrokni, Zhu, Liu, Tetzlaff, & Oxland, 2012) In the final study 

reviewed on innovative materials for bone fixation, the authors used interchangeable 

titanium or stainless steel plates, connected with staples made of Nitinol (Nickel 

Titanium Naval Ordinance Laboratory). Shape memory property of Nitinol allowed 

the adjustability of compressive force on the fracture site. Naturally the staples were 

heat treated so that maximum compressive force was obtained at 37ÁC. (Tarnita, 

Tarnita , Tarnita , Berceanu, & Cismaru, 2010) Development of new materials grows 

more and more important due to recent claims and studies on metal ion release from 

Ti6Al4V, whose significance on patient health is not yet agreed on. A study on dental 

implants showed that metal ion release was significantly more in human saliva (in vivo 

group) than in buffered saline solution (in vitro group). However metallic ions released 

were still within the physiological limit of trace elements in the human body. (El Sawy 

& Shaarawy, 2013) 

2.5 Conclusion 

Throughout the literature review comprehensive information on design, assessment 

and performance of bone plates, pedicle screws and some other fixation techniques as 

measures of comparison. Particular weaknesses of the treatment techniques are 

presented. Since this study is focused on analysis of a certain fracture fixation device, 

knowing the competition and being familiar to evaluation techniques such as analytical 

methods, finite element method and experiments are the keys. Moreover, biomaterials 

in use today and the ones still being developed are reviewed. Mechanical properties of 

titanium alloys are presented. To sum up, literature review enlightened the path to 

accurately assess the present design.  
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3.1 Type 1 

 

Figure 15: Type 1 3D Model (1: Bone Screw, 2: Base Bottom Part, 3: Base Top Part, 

4: Clamping Screws, 5: Set Screws) 
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Figure 16: Type 1 3D Model Section View 

This design consists of 5 different parts and a rod which is not drawn in Figure 15. Part 

1 is polyaxial bone screw, threaded portion is placed into the bone and spherical head 

is constrained between parts 2 and 3, with the help of screws 4. The assembly is placed 
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on a rod through the hole in part 3. Set screws 5 are used to lock the assembly with the 

frictional force on the rod. More than one assembly will be placed anywhere on the 

rod, providing freedom for location of the screws. The fact that the assembly can rotate 

on the rod before being fixed with set screws, offers the surgeon angular degree of 

freedom. Additionally, polyaxial screw, as the name suggests, increases angular 

degree of freedom since the axis of the screw can be adjusted before fixing with screws 

4. 

One of the mechanical concerns in the design is whether or not the screws 4 are able 

to fix the spherical head of the bone screw. A study on frictional moment in spherical 

ball and socket joints (Faraz & Payandeh, 2001) stated that frictional moment can be 

estimated by the equation: 

ὓ ὊὙὅ   (3.1) 

Where: 

F: External load on the spherical joint (Force applied by screws 4 in this case) 

R: Radius of the spherical head, 4 mm 

ὅ : A coefficient regarding the geometry of the joint. Suggested as σ“Ⱦψ for the full 

contact spherical joint in the study. 

Õ: Coefficient of friction, 0.3 

To calculate frictional moment, force applied by screws 4 should be estimated first. 

For this purpose equation 8.27 from Shigleyôs Mechanical Engineering Design 

(Budynas & Nisbett, 2008) is used: 

Ὕ ὑὊὨ  (3.2) 

Where: 

T: Torque applied to the screw 

d: Major diameter 
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K: Torque coefficient, tabulated for steel and can be calculated as: (equation 8.26 from 

Shigleyôs Mechanical Engineering Design) 

ὑ
 

  
πȢφςυὪ   (3.3) 

Where: 

Ὠ
Ὠ Ὠ

ς
 

ὸὥὲ‗
ὰ

“ Ὠ
 

In this case values are: 

Ὠ φ άά 

Ὠ υ άά 

ὰ υȢυ άά 

Ὢ π 

Ὢ πȢσ 

‌ σπЈ 

Note that Ὢ  is collar friction coefficient and the collar does not exist in the design. ‌ 

is half the thread angle and its value is standardized. Using these values in Equation 

3.3: 

ὑ πȢστς 

To obtain F using Equation 3.2, a torque value should be assumed. This assumption is 

made as 40 N force applied using an equipment with 50 mm moment arm, hence: 

Ὕ τπ υπ ςπππ ὔ Ͻ άά 

Using the diameter 6 mm: 

Ὂ
Ὕ

ὑὨ
ωχσ ὔ 
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Now that the force is decided, it can be used in Equation 3.1 to get frictional moment 

on the spherical head of the bone screw. Note that there are two screws applying this 

force, so twice the value will be used. 

ὓ ςὊὙὅ
‘

ρ ‘
ςφσφ ὔ Ͻ άά 

Now the moment load on the bone screw will be calculated. The portion of the bone 

screw in the bone is 30 mm long, and the load suggested by the medical doctors, 147.15 

N is assumed to be uniformly distributed on the screw. Hence the moment load is: 

ὓ ρτχȢρυ ρυ ςςπχ ὔ Ͻ άά 

Since the screw head is spherical, frictional moment calculated is valid for every 

direction. Frictional moment exceeds the moment caused by the loading, therefore the 

bone screw is fixed successfully. One final remark about this issue is that Faraz and 

Payandeh stated that for the full contact spherical joint, their work has 15% error. 

Considering the worst case in this calculation, 85% of frictional moment is 2241 NĀmm 

and still exceeds the loading moment.  

A preliminary mechanical analysis is conducted for this design using ANSYS 

Software. Boundary conditions can be seen in Figure 17: 
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Figure 17: Type 1 Finite Element Analysis Boundary Conditions 

As can be seen, the assembly is assumed to be perfectly fixed on the rod. The other 

boundary condition is that, 147.15 N force (equivalent to 15 kgf, which is the load 

suggested by the medical doctors for the humerus) is applied on the bone screw. Note 

that by elementary mechanics, this force is also applied to the rod. From Shigleyôs 

Mechanical Engineering Design Table 7.4 (Budynas & Nisbett, 2008) for #8 (4.166 

mm diameter) alloy steel set screw against steel shaft, holding power is 1713 N. It 

should be noted that holding power is actually a force, but curiously named as such in 

the source provided. To avoid misunderstanding, the term ñholding forceò will be used 

from now on. Since the working principle of the set screw is based on friction force; 

assuming a linear friction model, titanium against titanium holding force value can be 

obtained by multiplying the holding force with the fraction of coefficients of friction, 

which are 0.3 for titanium-titanium and 0.8 for medical grade steel-steel: 

Ὂ ρχρσ
Ȣ

Ȣ
φτς ὔ  
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With the aforementioned assumptions, holding force of the set screw is found as 642 

N in both axial and tangential directions. In this case axial force is important and it is 

found to be well above 147.15 N, hence the first boundary condition of fixed support 

is justified. Note that the diameter and length of the set screw are 4 and 3.3 mm, 

respectively. The dimensions also satisfy the suggestion in Shigleyôs Mechanical 

Engineering Design that the set screw length should be at least half of the rod diameter, 

which is 6 mm in the design. Using the two boundary conditions and bonded contacts, 

equivalent Von-Mises stress results are obtained. 

 

Figure 18: Type 1 Equivalent Stress Results 

It can be seen from Figure 18 that maximum stress is dangerously close to the yield 

strength of Ti6Al4V, however, these high stress regions are very local suggesting that 

stress concentration is observed. It should be noted that the assembly is planned to 

work in at least pairs (connected to different fracture fragments) so one assembly 

carrying the whole load is actually a worst case scenario. One other concern of this 
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design (and similar designs that will follow) is that the polyaxial screw should be 

rigidly fixed by the screws 4. The axial clamping force of the screws is related to torque 

applied by the surgeon. For this purpose, for the final design (not the preliminary ones) 

experiments will be presented in this study and a safe torque value to use the design 

will be suggested. To sum up, obviously not being perfect, the design is mechanically 

promising and worthy of interest. However, the difficulties in assembly, especially in 

the messy environment of the human body, caused this design to be eliminated, instead 

of improved. There are four small screws in the design. More importantly, one of the 

set screws will be facing away from the medical doctor during the surgery, making it 

problematic to be tightened. Finite element details can be seen in Table 5. 

Table 5: Mesh Statistics for Type 1 FEA 

Nodes 37299 

Elements 20015 

Mesh Metric Element Quality 

Min 7.0158E-04 

Max 0.9999 

Average 0.6581 

Standard Deviation 0.2072 

Element Type 10 Noded Tetrahedral 

 

Element quality will be used as a mesh metric in the rest of the study so it should be 

explained. It is a geometric quantity for which a value of 1 indicates a perfect 3D 

element (for instance, a perfect cube) while a value of 0 indicates the element has zero 

volume (ANSYS Inc, 2013). The element quality is defined as: 

ὗόὥὰὭὸώ ὅ

ở

ờ
ὺέὰόάὩ

В ὉὨὫὩὰὩὲὫὸὬ Ợ

Ỡ 

C is a constant whose values are presented in Table 6. 
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Table 6: Values of C for Various Element Geometries 

Triangle 6.928 

Quadrangle 4.0 

Tetrahedron 124.7 

Hexagon 41.57 

Wedge 62.35 

Pyramid 96 

Ten noded tetrahedral element is also used throughout the study. The element shape 

and the locations of the nodes are presented in Figure 19. 

 

Figure 19: Sample 10 Noded Element (Greenough, 2000) 
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3.2 Type 2 Revision 1 

 

Figure 20: Type 2 Revision 1 3D Model (1: Bone Screw, 2: Base, 3: Set Screws, 4: 

Clamping Screw) 
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Figure 21: Type 2 Revision 1 Clamping Force Analysis Boundary Conditions 

As can be seen, rod is also added and assumed fixed. Total clamping force of 1001 N 

is divided to three contact surfaces of the screw which are two threaded surfaces and 

the counterbore surface. Bone screw and set screws are excluded to save computational 

time.  

The force reaction directly from the finite element analysis will be used to obtain 

friction force. Obviously, friction force should be obtained from normal force whereas 

the force reaction is not exactly normal, but it will be assumed so. 

Total force reaction on the rod is computed as 341 N and detailed information on the 

mesh can be seen in Table 7. To calculate the axial fixing force of the assembly on the 

rod, this force should be multiplied with the friction coefficient of 0.3.  

Ὂ στρ πȢσ ρπς ὔ 

The axial friction force, 102 N is less than the load suggested by the medical doctors, 

147.15 N. As in Type 1, this is a worst case scenario but this design is not safe in terms 

of fixation of the assembly on the rod, hence the design is eliminated and no further 

analysis is done. Mesh statistics of the finite element analysis can be seen in Table 7. 
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Table 7: Type 2 Revision 1 FEA Mesh Statistics 

Nodes 88789 

Elements 35790 

Mesh Metric Element Quality 

Min 3.079E-02 

Max 0.9995 

Average 0.8138 

Standard Deviation 0.1253 

Element Type 10 Noded Tetrahedral 

 

3.3 Type 2 Revision 2 

 

Figure 22: Type 2 Revision 2 3D Model 

This design is very similar to Type 2 Revision 1, only difference being the fixation 

mechanism of the assembly and the rod. Hence, the mechanical concerns are similar 
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and fixation on the rod will be checked first. Equations 3.2 and 3.3 will be used with 

the following screw dimensions: 

Ὠ τ άά 

Ὠ σȢς άά 

ὰ χȢσ άά 

Leading to K and F values of: 

ὑ πȢυχυ 

Ὂ ωφφ ὔ 

To decide the force applied on the rod, finite element analysis will be used. Boundary 

conditions can be seen in Figure 23. 

 

Figure 23: Type 2 Revision 2 Clamping Force Analysis Boundary Conditions 

Boundary conditions are naturally similar to the ones in Type 2 Revision 1 analysis. 

Rod is fixed and clamping force is distributed to three contact surfaces. Force reaction 

on the rod will be assumed as normal force. Force on the rod is computed to be 323 N. 

To calculate the friction force: 
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Ὂ σςσ πȢσ ωχ ὔ 

Hence this design does not offer any improvements on fixation of the assembly on the 

rod, in fact friction force is slightly less. To sum up, the design is eliminated and no 

further analysis will be conducted. The details of the mesh can be seen in Table 8. 

Table 8: Type 2 Revision 2 FEA Mesh Statistics 

Nodes 54875 

Elements 23545 

Mesh Metric Element Quality 

Min 7.3580E-02 

Max 0.9999 

Average 0.7865 

Standard Deviation 0.1433 

Element Type 10 Noded Tetrahedral 
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3.4 Type 2 Revision 3 

 

Figure 24: Type 2 Revision 3 3D Model 

In this revision fixation on the rod system is changed from deformation to two 4 mm 

diameter set screws. Such set screws are discussed earlier in Type 1 and shown to be 

successfully fixing the assembly on the rod. Another major mechanical concern is 

fixation of the spherical bone screw head, which is done by set screws in this design. 

Note that the holding force that was calculated earlier in the analysis of Type 1 , 642 

N apply to both axial holding force for resisting thrust and tangential holding force for 

resisting torsion, hence the same amount of force acts on the spherical head by each 

set screw (Budynas & Nisbett, 2008). Since two set screws are present, a total force of 

1285 N will be used in Equation 3.1. Another value that is different from earlier 

analysis is ὅ  since the spherical head is not in full contact in this design. In the 

aforementioned study (Faraz & Payandeh, 2001) a range of 1.01 to 1.17 is suggested 

for partial contact; to be on the safe side, 1.01 will be used in the analysis. Spherical 

head radius, R and coefficient of friction Õ remain unchanged; 4 mm and 0.3 

respectively. Using these values 
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ὓ ρτωρ ὔ Ͻ άά 

Which is less than the loading moment of 2207 NĀmm, hence the set screws cannot fix 

the bone screw successfully. Therefore this design too, is eliminated.  

3.5 Type 3  

 

Figure 25: Type 3 3D Model (1: Bone Screw, 2: Base Top Part, 3: Base Bottom Part) 

In this design, bone screw 1 is the same as the other designs. Spherical bone screw 

head is fixed between parts 2 and 3, which are pressed together with two screws. The 

3 

2 

1 
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assembly is fixed on the rod using a set screw. Rod and screws are excluded in the 

assembly.  

A procedure similar to Type 1 and Type 2 designs will be followed for the analysis. 

First the fixation of the assembly on the rod will be checked. Set screw diameter in 

this design is 3.3 mm. Referring to Table 7.4 from Shigleyôs Mechanical Engineering 

Design (Budynas & Nisbett, 2008) again, for #5 (3.17 mm diameter) steel set screw, 

holding force is 890 N. With the Coulomb dry friction model assumption, in titanium 

the holding force will be: 

Ὂ ψωπ
πȢσ

πȢψ
σστ ὔ 

Which exceeds the load suggested by the medical doctors, 147.15 N so the assembly 

will not slide on the rod.  

Another aspect of mechanical importance is the fixation of the bone screw. Equations 

3.1, 3.2 and 3.3 will be used again, with the values: 

Ὠ σȢσ άά 

Ὠ σȢσ άά 

ὰ τȢφυ άά 

ὅ ρȢπρ 

The screw has a uniform diameter hence the same values. Furthermore, the spherical 

joint is not in full contact, so the safe value of 1.01 is used forὅ . Same torque 

assumption of 2000 NĀmm is applied and the results for K, F (for each screw) and M 

(total frictional moment) are: 

ὑ πȢτχρ 

Ὂ ρςψψ ὔ 

ὓ ςωωπ  ὔ Ͻ άά 

Since the total frictional moment exceeds the loading moment of 2207 NĀmm, it can 

be said that the screws successfully fix the spherical head of the bone screw. 
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It is shown that the assembly will be rigidly fixed, now the stress under the loading 

conditions in the body will be evaluated using finite element analysis. 

 

Figure 26: Type 3 Finite Element Analysis Boundary Conditions 

As seen in Figure 26, the assembly is assumed fixed on the rod and the load is applied 

on the bone screw in the direction of the rod.  
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Figure 27: Type 3 Equivalent Stress Results 

Figure 27 shows the finite element analysis results. Maximum stress is 589 MPa, near 

the head of the bone screw, expectedly. Design is safe hence similar design alternatives 

will follow. Details of the finite element analysis can be seen in Table 9. 

Table 9: Type 3 FEA Mesh Statistics 

Nodes 82177 

Elements 48270 

Mesh Metric Element Quality 

Min 1.1411E-03 

Max 1 

Average 0.7596 

Standard Deviation 0.1454 

Element Type 10 Noded Tetrahedral 
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3.6 Type 4 

 

Figure 28: Type 4 3D Model 

Type 4 is very similar to Type 3, only differences being the full coverage of the 

spherical screw head and some dimensional differences, which will be presented later. 

An increase in fixation of the screw head and a decrease in the open space in the body 

(hence less tissue formation and probability of infection) are presumed. 

Length of the screws is decreased to 4.5 mm, which was 4.65 mm in Type 3. 

Additionally, ὅ  is increased to σ“Ⱦψ according to aforementioned study (Faraz & 

Payandeh, 2001). The radius of the spherical bone head is decreased to 2.75 mm. The 

rest of the geometry remains the same with Type 3. With smaller dimensions, comfort 
























































































































































