


















































forming activity, some osteoblasts aransformednto osteocytesvhile the rest stay
on the periosteal or endosteal surfaces of bone as lining @stisocytes are mature
osteoblasts in the bone matrixtracellular concentration of calcium and phosphorus,
in addition toadaptive remodeling behaviolavceltto-cell interactions in response to
local environmenare controlled by osteocyteSsteoclastscontrolled by hormonal
and cellular mechanismsre multinucleated, boresorbing cells. These cells
function in groupsattachingo bare bone staces,dissolve the inorganic and organic
matrices of bone and calcified cartilalgg delivering hydrolytic enzymes(Kalfas,
2001)

1.1.2. Bone Fracture andClassification

Bone fracture is defined formally as a medical condition in wthele is a break in

the continuity of the bonéMarshall & Browner, 2012Main causes of the fractures
are listed as trauma, pathology (e.g. bone cancer), medical or design errors in
prosthesis and overus&lthough many catgorizations 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 brgken 1 for
Humerus); another numbendicaing the location © the fracture (e.g. 1 for
Diaphyseal)then a group (Type Al, etc.) and a subgroup (Simple, Complex)etic.)
indicating the geometry of the fractur@Cannada, 2011}urther detail of the
classification is more of a medicaiea than an engineering one, hence out of the scope
of the present study.

1.1.3. Fracture Healing

After thefracture occursbone healing process starts, which consists of three stages:
early inflammatory stageepair stagend late remodeling stagia the irflammatory
stage, a hematoma develops within the fracture site during the first fewainolatays.

Inflammatorycells andfibroblasts infiltrate thdoone under prostaglandmediation



which leads tahe formation of granulation tissue, ingrowth of vaaculssue, and
migration of mesenchymal cells. The primary nutreamdl oxygen sourcef this early
process is provided by the exposed cancellous bone and niDadleg the repair
stage, fibroblasts begin to lay down a stroma, connective tissue cell that helps support
vascular ingrowthDuring vascular ingrowtha collagen matrix igormed while
osteoid is secreted and subsequently mineralized, which leads farrtiegion of a

soft callus around thepair site. This callus is feeble regarding resistance to movement
in the first 4 to 6 weeks of thieealing process, so adequate fixation is essential
Eventually, the callus ossifies, forming a bridge of woven bateden the fracture
fragments. Alternavely, if proper fixationis not employegdossification of the callus
may not occur, and an unstableréus union may develop instedelading to longer
healing time(Kalfas, 2001)n this stage, if théracture site is properly fixed arsgpace
between bone fragments is less than or equal to 0.ltmerprocess is called primary
healing; otherwise the process is caketondary healing. Experiments slealthat
primary healing leads to 08 improvement on healing timgen, ¢akmak , Seyhan,
G°J¢k, & Taker, 1991) Healing bone is restored to its original shape, structure, and
mechanical strengthnd fracture healing is completed during the remodeling stage
Remaleling of the bone occurs slowly over months to years anmomotedby
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/frera it is not
neede. Thus, appropriate amount of loashould be applied on the bone, to avoid
stress shielding effecBatisfactory mechanical properties #ypically obtainedin 3

to 6 monthgKalfas, 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 19 century.(Bartonicek, 2010However, the focus of the
treatment was avoiding surgery and immobilizing the injdirath, due to pain and
infections associated with surgehy.1846, inhaling ether vapor as anesthetic was put



forward. In the second half of the century, use of antiseptics and other means to
improve surgical hygiene were suggested and started to be wisketly Also, the
invention of xray 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, hotvever t
production of implants were still lacking. Therefore doctors had to develop their own
implants in late 19 and early 28 centuries. Search for suitable material was also a
serious concern. The oldest implants for internal fixation of fractures wete fnoen

mainly ivory, bone and metals such as bronze, lead, gold, copper, silver, brass, steel
and aluminumlvory and bone pegs were used for intramedullary fixation; silver was
used for cerclage wires, plates and intramedullary pins. The first platesmasie

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. Inal916
similar method was published by Frederick William Parham and the implant spread
world-wide urder the name Putarham bands whose various modificatioressdill

occasionally used todgqBartonicek, 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 coateét stteel, which is
demonstrated ifigurel, in 20 different case®art of the plate and the shanks of the
screws that fixed it to the bone protruded from the wound and therefore could be



removed percutaneously. The wound was kept strictly asepticGavekeks and then
the plates were removed upon healing. No comptioatwere reported in the study

Figurel: Hansmann Plat@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 studgcument 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 Ashhurstds study with bicortical screws in 1899. William Lavrence 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 hisdasign 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 O0Neil Sherman, working for Carnegie Steel Company had the
chance of experimenting with both material and design of the plates. His sophisticated



plates designed on the basis of mechanical principles were made of vanadium steel
using seHtapping monocortical screws. He published his results in 1912khslnv

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 sev&n year
in 1907. He treated various diaphyseal fractures with plates made of aluminum which
were fixed by seltapping monocortical screws. In 1913 he published three different
types of plates, one of which was contourbd.1907, William Arbuthnot Lane
publishel 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 limdbwith 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 fifootprinto to avoid negative

effects on healingernest William Hey Groves included animal experiments in his
study. He designed curved plates and plates witbhaped ends. Moreover,
comparison of Lane and Lambotte plates as well as wood and metal screws were his
contributions to development of theafds. The efforts of all the aforemmned
researchers, plates bewathe most frequently used implant for internal fomat the
beginning of the 20thentury.(Bartonicek, 2010)

Research on the bone plates led to developrmEcompression platé€CP)in 1949.
Solving some problems of the earlier plates such as insufficient stability, requirement
of additional splinting, corrosion and infections; compression piaie not widely

used due to structural weakne8s. improvemen over compression plate, dynamic
compression plat®CP)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 insertiohlowever 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 refracture.To overmme the problem of disturbance of the periosteal

blood circulation in dynamic compression plate, limitahtact dynamic compression



plate(LC-DCP)was developed. The contact surface was reduced by more than 50%.
Yet the principle of plate osteosynthesighacompressive forces acting against the
bone was still present. To eradicate theffects, point contact fixatdPG-Fix) was
introduced. This plate was the first version of plate fixators in which angular stability
was accomplished by a conical cooten between screw heads and screw holes.
Additionally, the use of unicortical selpping screws appeared as equally effective

as external fixation in obtaining stability. During healing, the head of a screw had
produced a nearly ficold-forgedo connection between the screw head and the screw
hole which made the removal of the plate problematlence, less invasive
stabilization system (LISS) was developed with a new thread connection between the
screw head and screw hole. The plate is implanted thrinegbkin and locked to the

bone with unicortical screws. To lock the plate tightly, lockingchecrews arased.

Unlike the compression screw, this scrplate assemblydoes not need friction
between the plate and the underlying bone for stabilizationcéHigre plate does not

have to have the geometry adapted exactly to the shape of thelbgear 2000,
locking compression plate (LCP) was released, which was based on a combination of
the anchorage technologies of @ and LISS in one implant.oday, émost all plate
shapes have been equipped with the new locked compression plate hole which permits
the use of either conventional cortex screws or angtiddole screwsvioreover, 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 andhaped LCP was
introduced in 2001This 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 istmotegradals

and removal of the implant requires surgekforementioned plates can be seen in
Figure2 (Malekani, Schmutz, Gu, Schuetz, & Yarlagadda, 2012)



Figure2: Different Types of PlateBartonicek, 2010)

1.2.1.3. External Fixation

Earliestexternal fixation evidence was found in the writings of Hippocrates, who lived
before Christ. More modern designs were seen in®ieentury, however irhie first

half of the centurypublished work on external fixatongere unsuccessful, mainly due

to infections.In 1872, Heinaused 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 resulksimerus, however his fixator

was seen to be inadequate for femur or other highdeadngoones. External fixation

as we know it todaystarted to develop in the2@entury. In the USA, in 1897898
Clayton Parkhill designed external fixation clampsl aised them for different types

of fracturesParkhillos design can be seen in Figure3. In 1911, Freeman improved his
work and introduced the fiturnbuckleo to facilitate reduction, which was a highly
sophisticated precursor of the A@rbeitsgemeinschaft;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 dixgBartonicek, 2010)



Researchers like Stader, Lewis, Breidenbaklerzberg, Klapand lllizarov all
modified and improved the design of Palktihroughout the 20th centurfApley &
Noorden, 2000)

Figure3: Parkhill's External FixatafBartonicek, 2010)

1.2.1.4. Intramedullary Nailing

Intramedullary (IM) nails in 18 and early 19 centuries werenade by ivory. They
acted more like biological stimulators instead of mechéricators. The nail was
attacked by the patientds body so they had to be removed in 1 to 3 weeks, still helping

the healing procesMetallic nails were originally used to fix fractures of the articular
ends of bones, specifically in fractures of the femhoeck. 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 ficloseo nailing of a diaphyseal fracture was
described by Georg Sch®ne in 1913. Under fluoroscopic control, seven diaphyseal

fractures of the ulna and radius were treated with silver nails inserted percutaneously.



Hey Groves conducted a series of experiments to evaluafgetformance of nails
made ofbone, ivory and metals. In 1918 he treated two casesshgtifracture with

steel nails(Bartonicek, 2010Q)In 1940 Gerhard K¢ntscher developed his famous
cloverleaf nail, whose modificationseastill in use An example of K¢ ntscher nail can

be seen irFigure4. 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'2@ntury, as previously mentioned,
there were rapid advances in plate technology and plates were the most popular
treatment technique. Therefore there were no ground breakingcadviarthe degn

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

Figure4: K¢ntscher Nail in Femur (Christensen, 1973)

1.2.2. Modern Bone Plates

Bone plates can be defined formally as implaletétacture fixation devices attached

to bone fragments with screws to bridge the fracture gap and shield the fracture site
from stress as bone hedldniversal Medical Device Nomenclature System, 1999)
Today,using biocompatile and mechanicallfit materials, bone platggovide a good

solution and they are useither internally oexternally.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.-dlogical 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 majoorthopedic plate manufacturers are Johnson& Johnson, Stryker,
Zimmer, Bomet and MedtronicFigure5 illustratesan osteotomy sd€tonsisting of
bone platesscrewsand hand toolsfrom a major plate manufacturer from Turkey,
TST.

Figure5: Osteotomy Set Examp(@ST, 2015)

A drawback of the bonplates today is that they are sold as huge sets cogsati
many plates (like the orghownin Figure5), to cover various types of bone fractures
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and bone properties, which change with patient age, habits and environmentsThe set
need to be carried to the surgery rooms and steriliierwards the suitable plate for

the patient is chosen by the medical dodikwen with a set, all cases still cannot be
covered, since the plates offer predetermined locations and angles fon¢hecbms.

There are plates with muléixial and polyaxial screws, but these solutions offer a
limited angular degree of freedom and soeewlocatiors arepredeterminedSome

plate examples are shownkigure6, Figure7 andFigure8.

Figure6: Distal Radius Plat&Zimmer, 2015)

Figure7: Proximal Femur Platéstryker, 2015)
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Figure8: Proximal Humerus Plag@iomet, 2015)

1.3Design 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 studygsidg

a novelinternalimplant 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 doctorsd explanations about the issue. Due

to lack of quantitative data available, objective target values are not specified.
Requirements:
9 Successful fixation of the bone

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

(mobility)

9 Ability to be used in diaphyseal areBlhmmerus (upper arm)
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1 Biocompatibility

1 Minimal invasion of periosteum

1 Ease of use: Satisfactory poperative and operation times

1 Satisfactory posbperative time (recovery time of the patient)

1 Comfort of the patient: The implant geometry and weight shootdcause

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 studyedvmto 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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Figure9: Left to Rght: 12Hole Locking Plate, Monolateral Exteal 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 copression, fowpoint bending and torsion tests were
conducted on thedere models, in that order. The loads applied were witténlinear

elastic regiorat the subyield level,as determined by preliminary pilot tesfsxial
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 bendingifotisstudy 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 measurddean value esults ar@resented ifablel:
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Tablel: Mean Values of Test Results, Compression Stiffness, Flexural and Torsional

Rigidity (Sakellariou, et al., 2012)

Modular )
IM Locking External
Intact | Segmental _ '
Nalil Plate Fixator
Implant
Axial Compression (N)| 973 919 816 758 619
Four Point Bending (N) 835 629 320 597 651
Internal Torsion (Nm) | 2.66 1.37 0.84 0.778 1.44
External Torsion
- 2.59 1.268 0.73 0.788 1.438
(NIm)
Compression Stiffess
0.97 0.92 0.816 0.758 0.62
(N/em)
Flexural Rigidity (0
. 44.37 33.32 16.93 31.67 34.51
a)
Internal Torsional
L 0.77 0.418 0.208 0.22 0.418
Rigidity (O & 7QQ0Q)
External Torsional
L 0.75 0.388 0.24 0.22 0.418
Rigidity (O & 7QQ0Q)

Using the results, the researchers ranked these four reconstructive methods with
respect to stiffness, flexural rigidity and torsional rigidity. These rankings areigiven

Table2: (Lower ranks indicates bettealues)

Table2: Rankings of Four Reconstructive Methd@skellariou, et al., 2012)

Compressiorstiffness Flexural Rigidity Torsional Rigidity

Intact Intact Intact

Modular Implant
IM Nalil

Modular Implant Modular Implant

External Fixator External Fixator

Locking Plate Locking Plate

IM Nail

Locking Plate
IM Nail

Al W NN
W N N N P
Wl W N N|

External Fixator
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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 thgsos.

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 shutiyated the modularesign was
successful, even under the worst loading case of jodBilcginson, Browne, Roques,

& Taylor, 2013) Another design focused on mandibular (jaw) fractures, achieving
modularity of the bone plate by deformation. Themwes a deformable region on the

plate helping the attor 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 f@¢@ervantes , 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 &m part can bseen inFigure 10. Femoal stem wasssembled with a

spherical part called acetabular cup, which replaces the hip joint.
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FigurelO: Femoral $ms(Cervantes , Slocum Jr, & Seldin, 2011)

The authors stated thaterall;theoperations were a success with 96 Qurvival at 5
years. Theadvantages of modular implant®re listedas: intraoperative versatility;
minimized proximal stress shielding due to porous coating; variety of stem and neck
length and offset. The disa@ntageof modular implants wakigh stress at taper
junction, hence the need of thorough mechanical dedige. study showed that
modular femoral implant surgeries have high succesdmatépne defect type should

be carefully considergalanning for surgeryror instancethe authors refer to the work

of Mccarthy and Lee, in whickuccess rates were high for Paprosky typ&gile 9%
failure wasobserved in Paprosky type 3A an@McCarthy & Lee, 2007)However,

in their study, wih careful surgical planning, no significatifferencein success rate

between defect types wabservedDesali, et al., 2012)

High success rates of bone plates are common knowledge, therefore studies on non
modular plates arexcluded. Furthermore, aforementioned studies indicate that
modular plates or treatment devices consisting of assembly of several patsoare a

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

Treamment of spinatrauma or deformitiesequires angular degree of freedom for the
surgeon, due to the shape of human spine. A commonly used device, pedicle screw

can be seen iRigurell:

Figurell Sequoia Pedicle Screw Systéaimmer, 2015)

In this systemassembly 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 coatiigy the
surgem 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 study was conducted to investigate the effect of depth and
diameer of the bone screw on pwdlt strength(Talu, Kaya, Dikici, & kar, 2000).

Five groups were formed with pedilegid 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 T

40 mm screws, application of screwstiud same size; 6.5 mm T 45 mm; 7 mm T 40

mm; 7 mm T 45 mm. Ten different pulout tests were performed for each group.
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Resultsare shown in Tabl8. As can be seen, substituting a pedicle screw with another
screw of the same size results in drastic rednan pullout strength of the pedicle
screw.lt 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.

Table3: Results of the Pulbut Test(Talu, Kaya, Dikici, & kar, 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 clopuitrength of

the pedicle screKang, 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 screwone interface. To testteir hypothesighoracic 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.

sample specimethat wasused can be seenkigure 12.
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Figurel2: Left Side Control Rod and Right Side ReduceaxtiKang, et al., 2014)

Afterwards the pufbut strength was measured using tensile test machine. Rod
reduction resulted in 40% decrease injouit 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 veftaélrdao, Xu, & Ma, 2014)
Spinous process screws are easier to imsef? vertebra due tas size and shape.

The researchers aimed to compare the mechanical properties. Eight fresh human
cadaveric cervical spine specimemsre harvested and screws were inserted in pairs.
Results showed that the pwllit strength of the spinous process screwomparable

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 praovide a
alternative to pedicle screwnother study was conducted to compare anterior lumbar
screw-plate fixation and postenidumbar pedicle screw fixatiofLiu, et al., 2014)
Twelve fresh human cadaveric lumbar specimensL®¥were divided into four
groups: anterior lumbar interbody fusion+pedislerew fixation; anterior lumbar
interbody fixation+anterior lumbar locked screw plate (both fixed); anterior lumbar
interbody fixationand untreated control (both néimed). Axial compression, flexion,
extension, ldf and right lateal bending and rotaih tests wee applied to the

specimens, in that ordé3pecimens can be seerFigurel13 andFigurel4.
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Figure13: Anterior Lumbar Interbody Fusion+Anterior Lumbar Locked Screw Plate

Specimenn Axial Compression TegLiu, et d., 2014)

Figurel4: Anterior Lumbar Interbody Fusion-delicle Screw Fixation Specimem i

Axial Compression Tegt.iu, 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, respeltittedyaxial
compression test, axial stiffness of the specinvesre compared. Control and anterior
lumbar interbody fusion grougsad 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 theextension test, anterior lumbar interbody fusion+pedicle screw fixation
specimen had théowest linear displacement. This specimen also had the lowest
angular displacement in the left and right lateral bending thsthie rotation test
however, the anter lumbar interbody fusion+anterior lumbar locked screw plate
specimerhad the lowest angular displacement valle&ssum up, this study proves

that the stability of the anterior lumbar interbody fusion treatment can be increased
considerably with the usef pedicle screws or locked platest another study,
reliability of the pedicle screw fixation wassessedYalnéz, ¢iftdemir, Exkkin, &

D¢ lger, 2009). 144 patients who had posterior thoracic pedicle screw implanted were
retraspectively reviewed. A total of 827 thoracic pedicle screws were inserted to the
patients by the same spine surgeon using thehfied techniqueScrew containment

was evaluated by three independent reviewers ongpesttive plain radigraphs

and thinslice computed tomography scans for the cases neceg8argf the screws
(94.3%) were observed to accuratelytfie thoracic spine. Slightly more thaalthof

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 gdedicle screws. Hence their comparative performance was
worthy of interest. Aforementioned studies show that the perfaren@rsatisfactory,

supportingthe 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 implanfaring this research, medical grade
stainless steels and titanium gkoare evaluated considering mechanical properties,
cost and market availabilitateel has an elastic modulus of around @&@&, whereas
titanium has an elastic modulus of around T&Ra, which is closer to the elastic
modulus of the bone, which is in tbeder of 10GPa. Closer elastic modulus ledds
reducton of stress shielding effecdtressshielding 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 loseg@igth according to Wolffis Law (Samiezadeh, Avval,
Fawaz, & Bougherara, 2014 addition to elastic modulus, titanium alloys are
advantageous in terms of yield strength. Medical grade stainless steels have a yield
strength m the order of 200 MPa whereas medical titanium alloys have steddgth

within the range of 1760 895 MPa, as can be seenTiable4. The combination of
elastic modulus closer to the bone and higher vyield strength makes Ti6AI4V
mechanically superior tetainless steels. Moreover, titanium all@ffer the chance

of using magnetic resonance imaging, unlike the steel which is magnetic. Considering
all these factoran agreement on Ti6Al4Yalso known as Grade 5 Titaniu@)oy is

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

Table4: Comparison of Medical Titanium Alloys

Grade 1| Grade 2| Ti6AI4V | Ti6AI7Nb
Density "WToc 451 451 4.42 451
Tensile Strength, Ultimate (MP; 240 344 890 995
TensileStrength, 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 Ti6AI4V, itheir previously mentioned stuamiezadeh

et al. showed that composite borates wee promisingln anotherstudy, the authors
designed a polyetheretherketone (PEEK) spinal fixation device for rats. The
experiments on rats were a success. Although loads on a humanés long bones and ratés

spine cannot even be compared, the study is worthy of interest since the current
materials have aforementioned flawhile the suggested material has the potential to
overcome thesgShahrokni, Zhu, Liu, Tetzlaff, & Oxland, 2@)1In the final study
reviewed on innovative materials for bone fixation, the authors used interchangeable
titanium or stainless steel plates, connected with staples made of NNiio&kl
Titanium Naval Ordinance Laboratoryghape memory property dlitinol allowed

the adjustability of compressive force on the fracture site. Naturally the staples were
heat treated so that maximum compressiree wasobtained at 37AC. (Tarnita,
Tarnita , Tarnita , Berceanu, & Cismaru, 20D@velopment 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 thametal ion release wasgnificantly more in human saliva (in vivo
group) than in bufferedadine solution (in vitro groupHowever metallic ions released
were still within the physiological limit of trace elements in the human HQé&dipawy

& Shaarawy2013)

2.5Conclusion

Throughout the literature review comprehensive informatiordesign, assessment

and performance of bone plates, pedicle screws and some other fixation techniques as
measures of comparisoarticular weaknesses of the treatment negres are
presentedSince this study is focused on analysis of a certain fracture fixation device,
knowing the competition artaking familiar to evaluation techniques such as analytical
methods, finite elenm# method and experiments dne key. Moreove, biomaterials

in use today and the ones still being developed are revidhemhanical properties of
titanium alloys are presentedo sum up, literature review enlightened the path to
accuragly assess the present design.
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3.1Type l

Figurel5: Type 13D Model(1: Bone Screw, 2Base Bottom Part, 3: Base Top Part,

4: Clamping Screws, 5: Set Scgw
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Figurel6: Type 1 3D Model Section View

This design consistd 5 different parts and a radhich is not drawn ifrigurel5. 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 though the hole in part 3. Set screbvare used to lock the assembigh the
frictional force on the rodMore 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, polyarl 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 tifie bone screw. A study on frictional moment in spherical
ball and socket jointéFaraz & Payandeh, 200%jated that frictional moment can be

estimated by the equation:

O 0V — (3.1)

Where:
F: External load on thgpherical joint (Force applied by screws 4 in this case)
R: Radius of the spherical headmm

O : A coefficient regarihg the geometry of the joint. Suggesteds&dgy for the full

contact spherical joint in the study.
0: 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 Shigleyés Mechanical Engineering Design
(Budynas & Nisbett, 20083 used:

Yo 00Q (3.2)
Where:
T: Torqueapplied 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

Shigleybs Mechanical Engineering Design)

v — — eV (3.3)
Where:
, 0 Q
Q -
G
0WE d
(1] 'Q

In this casevalues are:

Q oaa
Q  vad
i uvvaa
N m

Q mio

| oTJ

Note thatQ is collar friction coefficient and the collar does not exist in the design.
is half the threadhngle and its value is standardizeding these values in Equation
3.3:

U ToTC

To obtain F using EquationZ a torque value should be assdmEhis assumption is

made as 40! force applied using an equipment with 50 mm moment arm, hence:
Y otn un gm0 )ad

Using thediameter 6nm:

0 50 WX0o L
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Now that the force is decided, it can be useBdnation3.1 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.

p [1

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 maglested by the medical doctdé7.15

N is assumed to be uniformly distributed on the screw. Hence the mimadns:
O pIxXipv pu  gCmx VIAA

Since the screw head is spherical, frictional moment calculated is valid for every
direction. Fictional moment exceedbie moment caused by the loaditiggreforethe

bone screw is fixed successfully. One final remalnlut thisissueis that Faraz and
Payandeh stated that for the full contact spherical joint, their Wwask15% error.
Considering the worst case in this calculatBB%b of frictional moment is 224%mm

and still exceeds the loading moment.

A preliminay mechanical analysis is conducted for this design using ANSYS

Software. Boundary conditions can be seeRigurel?:
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[A] Fixed Support
. Force: 147,15 N

Figurel?: Type 1Finite ElementAnalysis Boundary Conditions

As can be seen, the assembly is assumed to be perfectly fixed on.thbeanther
boundary condition is that,47.15 N force (equivalent to 15 fkgvhich 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. Figlay®
Mechanical Engineering Desigrable 7.4(Budynas & Nisbett, 2008pr #8 (4.166

mm diameter) alloy steel set screw against steel shaft, holding power is 113 N.
should be oted that holding power is actually a force, but curiously named as such in
the source provided. To avoid misunderstanding, the term fiholding forceo will be used

from now on.Since the working principle of the set screw is based on friction force;
assuming aihear friction model, titanium against titanium holdiogce value can be
obtained by multiplying the holdinigrce with the fraction of coefficients of friction,
which are 0.3 for titaniurtitanium and 0.8 fomedical gradsteelsteel:

0 pXPO — QTGO
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With the aforementioned assumptions, holdimige of the set screw is found as 642

N in both axial and tangential directiors.this case axial force is important ahcs

found to bewell above 147.15 N, hence the first boundary daod 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 Shigleyés Mechanical
Engineering Design that the set screw length kshioe at least hatif the roddiameter,

which is6 mm in the design. Using the two boundary conditions and bonded spntact

equivalent VorAMises stress results are obtained.

A: Static Structural
Equivalent Stress .
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
30.8.2015 23:27

908,45 Max
807,51
706,57
605,63
504,69
403,76
302,82
201,88
100,94

0 Min

Figurel8: Type 1 Equivalent Stress Results

It can be seen frorRigure 18 that maximum stress @angerously close to the yield
strength of Ti6AI4V, however, these higtress regions are very losalggesting that
stress concentration is observéidshould be noted that the assembly &npked to

work in at least pairs (connected to different fraettragments}so one assembly

carrying the whole load is actually a worst case scen@ne. 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 for€éhe 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 suggestedl'o sum up, obviously not bey perfect, the design is mechanically
promising and worthy ahterest. 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 screwdhe design. More importantly, one of the

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

problematic to be tighteneHBinite elementetails can be seen Trable5.

Table5: Mesh Statistics for Type 1 FEA

Nodes 37299
Elements 20015

Mesh Metric Element Quality
Min 7.0158E04

Max 0.9999
Average 0.6581
Standard Deviatior 0.2072
Element Type 10 Nodel Tetrahedra

Element quality will be used as a mesh metric in the rest of the study so it should be
explained. It isa 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 eleseatda
volume(ANSYS Inc, 2013) The element quality is defined as:

o ws . w A 0VEIOAQ ~
VoMW O Y
& B 0QQQ0Q£Q010 o

C is a constanwhose values are presentedable®.
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Table6: Values of C for Various Element Geometries

Triangle 6.928

Quadrangle 4.0
Tetrahedron | 124.7
Hexagon 41.57
Wedge 62.35
Pyramid 96

Tennoded tetrahedral element is also used throughout the study. The element shape

and the locations of the nodes are present&igurel19.

{

Figurel9: Sample 10 Noded Elemeftreenough, 2000)
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3.2Type 2Revision 1

Figure20: Type 2 Revision BD Model(1: Bone Screw, 2: Base, 3: Set Screws, 4:

Clamping Screw)
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Figure21: Type 2 Revision 1 Clamping Force Analysis Boundaoynditions

As can be seen, rod is also added and assumed fixed. [ant@ig force of 100N
is divided to thre contact surfaces of the screw which are two threaded surfaces and
the counterbore surfaddone screw and set screws are excluded to save computational

time.

The force reaction directly from the finitdeenent analysis will be used to obtain
friction force Obviously, friction force should be obtained from normal force whereas

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

Total force reactin on the rod is computed as13Kl and detailed information on the
meshcan be seen ifable?. To calculate the axial fixing force of the assembly on the
rod, this force should be migtied with the friction coefficient of 0.3.

0 otp mo pngO

The axial friction force, 10Rl 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 iglone Mesh statistics of the finite element analysis can be seEabie7.

39



Table7: Type 2 Revision 1 FEA Mesh Statistics

Nodes 88789
Elements 35790

Mesh Metric Element Quality
Min 3.07FE-02

Max 0.9995
Average 0.8138
Standard Deviatior 0.1253
Element Type 10 Noded Tetrahedrz

3.3Type 2 Revision 2

Figure22: Type 2 Revision 3D Model

This design is very similar tdype 2Revision 1, only difference being tfigation

mechanism of the assembly and the rod. Hence, the mechanicatt®are similar
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and fixation on the rod will be checked first. Equati8rsand3.3 will be used with
the following screw dimensions:

Q Tdaa

0 oicac

i xloaa
Leading toK and F values of:

O muxv

0 wee O

To decide the force applied on the rod, finite element analysis will be Bseddary

conditions can be seenkiigure23.

Figure23: Type 2 Revision 2 Clamping Force Analysis Boundary Conditions

Boundary conditioa are naturally similar to the onesTigpe 2Revision 1 analysis.
Rod is fixed and clamping force is disuitied to three contact surfacé®srce reaction
on the rod will be assumed as normal fofearce orthe rod is computed to be 3R3

To calculatehe friction force:
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Hence this design does not offer any improvemenfsation 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 conductetihe details of the mesh can be seehable8.

Table8: Type 2 Revision 2 FEA Mesh Statistics

Nodes 54875
Elements 23545

Mesh Metric Element Quality
Min 7.3580E02

Max 0.999
Average 0.7865
Standard Deviatiol 0.1433
Element Type 10 NodedTetrahedra
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3.4Type 2 Revision 3

Figure24: Type 2 Revision 3D Model

In this revision fixation on the rod system is changed from deformation to two 4 mm
diameter set screwSuch 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 holdinfprcethat was calculated earliar the analysis of Type 1642

N apply to both axial holdig forcefor resisting thrust and tangential hioig forcefor
resisting torsion, hence the same amount of force acts ophleal head by each

set screw(Budynas & Nisbett, 2008%pince two set screws are presentotal force of

128 N will be used in Equatio.1. Another value that is different from earlier
analysis i9 since the spherical head is not in full contact in this dedignhe
aforementioned studifFaraz & Payandeh, 200&)range of 1.01 to 1.17 is suggested
for partial contact; to be on the safe side, 1.01 will be usdtkiarlysis. Spherical

head radius, R and coefficient of frictidh remain unchanged; 4 mm and 0.3
respectively. Using these values
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O prwplIacd

Whichis less tharthe loading moment of 220¥imm, hence the set screws cannot fix

the bone screw successfulljherefore this design too, is eliminated.

3.5Type 3

Figure25: Type 3 3D Mode(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

44



assembly is fixed on the rod using a set sciRad and screws are excluded in the

assenbly.

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 Shigleybs Mechanical Engineering
Design(Budynas & Nisbett, 200&gain, for #5 (3.17 mm diameter) steel saew,
holding forceis 890N. With theCoulomb dryfriction model assumptig in titanium

the holding forcewill be:
0 6o .
Yot T 00T L

Which exceeds the load suggested by the medical doctat451M so the assembly
will not slide on the rod.

Another aspect of mechanical importance is the fixation of the bone $fgewations

3.1,3.2and3.3 will be used again, with the values:

Q ofoaa
Q oo da
i Tpu AKX
0 pinp

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 foSame torque
assumption 02000 Nimm is applied and the results for K, F (for each screw) and M

(total frictional moment) are:

L  TTXP

0 pqyy O
O cwort O)aa

Since the total frictional moment exasethe loading moment of 220¥mm, it can
be said that the screws successfully fix¢pbkerical head of the bone screw.
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It is shown that the assembly will bigidly fixed, now the stresander the loading
conditions inthe bodywill be evaluated using finite element analysis.

Figure26: Type 3 Finite Element Analysis Boundary Conditions

As seen inFigure26, 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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=5 0,0019631 Min

Figure27: Type 3 Equivalent Stress Results

Figure27 shows thefinite element analysis resultdaximum sress i589MPa, near
the head of the bone screw, expecteldbsign is safbence similar design alternatives

will follow. Detailsof thefinite elementanalysis can be seenTiable9.

Table9: Type 3 FEA Mesh Statistics

Nodes 82177
Elements 48270

Mesh Metric Element Quality
Min 1.1411E03

Max 1

Average 0.7596
Standard Deviatior 0.1454
Element Type 10 Noded Tetrahedra
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3.6Type 4

Figure28: Type 4 3D Model

Type 4 is very similar to Type 3, only differesceeing the full coverage of the
spherical screw heaahdsome dimensional differences, which will be presented later
An increase in fixation of the screw head and a deciadke open space in the body

(hencdesstissue formation androbability ofinfection) are presumed.

Length of the screws islecreased to 4.5nm, which was 4.65 mm in Type 3.
Additionally, 6 is increased to“Ty according toaforementionedtudy (Faraz &
Payandeh, 2001T he radius of the sphericabne head is decreased to 2.75 nihe

rest of the geometry remains the same with Typi81 smaller dimensions, comfort
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