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ABSTRACT

The purposes of the present study are to determine the maximum torque
resistance of mini-screws and to analyze design parameter variation associated with
the maximum torque resistance of mini-screws on the biomechanical characteristics of
the mini-screw and its surrounding bone using three dimensional finite element
analysis. Six mini-screws (1.6 x 6 mm) from each manufacturer (Absoanchor®,
0.S.A.S®, Dual Top®, Orlus® and Remark®) were placed in the artificial bone block
and measured for the maximum insertion torque with a digital torque gauge. The
lowest of the maximum insertion torque value among five manufacturers was selected
for use in the finite element program in order to analyze design parameter variation of
the mini-screws. The results in the artificial bone block experiment showed that only
Absoanchor® mini-screws were fractured and the others survived with a torsional
force of 20.07 N-cm and more than 38 N-cm (above digital torque gauge capacity)
respectively. In finite element analysis, the stress concentration pattern in mini-screw
models showed that the neck portion, from the thread runout to the second thread, was
the weak point of mini-screw. In the surrounding bone , the stress concentration
pattern was at the upper part of the cortical bone models, whereas the stress
concentration of cancellous bone models was not obvious. The design parameter that
had a correlation with maximum von Mises’ equivalent stress was the thread diameter,
r=-0.883.

KEY WORDS: MINI-SCREW/ MAXIMUM INSERTION TORQUE/ FINITE ELEMENT
ANALYSIS
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CHAPTER |
INTRODUCTION

Anchorage control is one of the most important factors in successful orthodontic
treatment. There are many developed methods that obtain proper anchorage.
According to Newton’s Third Law of motion states “each action has an equal and
opposite reaction”. Therefore, it is virtually impossible to achieve absolute anchorage
in which the reaction force producing no movement, especially with intra-oral
anchorage. Traditionally, intra- or extra-oral devices can be an effective reinforcement
[1], but demands exceptional patient cooperation [2], also be difficult to predict the
treatment outcomes. While dental implant has been used extensively for tooth
replacement, the size, bulkiness, cost and invasiveness of prosthetic implants are
limited to the orthodontic application [3]. Therefore, orthodontists have developed
various designs of implants that have been proposed to facilitate the anchorage control.

Titanium implants for orthodontic anchorage or orthodontic mini-screws in
clinical are well documented. Their application has been increasingly in attention
among the orthodontists. Since variety of applications such as anteroposterior tooth

movement (Class I, Il, 111), vertical tooth movement (open-bite, deep-bite), transverse

tooth movement (uprighting to correct crossbite) and other purposes (uprighting,
artificial eruption), etc, are used, orthodontic mini-screws development has been very
rapidly increased since 2003. There are many companies designing orthodontic mini-
screws that serve orthodontic need, thus the designs, diameters and lengths of each
company are different.

According to previous studies in various aspects of the mini-screws which were
factors related failure in clinical uses [4-9], initial stability after the mini-screw
placement [10], including the optimal insertion torque [11]. These clinical research
were not enough for explain the interaction between the mini-screw and the
surrounding bone. To understand the mini-screw better, it is imperative to do

biomechanics analysis, and Three-Dimensional Finite Element Method (3D FEM) is
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by far the most reliable method [12]. According to previous studies of orthodontic
loading on the mini-screws which resulted that changing geometry of the mini-screws
had great influence on the biomechanical properties of both the mini-screw and its
surrounding bone [13-17]. Furthermore, stress concentration on the mini-screw during
its placement is one of the important considerations because it affected the mini-screw
stability and the incidence of the mini-screw fractures were reported [18-20].

The aim of this study is to analyze design parameter variation associated with the
maximum torque resistance of the mini-screws on the biomechanical characteristics of

the mini-screw and its surrounding bone using 3D FEM.
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CHAPTER I
OBJECTIVES

This study is designed to determine design parameter variation associated with
the maximum torque resistance of the mini-screws on the biomechanical

characteristics of the mini-screw and its surrounding bone using 3D FEM.

The purposes are:
1. To determine the maximum torque resistance of the mini-screws

2. To analyze design parameter variation associated with the maximum torque
resistance of the mini-screws on the biomechanical characteristics of the mini-screw

and its surrounding bone using 3D FEM

Hypothesis

1. There is no statistical significant of the maximum torque resistance of the

mini-screws.

2. There is no correlation of the design parameter variation associated with the
maximum torque resistance of the mini-screws on the biomechanical characteristics of

the mini-screw and its surrounding bone using 3D FEM

Limitations of the study are:

1. The finite element analysis study may not correspond to the results found
under intra-oral conditions. However, the results can predict and give information in

the mini-screws selection for clinical use.

2. The result of the study may not be comparable to other studies due to the

differences in the study design and material used.
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Expected benefits from the study are:

1. This study will investigate various mini-screws available commercially in
order to have a better understanding regarding to the maximum torque resistance for

proper clinical selection in orthodontic treatment.

2. The result of this study can be applied as basic scientific knowledge for further
study in orthodontic specialty.



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 5

CHAPTER I
LITERATURE REVIEW

Definition of Orthodontic Anchorage

The term orthodontic anchorage is defined as “resistance to unwanted tooth
movement” [1]. According to Newton’s third law of motion, every action has an equal
and opposite reaction. This is particularly relevant to orthodontics where such action is
favorable tooth movement, and the equal as well as opposite reaction is often and
unwanted tooth movement. An important aspect of treatment is maximizing desirable
tooth movement, while minimizing undesirable side effects. Absolute anchorage is the
term used to describe the anchorage unit that remains stationary under orthodontic
force. Therefore, it is not possible to achieve absolute anchorage with intra-oral
anchorage while extra-oral appliances require cooperation of the patient [21].

Terminology and Definition of Orthodontic Mini-screw

Presently, terminology of orthodontic mini-screws depend on the authors and its
size. Mini-implant [22, 23], mini-screw [24-27], micro-implant [28, 29], micro-screw
[30, 31] are referred to the group of implants that are 2.5 mm. or less in diameter [32].
In this study, “mini-screw” will be used referring to this group of implant. Mini-
screws are small enough to place in any surface of alveolar bone , even in the
interradicular regions. The placement and removal is simple and can be performed by
orthodontists [22, 23, 28-30]. These mini-screws do not require osseointegration, only
rely on mechanical retention between mini-screws and bone. They can be loaded
immediately [24, 33] or wait for 2 weeks after insertion allow healing of the gingival
[29, 30, 33].

Development of Orthodontic Mini-screw

Gainsforth and Higley [34] first reported using vitallium screws and stainless

steel wires in dog ramus to attain orthodontic anchorage. Unfortunately, subsequent
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force application resulted in screws loss. In 1964, Linkow [35] reported the successful
use of blade implants in a patient to apply Class Il elastics for retraction of maxillary

incisors.

Branemark and co-workers [36] reported the successful osseointegration of
titanium implants that were stable over five years in bone under light microscopic
view. Roberts et al [37] corroborated osseous adaptation of rigid endosseous implants
to continuous loading. Titanium implants were placed in rabbit femurs. After loading
for four to eight weeks, titanium implants developed osseous contact and continuously
loaded implant remained stable. The results indicated that titanium implants provided

firm osseous anchorage for orthodontics and dentofacial orthopedics.

Block and Hoffman [38] introduced the onplant to provide orthodontic anchorage
in dog and monkey experimental model. The onplant is a thin disc-like structure that is
placed on the palate via a surgically created sub-periosteal tunnel. Following a period
of osseointegration, futher surgery allows an attachment to made from the onplant to
the teeth to provide indirect skeletal anchorage. However, this method has several
disadvantage due to the high costs, long waiting period before loading forces, and the

special abutment to connect the onplant.

Figure 1 Onplant with internal thread for placement of transgingival abutment

Umemori and Sugawara et al [39, 40] developed the skeletal anchorage system
(SAS) to correct the open-bite by intrusion of the lower molars. They applied surgical
L-shaped titanium miniplates implanted in the buccal vestibule, and intrusive forces
were generated in the molar area by an elastic thread that was tied between archwire
and miniplates (Figure 2). Adequate molar intrusion was obtained after approximately

six to nine months of treatment.
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Titanium miniplate

Figure 2 Scheme of the treatment mechanics for open-bite correction with SAS

In the case report by Chung and colleagues [41], they used miniplate with a hook
soldered to one end that called the C- tube. It was designed instead of a rectangular
slot to minimize torque in the archwire (Figure 3). The disadvantages of this system
are the placement required a surgeon, swelling and pain after surgery.

Figure 3 C-tube

To overcome several problems including high costs, large size, long waiting
period before loading force and surgical need. Other designs of temporary device that
fixed to bone for the purpose of enhancing orthodontic anchorage and subsequently
removed after use had been introduced [2, 23, 24]. The most common type of
temporary skeletal anchorage is a screw type that has small size, low costs, simplicity
of use and wide range of clinical application [2, 23, 24, 29, 42].

In 1997, Kamoni [23] reported a 1.2 mm mini-implant that modified from
surgical mini-bone screw placed in the alveolar bone between the root apices of lower
incisors for corrected the deep bite. Costa and colleagues [24] used titanium mini-
screws, 2 mm in diameter and the length of 9 mm for orthodontic anchorage. The
mini-screws were inserted manually with a screw driver directly though the mucosa

without making a flap and were loaded immediately. Two years later, Melsen et al
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[33] reported and experimental study in monkeys to evaluate the immediate loading of
an implant that was a modification of the screw design in the study of Costa et al.
Histological examination found osseointegration even the mini-screws were loaded
immediately and the degree of osseointegration increase with time.

Ohmae et al [22] stated the clinical and histological results of titanium mini-
implants used as anchors for intrusion in the beagle dog. They mentioned about a low
amount of osseointegration, approximately 25%, does not necessarily indicate a
negative finding because the mini-implant must be removed after the orthodontic
treatment. If the mini-implant integrated bone completely, it would not be able to be
removed easily.

Park and co-workers [29] conducted a study of micro-implants use (1.2 mm in
diameter and 6 mm in length) as anchorage for treatment of skeletal class I, bialveolar
protrusion case. The micro-implants were inserted into the buccal alveolar between the
maxillary second premolar and first molar and the mandibular first and second molars.
They showed that it could be inserted between the roots of teeth to retract six anterior
teeth and intrude mandibular molar.

Lin et al [43] introduced the OMAS bone screw for anchorage reinforcement
(Figure 4a). It was also developed in a new OMAS hook screw for coil springs
attached in 2004 (Figure 4b).

(a) (b)
Figure 4 Bone screw (a) OMAS, (b) a new OMAS hook screw

Kyung et al [2] introduced absoanchor microimplants for orthodontic anchorage.
Absoanchor microimplants was designed in different length, diameter and head
(Figure 5).

Mini-screws are developed from 2003 very rapidly so there are various in
designs, diameters, lengths and composition of materials that have been manufactured

to serve orthodontic needs (Figure 6).
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Figure 5 Absoanchor microimplants

AT

Figure 6 Orthodontic mini-screws

Material of Orthodontic Mini-screw

There are four groups of material reported for the use of implants; bioinert,
biotolerant, bioactive and bioresorbable material [44, 45]. The detail of each group
will be presented as followed.

1. Bioinert material can be classified into two groups. Commercial pure titanium
consists of 99.5 percent titanium and the remaining 0.5 percent is other elements such

as carbon, oxygen, nitrogen, and hydrogen. It is excellent biocompatibility and

biomechanical characteristics. Another group of bioinert material is titanium alloy

which is more common for the mini-screw. This titanium alloy composed of 90
percent titanium and the remaining elements are vanadium and aluminum. Trace
elements include carbon, oxygen, nitrogen and hydrogen [46].

2. Biotolerant material consists of stainless steel and cobalt-chromium alloy. A

typical 316L stainless steel composition would be 18% chromium, 12% nickel, 2%
molybdenum, and 0.03% carbon. Although this alloy is stronger, cheaper, and easier
to machine, its corrosion properties are inferior to titanium. For this reason, it has not
been approved as a dental implant material [47], [48]. Cobalt-based alloys have been
used for decades to make cast partial denture frameworks. Typically, these alloys

contain 62% cobalt, 31% chromium, 5% molybdenum, and trace amounts of iron,
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magnesium, silicone, and carbon. These alloys cast well with sufficient strength to
withstand the occlusal forces applied to partial denture frameworks. Although it is not
resistant to corrosion as titanium, cobalt alloys exhibit reasonable biodegradation
properties when exposed to human tissues. This corrosion resistance arises from an
oxide layer, Cr,0O; formed on alloy surface. These alloys are frequently used to
fabricate hip prostheses. However, the use of this material group for implant is not
very popular.

3. Bioactive material, veteroceramic apatite hydroxide and ceramic oxide
material. The bioactive surface of this material enhances the integration between

implant and tissue.

4. Bioresorbable material group. The composition is the combination of

polylactic and polyglycolic acids. The excellent property of this bioresorbable material

is degraded after use [49]. This material is now commercially available in form of

mini-screw. However, the cost is still not very economical.

According to Tansalarak’s study [50]confirmed that the majority material of the
mini-screws were made from Ti-6Al-4V follow by the international standard (ISO)
5832-3:1996 [51], the requirements for the major and minor elemental constituents for
Ti-6Al-4V alloy are listed in Table 1.

Table 1 Chemical composition

Element Compositional limits % (m/m)
Aluminum 5.5106.15
Vanadium 351045

Iron 0.3 max.

Oxygen 0.2 max.

Carbon 0.08 max.

Nitrogen 0.05 max
Hydrogen 0.015 max.*

Titanium Balance

* Except for billets, for which the maximum hydrogen content
shall be 0.010% (m/m)
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Basic Components of Orthodontic Mini-screw

A screw is a simple machine that converts rotational motion into translational
motion while providing a mechanical advantage [52, 53]. Generally, a screw has three
basic components: a core, a helix (called the thread), and a head (Figure 7). Each

component plays an important role in the function of the screw.

Head

e Y

: [ Countersink
Runout| T

A

Core -]
Pitch '? Point angle
itch ]
==
- ‘}“\
e
Thread 5 iﬂ’
(helix) \ _.7 Vertical
S clearance
Core diameter ( D flute
{minor)
External diameter C’ “)

(major)

Figure 7 Basic components of a screw [54]

The head of an orthodontic mini-screw basically serves two purposes, first is
providing a means for applying twisting torque to the core and thread and the other is
acting as an application point for force. Various means of engaging a screwdriver,
including a slot, cross-slot, and recessed hex, are available for bone screws [55]. Bone
screws are generally used for closed implants, so they require a less prominent head
shape. Therefore, a female-type means of engaging a screw-driver is preferable, and
the recessed hex has proved to be the most useful for bone screws [52, 55]. On the
other hand, orthodontic mini-screws are generally used for open implants, so a male-
type means of engaging a screwdriver may be favorable, because it provides the best

articulation of a screwdriver and may offer better control during insertion.

The core, which forms the support of the screw, is attached to the head and is
wrapped in the helical thread [52, 53]. The cross-sectonal area of the core determines
the torsional strength of the screw [52, 53, 56]. Because the torsional strength is
proportional to the cube of the core diameter [56], a extremely small enhancement of
core diameter can greatly increase the strength of a screw. The greater of core

diameter has the lower incidence of screw failure from fracture during insertion of
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screw. The shank is the part of the screw that extends from the head to beginning of
the threads. The spacing between adjacent threads is called the pitch. The led of a
screw refers to the distance that the screw will advance with each turn [52, 53]. In a
screw with a single thread, the pitch will equal the lead [52, 53]. The cross-sectional
shape of the thread is important as well because it is related to insertion methods and
stress distribution [52, 53, 57]. The thread shape can be divided in to 4 types V-shape,
buttress, reverse buttress and square [58] (Figure 8). Under axial loads to an implant-
bone interface, a buttress or square- shape thread would transmit compressive forces to
bone. The V-thread design is called a “fixture” in conventional engineering
applications and is primarily used for the fixation of the metal parts together because
the 30 degree incline of the V-thread design cause the male component of the screw to
stretch during preload, which decreases the incidence of screw loosening. The original
Branemark implant system had a V-thread pattern in order to place in a threaded
osteotomy [59]. The reverse buttress thread shape is flat on the top and is optimized

for pullout loads [60].

Figure 8 The four basic thread shapes: (A) V-thread, (B) buttress thread, (C) reverse
buttress thread, and (D) square thread [58]

The thread diameter is the largest diameter of the thread portion of the screw

measured over the thread crests. This is also known as the major or external diameter.
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The core diameter is the smallest diameter of the thread portion of the screw measured

at the thread root. This is also known as the minor diameter or root diameter.

Screws are classified as pretapped screws, self-tapping screws, or self-drilling
screws, according to the method of insertion [52, 57] (Figure 9). The insertion method
is also related to the physical properties of materials. Pretapped screws are used in
harder, less compressible materials such as in metal or in cortical bone [52, 53, 57].
Because the screw threads cannot readily compress these firm materials, pretapped
screws require the use of a tap to precut the thread. Pretapped screws are not suitable

for thin bone, such as the maxilla [57].

Self-tapping screws are used in softer, less compressible materials and form
threads by compressing and cutting the surrounding materials. They have a fluted
leading edge and require only a predrilling procedure, meaning that the tapping
procedure is omitted [57]. Self-drilling screws, also referred to as drill-free screws,
have a corkscrew-like tip. Therefore, neither predrilling nor tapping procedures are

needed.

B SNV

Figure 9 Pretapped screws are inserted after (a) drilling and (b) tapping procedures.
The drilling procedure is omitted when self-tapping screws are used, while all drilling
and tapping procedures are omitted with used of self-drilling screws, which involve

only (c) an insertion procedure

Failure of Orthodontic Mini-screw
Failure of the orthodontic mini-screw can be categorized into hard tissue-mini-
screw interface failure, soft tissue-mini-screw interface failure, psychological failure,

and mini-screw failure from fracture [54].
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Hard tissue-mini-screw interface failure

Failure at the hard tissue-mini-screw interface results in loosening of the mini-
screw [8, 9, 11, 61]. According to studies of the success rate of mini-screws, most
failures result from the loosening of the mini-screw shortly after implantation [8, 20].
Early failure at the hard tissue-mini-screw interface is related to primary stability [62],
which is obtained from mechanical support from the surrounding bone tissue. In other
words, primary stability is related to the thickness of the cortical bone at the
implantation site [63], the amount of damage caused by surgical trauma, and the
closeness of the contact between the bone and the mini-screw. Later failure at the hard
tissue-mini-screw interface is related to the type of interface formed through the
healing process following implantation [8]. Long-term failure is also associated with
type of stress loaded on the mini-screw. Formation of fibrous tissue at the bone-mini-
screw interface is regarded as the most important risk factor in the loosening of screws
[64], and shear stress is more detrimental to the bone-mini-screw interface than
compressive or tensile stress [65]. Primary stability, biocompatibility of mini-screw,
and the trauma resulting from implantation all contribute to type of interface that is
formed [65]. Primary stability, which is the mechanical stability present immediately
following implantation, has significant effects on both short-term and long-term
stability [65, 66].

Soft tissue-mini-screw interface failure

Plague accumulation around the mini-screw or persistent mechanical irritation
can cause soft tissue interface problems, such as acute or chronic inflammation or
infection. Epithelial hyperplasia or epithelial covering may also occur. In severe case,
infection can progress to abscesses. The potential for this kind of problem to develop

is significantly increased when the mini-screw is placed on movable tissue [67].

Some investigators have suggested that chronic inflammation around mini-
screws is a risk factor for loosening [9, 61], but these reports have been disrupted.

Inflammation around the mini-screw could also be a consequence of loosening.

The mini-screw should be removed immediately from patients with infection
plus any general symptoms such as fever or abscess, sustained discomfort, and
affected adjacent periodontal attachments.
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Phychological failure

Psychologically, mini-screw placement is not always accepted by patients or the
parents of patients. A cost benefit analysis of mini-screw placement should be
thoroughly explained at the consultation [68]. For example, mini-screw placement is
one of several treatment options to relieve crowding. However, to achieve nonsurgical

correction of a long face, placement of an implant is the only option.
Mini-screw failure from fracture

Mini-screw fracture may occur during surgical placement or removal [65, 66, 69]
but will occur during orthodontic force application. An intrinsic limiting factor
regarding mini-screw fracture, the torsional strength of mini-screw depends on the
physical properties of the material and is proportional to the cube of diameter [56].
Increased torsional stress during placement can lead to mini-screw bending or fracture,
or produce small cracks in the peri-implant bone, that affect mini-screw stability [70-
72].

The best way to prevent fracture is to increase the diameter and to use stronger
materials such as chrome-cobalt alloy [73]. However, both of these changes are
impractical since a large implant cannot be placed interproximally and stronger
material has inferior biocompatibility. The fracture site depends on the cause of
fracture. The fracture of implants can be prevented by elimination of the possible
causes of fracture. The design of the apical tip was altered to increase the mechanical
strength of the tip, and a lateral cutting groove was added to prevent stress
concentration. Because the torsional strength is proportional to the cute of the core
diameter, a very small enhancement of core diameter can greatly increase the strength
of a screw. The mini type diameter should not be used where cortical bone is
comparatively thick.

To prevent the fractures, self-drilling mini-screws should be inserted slowly,
with minimal pressure, to assure maximum mini-screw-bone contact. A purchase point
or a predrilling is recommended in regions of dense cortical bone, even for self-
drilling mini-screws [18]. A short mini-screw is recommended for these areas for
prevention of fracture. Modifications of the design, proper manipulation, and use of

the pre-drilling procedure can minimize mini-screw fracture.
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Mini-screw fracture during removal, the mini-screw head could fracture from the
neck of the shaft during removal. The recommended minimum diameter is 1.6 mm for
self-drilling mini-screws that are 8 mm or longer placed in dense cortical bone [18].
The proper placement technique can minimize the risk of mini-screw fracture during
its removal. If the mini-screw fractures flush with the bone, the shaft might need to be

removed with a trephine.

Factor Affecting the Maximum Insertion Torque of Orthodontic Mini-screw

Host factors

The condition of the hard tissue depends on the age and sex of patient and on the
location of the mini-screw placement site; the quantity and quality of host bone bed at
the implantation site also greatly influence stress distribution on mini-screw.

Bone Quality is depended on bone density and bone quantity. Lekholm and Zarb
[74] classified bone density radiographically into four types based on the amount of
cortical versus trabecular bone in given area of the alveolar bone (Figure 10):

D1: Homogeneous cortical bone

D2: Thick cortical bone with dense trabecular core

D3: Thinner cortical bone with dense trabecular core

D4: Thin cortical bone with low density trabecular core

D1 D2 D3 D4

Figure 10 Lekholm and Zarb bone density classification [74]

Misch proposed an extension of this idea, by providing comparative material of
differing resistance to drilling to aid classification as subjective classification. Drilling
and placing implants into D1 bone is similar to drilling into oak or maple-like. D2
bone is similar to the tactile sensation of drilling into spruce or white pine wood. D3
bone is similar to drilling into balsa wood. D4 bone is similar to drilling into

styrofoam [75].



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 17

A review of literature by Misch [75] found the location of different bone
densities may be superimposed with the different regions of the mouth (Table 2) D1
bone is almost never observed in maxilla. In the mandible, D1 bone is observed twice
as often in the anterior region compared with the posterior region. The bone density
D2 is the most common bone density observed in the mandible. The maxilla presents
D2 bone less often than the mandible. Bone density D3 is very common in the maxilla.
Almost half of the posterior mandible also presents with D3 bone. The softest bone,
D4, is most often found in the posterior maxillae (approximately 40%), especially in
the molar regions. The mandible presents with D4 bone less than 3% of the patients. In
conclusion, the anterior maxilla is usually D3 bone, the posterior maxilla is D4 bone,
the anterior mandible is D2 bone, and the posterior mandible is D3 bone.

Table 2 Usual anatomic location of bone density type (% occurrence)

Anterior Posterior Anterior Posterior
sone Maxilla Maxilla Mandible Mandible
D1 0 0 6 3
D2 25 10 66 50
D3 65 50 25 46
D4 10 40 3 1

Friberg et al [76] applied the cutting resistance measurements to access bone
quality during implantation confirmed this bone density locations distribution. The
measurement of cutting resistance values during low-speed tapping in autopsy
specimens were higher in mandible compared with maxilla, and there was tendency
towards greater value in the incisors regions than in the premolar regions in both jaws
because posterior regions tends to have a thinner, more porous cortex and fine
trabeculae [77].

Norton and Gamble [78] demonstrated that an objective scale of bone density
based on the Houndsfiled unit is strongly correlated with subjective quality score and
also correlated with the region of the mouth (Table 3). Houndsfiled scale is the X-ray
attenuation unit that is mostly used in computed tomographic scanning and

characterizes the relative density of a substance. Each pixel is assigned a value
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between -1 and 1k. The value of zero equals water, and soft tissue such as muscle
tissue equals +40, air ( -1000) and bone (+50 to +2500) [79].

Table 3 Correlation between subjective quality classification, objective scale of bone

density, and region of the mouth

Bone Quality Bone density range (HU) ) )
Region of interest
(Lekholm and Zarb) (Norton and Gamble)
Q1 > +850 Anterior mandible
Posterior mandible
Q2/3 +500 to +850 _ ]
Anterior maxilla
Q4 0 to +500 Posterior maxilla

Bone quantity refers to bone thickness. Cortical bone in the mandible is thicker
surrounding the implant than in the maxilla. Deguchi et al [80] quantitatively
evaluated cortical bone thickness in various locations in the maxilla and mandible with
computed tomographic scanning for orthodontic implants. They found that less
cortical bone thickness was observed at buccal region distal to the second molar
compared with other areas in the maxilla and more cortical bone was observed on the
lingual side of the second molar compared with the buccal side. In the mandible,
mesial and distal to the second molar, significantly more cortical bone was observed
compared with the maxilla. Cortical bone thickness resulted in approximately 1.5

times as much at 30° compared with 90°.

Ono et al [81] investigated cortical bone thickness in the buccal posterior region
mesial and distal to the first molar, where mini-implants are often placed by using
computed tomography. They found that cortical bone thickness was measured from 1
to 15 mm below the alveolar crest at 1 mm intervals. The average cortical bone
thicknesses ranged from 1.09 to 2.12 mm in the maxilla and 1.59 to 3.03 mm in the
mandible. The greater the height, the thicker the cortical bone tended to be, and the
mandibular cortical bone was significantly thicker than that of the maxilla. The
cortical bone was thinner in females than in males in the region of attached gingiva in

the maxilla mesial to the first molar.
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Bone density measured by computerized tomography (CT) was related to
maximum insertion torque value [82, 83]. Mini-screw inserted in the high bone density
area has significant higher maximum insertion torque than mini-screw placed in the
low density bone. Cortical bone thickness also influences the maximum insertion
torque. As the thickness of cortical bone increases the maximum insertion torque
increases [26, 84].

Operator factors

The torsional stress to mini-screw and surrounding bone is also dependent on
direction, redirection and over force during mini-screw placement, as well as
including the dexterity of the operator.

Mini-screw factors

Materials consist commercial pure titanium, titanium alloy and stainless steel
have been reported to use in mini-screw construction. Widely used material is
titanium alloy (Ti-6Al-4V) because of its good biocompatibility and biomechanical
characteristics, with a much higher strength than commercial titanium and a better
corrosion resistance than stainless steel. Malaith et al [85] suggested that implant
materials have a modulus of elasticity at least 110,000 N/mm?.

According to previous studies mini-screw geometry [26, 84, 86] was the one of
the important factor that affect the insertion torque value. You et al [86] found that
external diameter, unthreaded shank height, head slot and self-tapping cutting flute
design had the greatest impact on screw strength the intermediate pitch value yielded
the highest maximum insertion torque values, which is about 0.8-0.9 mm for 2 mm
diameter screw. Thread pitch length more or less than this value decreased the
maximum insertion torque. For 2 mm screw, the maximum insertion torque value
decreases as the unthreaded shank increased. However, the screws with 1.5 mm or
smaller diameter, the variations in the unthreaded shank and pitch lengths did not
seem to greatly affect the insertion torque. Thread depth and core diameter did not
affect the insertion torque significantly. Song et al [26] determined torque depending
on the mini-screw design in relation to artificial cortical bone. Tapered shape mini-
screw had significantly more insertion torque value than the cylindrical mini-screw.
The part of the mini-screw that makes contact with cortical bone affects insertion

torque value the most. The contact area with the cortical bone of the cylindrical
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shaped mini-screw is not as wide as the tapered form screw, therefore the insertion
torque value in the tapered screw is greater than the cylindrical group. Among the
tapered form screw, mini-screws with more degree of taper has higher insertion
torque value. Lim et al [84] found that the external diameter of the mini-screw is the
most influencing in determining the insertion torque, it could predict 80% of
maximum insertion torque. Mini-screws with larger external diameter have higher
insertion torque. Longer mini-screws required more torque to tighten them, especially
the cylindrical screw. During insertion of the screw, the insertion path in cortical bone
is formed so that when the diameter in the cortical bone reaches the maximum
diameter of the screw, the increase in torque is mainly affected by the insertion depth
in the medullary bone [26].

In clinical study, Motoyoshi et al [11] studied the insertion torque used for
tightening 124 mini-screws in 41 orthodontic patients. The diameters of mini-screws
were 1.6 mm and 8 mm long. The mini-screws were all placed in the self-tapping
method, into the buccal alveolar bone of the posterior region. The peak insertion
torque value was recorded at the terminal turning when the taper-shaped screw was
tightened into the bone by a torque screw driver. The 6-month success rate was 85.5%.
The mean insertion torque ranged from 7.2 to 13.5 N-cm, depended on the location of
the mini-screws. The success rate for mini-screws with an insertion torque value
ranged from 5 to 10 N-cm was significantly higher than that for implants with
insertion torque 5 N-cm or less, and more than 10 N-cm.

In Srinok’s study [87], the insertion torque was distributed in a range of 0.5-16
N-cm. The measurements were investigated in 25 pateints with 42 mini-screws (1.4
mm in diameter and 7 mm in length). The mean of the optimal insertion torque was
4.62-7.08 N-cm.

Anka [42] reported the ideal torque value at the end of implantation is between
15 N-cm and 20 N-cm. The torque value should not less than 10 N-cm otherwise the
mini-screw will not be able to resist immediate loading. Sites with dense bone, where
the final torque value can be above 20 N-cm, should be pre-drilled to avoid fracturing
the mini-screw.

According to the procedure factor, there are two methods for mini-screw

insertion, self drilling and self tapping methods. The self tapping method, mini-screws
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were inserted into bone after drilling a pilot hole, has disadvantages such as thermal
necrosis of the bone [88], more instruments and time required. The pilot hole size also
affects the holding power of mini-screw, which should not exceeds 85% of external
diameter of the screw otherwise the holding power will decrease rapidly [89]. Self
drilling screw, which enables the mini-screw to insert without drilling, was developed
to avoid these problems [90]. The self-drilling method has higher insertion torque,
more bone-screw contact [71, 90].

Table 4 Summary of the past studies related with the insertion torque of mini-screws

Type Type Diameter (mm) Insertion
Researcher of of X torque
study screw Length (mm) (N-cm)
Cylinder 1.5%6 20.33
Song et al
Laboratory Taper 1.6%6 37.89
(2007) [26]
Taper 1.6x7 36.20
Cylinder 1.2x8 16.5
Cylinder 1.5%7 19.5
Cylinder 1.5%8 20.9
Cylinder 1.5%9 23.0
Limetal Cylinder 1.8x8 31.3
Laboratory )
(2008) [84] Cylinder 2.0x8 51.1
Cylinder 2.5%8 80.6
Taper 1.5%6 32.6
Taper 1.5x7 35.6
Taper 1.5x8 37.3
Motoyoshi et al o
Clinical Taper 1.6x8 7.2-13.5
(2006) [11]
Srinok o Cylinder
Clinical 1.4x7 4.62-7.08
(2008) [87]
Anka Review
) - 15-20
(2006) [42] article
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Previous Finite Element Studies Related With the Mini-screw Geometry

A nonlinear finite element model analysis using two-dimensional models,
which reflected the condition of the bone-implant interface immediately after
implantation, was used to investigate which screw parameters affect early stability [17,
54]. Lee [17] found the length of the mini-screw that extend 4 mm and 6 mm which
extend in bone were shown to have little effect on the distribution of stress, but the
thread design and the diameter had a significant effect on the distribution (Figure 11).
The diameter mediates a significant effect on the stress distribution of the bone [17]
(Figure 11 to 12). In cortical bone, the thicker the diameter, the more favorable the
stress distribution [17, 91-93]. The thread design, or cross-sectional shape of the
thread, is related to both the stress distribution under loading and the implantation
method.(Figure 13). The reverse buttress thread provides the easiest insertion but is
least advantageous in terms of stress distribution [60]. A trapezoidal or rectangular
shape results in more difficult insertion but provides the most advantageous

distribution of stress.
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Figure 11 Maximum von Mises stress in (a) cortical bone and (b) trabecular bone
acoording to implant length (6, 8, 10 mm), diameter (1.4, 1.8, or 2.2 mm) and thread
design (reverse buttress (R), trapezoidal (T), or V-shaped (V)
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Figure 12 (a to ¢) von Mises stress distribution according to implant length (1.2-mm
cortical bone thickness, 1.8-mm implant diameter, trapezoidal thread, and 200 g
orthodontic load). Cortical bone can tolerate 45 to 60 MPa of stress. (d and e) von
Mises stress distribution according to diameter (1.2 mm cortical bone thickness, 6 mm
implant length, trapezoidal thread, and 220 g orthodontic load)

Motoyoshi et al [16] studied the biomechanical influences of three models that
various thread pitches from 0.5 to 1.5 mm using finite element analysis. They found
that the thread pitch 0.5 mm model was the least of the maximum stress as compared
with the other models but the thread pitch variance did not different in stress
distribution pattern.

Fongsamootr et al [15] analyzed an influence of diameter and thread length of
mini-screw on the stress distribution in mini-screw and surrounding bone using finite
element method. The results showed that the maximum von Misses stress in mini-
screw occurs on neck of screw are increased. For maximum principle stress in cortical
bone, occur near outer surface of bone surface, its value decrease when diameter and

thread length of screw are increases.
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CHAPTER IV
MATERIALS AND METHODS

Materials
1. The various available self-drilling Ti-6Al-4V mini-screws were chosen based
on each having a characteristic structure with a similar trade diameter and mini-screw
length, 1.6 mm in diameter and 6 mm in length.
1.1 Absoanchor® SH1516-06
1.20SAS®25mmx 1.6 mmx6mm
1.3 Dual Top® 1.6 mm x 6 mm
1.4 Orlus® 1.6 mm x 2 mm x (1 mm + 6 mm)
1.5 Remark® 1.6 mm x 6 mm
2. An experimental artificial bone block (Sawbones; Pacific Research

Laboratories Inc, Vashon Island, WA, USA) consisted with the 1.5 mm thickness of

E-Glass-filled epoxy sheet and the 15 mm thickness of solid rigid polyurethane foam.

3. Digital torque gauge ( MGT 50Z model, Mark-10 Corp.,USA) This torque
gauge can display the peak value of torque and the capacity range from 0 to 38 N-cm
with the resolution of 0.05 N-cm.

4. X-Y table (Panmanee House Co, Ltd)
5. Profile projector (Mitutoyo, ModelPH361A)

(a) (b) (c) (d) (e)
Figure 13 The orthodontic mini-screws (a) Absoanchor®, (b) O.S.A.S®, (c) Dual
Top®, (d) Orlus® and (e) Remark®
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(a) (b)
Figure 14 The experimental artificial bone block (Sawbones; Pacific Research
Laboratories Inc, Vashon Island, WA, USA) consisted with (a) E-Glass-filled epoxy
sheet and (b) solid rigid polyurethane foam

Figure 15 Digital torque gauge (MGT 50Z model, Mark-10 Corp., USA) attached

with movable arm of X-Y table (Panmanee House Co, Ltd)

Figure 16 Profile projector (Mitutoyo, ModelPH361A)
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Methods

The Ti-6Al-4V mini-screws were used to insert in an experimental artificial
bone block (Sawbones; Pacific Research Laboratories Inc, Wash) that fabricated and
used for measure the insertion torque, as reported by Song et al and Lim et al [26, 84].
The 1.5 mm thickness of E-Glass-filled epoxy sheet were constructed, and attached to
solid rigid polyurethane foam using an acrylate bond. The dimensions of block
(LxWxH) were 90x60x16.5 mm.

The profile projector (Mitutoyo, ModelPH361A) was used for measure all mini-
screws geometry. These data were used for analyze geometrical factor and construct
the three dimensional mini-screw model in the finite element study. The geometrical
factor in this study were the thread diameter, core diameter, pitch and taper length
(Figure 17).

Thread diameter is the largest diameter of the thread portion of the screw that
measured over the thread crests.

Core diameter is the smallest diameter of the thread portion of the screw that
measured at the thread root.

Pitch is the length between the thread crests.

Taper length is the length of the thread portion that is not parallel.

Cylindrical Type Taper Type

_

length

Cylindrical

P —

Core diameter

Thread diameter

Figure 17 Geometrical measurement in the mini-screws
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Maximum insertion torque test

The digital torque gauge (MGT 50Z model, Mark-10 Corp., USA) with the
movable arm of X-Y table (Panmanee House Co, Ltd) were used to determine the
maximum insertion torque values. After setting the mini-screw tip to contact the
artificial bone sample perpendicularly, turned the digital torque gauge with a
rotational speed of three rotations per minute until its fracture or unable turning
anymore. Six of mini-screws from each manufacturer were implanted into the
artificial bone at 10 mm intervals according to ASTM F543-02, maximum torque
should be tested with a minimum of five screws ad spacing should have as minimum

distance of 5X the diameter of the screw [94].

Figure 18 The setting of mini-screw contacted the artificial bone

Finite element study
Preparation for finite element model

Three dimensional finite element models were constructed with the SolidWorks
2007 CAD program. The human bone models were created with homogenous 1.5 mm
cortical and 15 mm cancellous bone thickness. The mini-screw models were assumed
to be made of titanium alloy (Ti-6Al-4V). Shape and size were simulated as the mini-
screw in the maximum insertion torque test that were measured with profile projector
and used average values to construct the mini-screw models. Both bone and mini-
screw models were assumed to be homogenous, isotropic, and linearly elastic.
Material properties of the finite element models were shown in Table 5. The mini-

screw models were inserted into the bone models from cortical bone surface until
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thread portion of the mini-screws were completely embedded. Each model was
meshed in ABAQUS Version 6.7 (Inc., 1080 Main Street, Pawtucket, RI) program.
The element type was a 10 node modifies quadrati tetrahedral (C3D10M). The total
number of nodes and elements for the model were approximately 100,000 and

520,000, respectively on average.

Cortical bone (1.5 mm)

Cancellous bone

(15 mm)

=
_
_
_
_
_
"
>
/

(a)

Figure 19 (a) diagram of the mini-screw model design (1.6 mm diameter and 6 mm

length), (b) detail of the mini-screw and the bone model dimension (cortical bone

thickness 1.5 mm, cancellous bone thickness 15 mm. and width of bone block 10 mm)

Table 5 Material properties for the constituent material [95, 96]

Material Young’s Modulus (MPa) Poisson’s Ratio
Ti-6Al-4V 115,000 0.34
Cortical bone (test) 12,400 0.26
Cancellous bone (test) 1,190 0.30
Cortical bone (actual) 13,700 0.26
Cancellous bone (actual) 1,370 0.30
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Boundary condition and solution phase

In this study used the couple concentrated force that converted from the lowest
mean among each manufacturer of the maximum insertion torque value applied at the
head of the mini-screw parallel to the Z axis. The interface between the mini-screw
and the surrounding bone element was fixed, as the most tightening condition was
assume. Nodes surrounding the bone elements were restricted to three degrees of
freedom. The contact surface between cortical and cancellous bone model was ties

together. The outer surface of the bone model was constrained.

Postprocessing phase

The assessments of the stress distribution pattern on the mini-screw and the
surrounding bone model were performed using the von Mises’ equivalent stress and
the first principal stress at each nodal point that were calculated using the ABAQUS

program .

“|'<,<

_—

z

Figure 20 Direction and position of force application on the mini-screw model

Statistical Analysis

Means and standard deviation were used to describe the maximum insertion
torque values and the geometry of the mini-screws.

Pearson correlation was used to determine the correlation between the geometry

of the mini-screws and the maximum von Mises’ equilavent stress.
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CHAPTER V
RESULTS

The results of this study that determined the design parameter variation of the
mini-screws using finite element analysis were divided into three parts as follows;
1. The geometrical dimension of the mini-screws
2. The maximum insertion torque in the artificial bone block
3. The stress distribution in the mini-screws and their surrounding bone in

the finite element study
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The Geometrical Dimension of the Mini-screws

The geometrical dimension of the mini-screws used in present investigation were
measured with profile projector and listed in Table 6. The mean value for geometry
dimension of mini-screws are carried out in millimeter (mm) and demonstrated in the
Table 6.

Table 6 The geometrical dimension of mini-screws

Measurement (mm)
Manufacturer Thread Core
diameter diameter Piten Taper length
Absoanchor® 1.50 0.82 0.67 -
O0S.AS® 1.55 1.11 0.61 -
Dual Top® 1.62 1.00 0.73 -
Orlus® 1.58 0.91 0.74 1.77
Remark® 1.64 0.90 0.70 1.49

The data of the measurement samples in this study could divided the mimi-
screws into two type, cylindrical and taper type. The cylindrical type was composed
of a parallel thread along the whole length of the thread part, showing different the
core and thread diameter and pitch among Absoanchor®, O.S.A.S® and Dual Top®.
The taper type had different range of increasing the core and thread diameter, pitch
and taper length between Orlus® and Remark®. Although this study was selected all
mini-screws based on having the characteristic structure with the similar trade 1.6 mm

in diameter and 6 mm in length.
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The Maximum Insertion Torque in the Artificial Bone Block

In the maximum insertion torque experiment was found that all mini-screws of
absoanchor® fractured when the thread portions were completely implanted in the
artificial bone block and then turned them until unable turning anymore. The portion
of all mini-screw fractures was the neck portion which between the first and the
second thread of the mini-screws. The maximum insertion torque value of these mini-

screws is listed in Table 7.
1 2 3 4 5 6

Figure 21 The fracture portions of Absoanchor® mini-screws

Figure 22 The implanted portion in the artificial bone block of Absoanchor® mini-

SCrews

Table 7 The maximum insertion torque value of absoanchor ® mini-screws

No. Maximum insertion torque (N-cm)
1 20.10
2 19.60
3 21.50
4 18.75
5 20.60
6 19.85
Mean+SD 20.07+0.93
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However, these fracture characteristic were not found in the other manufacturers.
All of them could completely implant in the artificial bone block and the maximum
insertion torque value were higher than torque gauge capacity that showed maximum
38 N-cm.

Remark Dual Top O.S.A.S

Figure 23 The completely implanted of Orlus®, Remark®, Dual Top®, and O.S.A.S

® mini-screws

Table 8 The comparison of the maximum insertion torque value among five mini-

screw manufacturer

Maximum insertion torque
Manufacturer

(N-cm)

Absoanchor® 20.07 +0.93
0.S.A.S® > 38*
Dual Top® > 38*
Orlus® > 38*
Remark® > 38*

* The torque value was above the digital torque gauge capacity
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The Stress Distribution in the Mini-screws and their Surrounding Bone in FEA

In the FEA, the lowest of the maximum insertion torque value among five
manufacturers was selected for use in the finite element program. This value was the
maximum insertion torque in Absoanchor®, 20.07 N-cm, and converted to the
concentrated force that were applied as the couple force at the head portion of all mini-
screws. The force depended on head diameter of mini-screws so there were different
forces application at the head of mini-screws that are shown in Table 9. The stress
concentration pattern of all mini-screw models were mainly on the neck part of mini-
screw, in the area between the thread runout and the second thread. The stress
concentration pattern of cortical bone models was at the upper part of model that
around the thread runout, the first and the second thread. However the stress
concentration of cancellous bone models was not obvious. The maximum Von Mises’
stress of mini-screw model, the maximum first principal stress in cortical and

cancellous models in each manufacturer are also shown in Table 9.

Table 9 Stress value in different mini-screw models with torsional force

Head Maximum Maximum first
Force ..
diameter at of von principal stress (MPa)
application )
Manufacturer force Mises’
o at the head Cortical | Cancellous
application ) stress
(mm) (MPa) bone bone
Absoanchor® 1.73 115.88 2305.9 536.75 2.45
0.S. AS® 3.08 65.09 1,088 300 1.99
Dual Top® 3.17 63.27 1,002 371 1.20
Orlus® 2.83 70.94 785 188 0.72
Remark® 2.73 73.98 444 112 0.60
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Maximum von Mises’ siress

1,088 MPa

O0.S. AS®

Maximum von Mises” stress

T85 MPa

Orlus®

L.

Maximum von Mises™ stress

444 MPa

Remark®

Figure 24 Pattern of the stress distribution in all mini-screw models
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Figure 25 Pattern of the stress distribution in all cortical models
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Absoanchor® 0.S.AS®

Dual Top® Orlus®

Remark®

Figure 26 Pattern of the stress distribution in all cancellous models
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Figure 27 The comparison of the maximum von Mises’ stress of the mini-screw
models, the maximum first principal stress in the cortical and cancellous models in

each manufacturer
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Figure 28 The comparison of the von Mises’ stress range at the high stress

concentration area in the mini-screw models
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Table 10 The correlation between the geometrical parameters of the mini-screws and

the maximum von Mises’s stress

Maximum von Mises’ stress
Geometrical parameter
Pearson correlation p-value
Thread diameter -0.883 0.024*
Core diameter -0.377 0.266
Pitch -0.334 0.292

*A significant difference was detected at p-value < 0.05

The comparison of maximum von Mises’ stress of the mini-screw model, the
maximum first principal stress in the cortical and cancellous models in each
manufacturer showed that Absoanchor® had the highest stress in all model, followed
by O.S.A.S®, Dual Top®, Orlus® and Remark® respectively (Figure 27). These
stresses were associated with the thread diameter of the mini-screws according to
Pearson correlation coefficient indicated negative correlation between the thread
diameter of the mini-screws and the maximum von Mises’s stress at p-value = 0.024.
The smaller thread diameter had higher stress than the larger thread diameter.
Furthermore, this correlation was also tendency found in the range of the high stress
concentration area of mini-screw models. The smaller diameter presented in the larger
area of high stress concentration than the larger diameter. The range of high stress

concentration of the mini-screw models are shown in Figure 28.
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CHAPTER VI
DISCUSSION

The experiment method in this study was designed for measuring the maximum
insertion torque of the mini-screws, then evaluated and compared with the finite
element model. The artificial bone block composed with the E-Glass-filled epoxy
sheets (a mixture of short E-Glass fibers and epoxy resin) and the solid polyurethane
foam which were used as a substitute for human cortical and cancellous bone
respectively. The solid polyurethane foam was used as a test medium for testing the
metallic bone screw according to the American Society for Testing and Material
(ASTM) F 1839-01 specification [95, 96]. The E-Glass-filled epoxy sheet had a
density of 1.7 g/cc and 0.64 g/cc for the solid polyurethane foam. These material
properties are in the range of human bone, based on the previous research of Misch et
al [97], the density of the mandible ranges from 0.85-1.53 g/cc, with average of 1.14
g/cc. Because of the material properties are uniform and in approximate range of

human bone, the amount of torque can be compared.

The mean of maximum insertion torque value of Absoanchor® mini-screws in
this investigation was 20.07 N-cm. Therefore, the researches of Song et al [26] and
Lim et al [84] used the different sizes of mini-screw from this study (1.5 mm diameter,
6 mm and 7 mm length) , the maximum insertion torque of the cylindrical mini-screw
shape in the same artificial bone block condition were approximately to this study,
20.33 and 19.5 N-cm in sequence. Otherwise, Dual-Top® and O.S.A.S® were also the
cylindrical mini-screw shape which had higher the maximum insertion torque value,
more than 38 N-cm (above the digital torque guage capacity). In clinical study of
Sirnok [87], the maximum insertion torque was lower than these three cylindrical
manufacturer that ranged from 4.62-7.08 N-cm. The mini-screws of Srinok study were

1.4 mm diameter and 7 mm long.

In taper type mini-screws, Remark® and Orlus® had the maximum torque more

than 38 N-cm which were similarity in Song et al [26] (1.6 mm diameter, 6 mm
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length), 37.89 N-cm. When compared with the previous clinical study of Motoyoshi et
al [11]. The mean of maximum insertion torque value were higher than it. The mean
insertion torque of their study ranged from 7.2 to 13.5 N-cm. However, their mini-

screws were the 1.6 mm diameter and 8 mm length.

Table 11 Summary of the past clinical and laboratory studies of mini-screws

Type Type Diameter (mm) | Insertion
Researcher of of X torque
study screw Length (mm)) (N-cm)
Cylinder 1.5%6 20.33
Song et al
Laboratory Taper 1.6%6 37.89
(2007) [26]
Taper 1.6x7 36.20
Cylinder 1.5x7 19.50
Lim et al Cylinder 1.5x8 20.90
Laboratory )
(2008) [84] Cylinder 1.5x9 23.00
Taper 1.5%6 32.60
Motoyoshi et al o
Clinical Taper 1.6x8 7.20-13.50
(2006) [10]
Srinok o )
Clinical Cylinder 1.4x7 4.62-7.08
(2008) [87]
Cylinder
- Absoanchor® 20.07
-0.S. AS® >38
This study Laboratory | - Dual Top® 1.6x6 >38
Taper
- Orlus® >38
- Remark® >38

The studies of the torque resistance using the artificial bone can be a good
method of the mechanical study of the mini-screws. Nevertheless, there will be some
differences of the torque value during insertion in the vital bone. In clinical studies of

the maximum insertion torque were lower than this study because of the location, size,
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insertion method, however, there is a limitation to comparison of torque value between
the different study models.

All of Absoanchor® mini-screws in this study were fracture. This risk was
agreed with Anka suggestion that the sites with dense bone, where the final torque
value can be above 20 N-cm, should be pre-drilled to avoid fracturing the mini-screw
[42]. According to the type of torsion failure are divided in to two types, the shear and
the tensile failure [98]. The fracture of Absoanchor® mini-screws was the torsion
failure because of its fracture plane similar to a ductile metal that fails by shear along
one of the planes of maximum shear stress. Generally the plane of the fracture is
normal to the longitudinal axis (Figure 29a). On the other hand a brittle material fails
in torsion along a plane perpendicular to the direction of the maximum tensile stress.
Since this plane bisects the angle between the direction of the maximum shear stress
and makes an angle of 45° with the longitudinal and transverse directions, it results in
a helical fracture (Figure 29b). In this study situation maybe different from the
clinical situation according to the direction when implanted the mini-screw. In the
clinic, the operators sometimes has bending force to implant the mini-screw that
causes the mini-screw fracture in the different portion from this study.

(a) (b)
Figure 29 Typical torsion failure, (a) shear (ductile) failure and (b) tensile (brittle)
failure [98]

In the past two decades, FEA has become an increasing tool for the prediction of
the effects of stress on the dental implant and its surrounding bone [99]. This method
can obtain a detailed representation of many different factors that affect the
biomechanical behavior of bone. According to previous studies of the mini-screw,
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they evaluated the effect of orthodontic loading to mini-screws [15-17]. Thus, these
finite element model were the models for analysis the torque resistance of the mini-

SCrews.

The element type in this study was the ten nodes tetrahedral element that will
give the accuracy than the four nodes tetrahedral element [15]. Because of the mini-

screws had the small size and the complexity of the design.

(a) (b)

Figure 30 The element type, (a) four nodes tetrahedral and (b) ten nodes tetrahedral

The von Mises’s stress was used to evaluated the mini-screw models in this
study. According to the octahedral shear stress yield criteria used for ductile material,
such as titanium. Ductile material can be elongated by force before it fractures.
Yielding of this type of material occurs when the shear stress on the octahedral planes
reaches a critical value. The resulting octahedral shear stress yield criterion, also often
called either the Von Mises or the distortion energy criterion, represents an alternative
to the maximum shear criterion. Therefore, maximum stress in mini-screw made of
titanium were calculated according to the octahedral shear stress yield criterion theory,
and the maximum stress evaluated in this study was called the maximum von Mises’

stress.

The stress in cortical and cancellous bone models were calculated following by
the Coulomb-Mohr fracture criterion theory. Fracture is hypothesized to occur on a
given plane in a brittle material, such as bone, when a critical combination of shear
and normal stresses acts on that plane. Brittle material cannot be elongated as much as
ductile material before it fractures. Fracture strength in compression of brittle material
is greater than that in tension. In the simplest application of this approach, the

mathematical function giving the critical combination of stresses is assumed to be a
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linear relationship. Thus, the maximum stress evaluated bone in this study was called

maximum first principal stress.

The result of the maximum insertion torque experiment of Absoanchor® mini-
screws confirmed that the damaging area of mini-screw was the same area which had
the high stress concentration in finite element model. The weak area was between the
thread runout and the second thread of the neck portion of the mini-screw. This stress
concentration areas agree with several studies that reported the mini-screws breaking
at the neck portion during the screw removal [61, 100]. The range of von Mises’ stress
at these area was about 400-2,300 MPa that some area were above ultimate shear
strength of Ti-6Al-4V material, 760 MPa. These were the critical point for damaging
of mini-screws. However, the stress distribution patterns of the other manufacturers
showed that the stress was also mainly in the neck portion of the mini-screws and this
risk had been found in the other cylindrical type, O.S.A.S® and Dual Top®, the range
of von Mises’ stress were 680-1,088 and 300-1,002 MPa respectively. In the other
hand, taper type mini-screw, the range of von Mises’ stress was below ultimate shear
strength only in Remark® mini-screw. In cases of O.S.A.S®, Dual Top® and Orlus®
that some area had the von Mises’ stress more than ultimate shear strength but the
fracture of the mini-screws did not occur. It can describe in term “fracture mechanics”,
the transfer of mechanical energy toward the creation of crack surfaces [101].
Titanium alloy is the ductile material, some plastic deformation will occur at the crack
tip. Therefore, all mini-screws in this study were the same material but fracture
behavior may different according to design parameters like critical load, critical crack
tip opening displacement or fracture toughness [102]. The most important parameter
was the thread diameter due to Pearson correlation (r = -0.883) and went a long with
the past studies about the insertion torque in laboratory [84, 86] and about affected
parameter associated with orthodontic load in FEA studies [15, 17, 103]. Moreover the
design parameter, the distinguished factor among these manufacturers was the contact
surface area between the mini-screw and its surrunding bone that associated with the

diameter, pitch, length and shape of the mini-screw.

According to mini-screw models, the portion that might be corncern and further

study was the countersink of the mini-screw. Because of it transmited the force from
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the head to the thread portion. The range of the stress distribution were vary in all

mini-screw models that are shown in Figure 32.
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Figure 31 The range of the von Mises’ stress of the mini-screw models between the

thread runout and the second thread compared with the ultimate shear strength
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Figure 32 The comparison of the von Mises’ stress range at the countersink stress

distribution area in mini-screw models
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The stress distribution patterns of bone models showed that the stress
concentrated in the cortical bone more than in the cancellous bone, especially in the
upper part of cortical bone. Additionally, the stress values in mini-screws were the
highest, followed by in the cortical and cancellous bone models, respectively. The
cortical bone showed the stress values approximately 150 to 260 times higher than in
the cancellous bone. Therefore, the results of this study suggest that the cortical bone
is the most important critical part of bone which against to force application [103].

According to a role of strain on bone physiology [104], loads on bone cause bone
strains that generate signals that some cells can detect and to which they or other cells
can respond. Without such strains, disuse-mode remodeling tends to remove a callus
while modeling tends to stay off, so bone healing can retard or fail. Excessive strains
(gross motion) can usually prevent bony union. The naturally permissible strains might
lie in the 100-2000 microstrain span; about 2 MPa-40 MPa (Table 12). One thousand
microstrain equals a 0.1 %stretch or shortening.

Table 12 Set point values for bone’s thresholds and ultimate strength (in microstrain,

stress and unit-load terms)

MESr, 50-100 microstrain; ~ 1-2 MPa, or ~0.1 kg/mm2

MESm, 1000- 1500 microstrain; ~ 20 MPa, or ~2 kg/mmz2

MESp , ~ 3000 microstrain; ~ 60 MPa, or ~6 kg/mmz2; This also approximately

equals bone’s yield point.

Fx, ~ 25,000 microstrain; ~120 MPa or ~12 kg/mm2 in healthy young adult

mammals.

MESr, bone’s genetically determined disuse-mode threshold strain range, below which
the maximum disuse-mode activity occurs and above which it deigns to declined
or turn off

MESm, bone’s genetically determined modeling threshold range strain, in and above
which modeling usually turns on to strengthen a bone

MESp, bone’s genetically determined operational microscopic damage in bone
threshold strain range, in and above which unrepaired microscopic damage can
begin to accumulate

FX, a bone’s fracture strength or ultimate strength
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The updated bone physiology suggests that the design of load-bearing
endoprotheses should keep typical peak strains in the bone supporting implants below
the bone’s microscopic damage threshold but let those strains exceed bone” MESr, and
perhaps exceed its MESm but much less than its MESp. This strain makes modeling
strengthen the supporting bone but help to keep disuse-mode remodeling from
removing it. When the strains exceed MESp, then bone’s microdamage damage
accumulation would usually occur and lead to nontraumatic and stress fractures.

An experimental study of Melsen and Lang [105] about the excessive force that
applied to the dental implants using for the orthodontic anchorage, the range of
functional strain between 3,400-6,700 p strain was higher than Frost’s study. They
reported that functional strain was to maintain a normal bone remodeling rate, whereas

the strain above this range caused a high percentage of bone resorptive surface.
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Figure 33 The maximum strain in the bone models compared with MESp and Fx of
Frost’s study
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The strain value in all cortical and cancellous bone of this investigation which
referred from the maximum first principal stress value, were excessive strain that
identified by Frost [104] and Melen and Lang [105], the maximum strain value was
161,290.32, 24,193.50, 22,661.20, 15,161.20 and 9,032.2 p strain in the cortical bone
of Absoanchor®, 0.S.A.S®, Dual Top®, Orlus® and Remark® respectively (Figure
33). Therefore, the surrounding bone of all manufacturers were harmful from the
microdamaging and the high percentage of bone resorption with the torsional force
20.07 N-cm applied to the mini-screws. This adverse effect to supporting bone should

not disregard to consider the optimal design of the mini-screw.
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CHAPTER VII
CONCLUSIONS

1. The maximum insertion torque of the mini-screws in the artificial bone block
could determine in only Absoanchor®, 20.07 N-cm, according to the limitation of the
digital torque gauge capacity.

2. The finite element method could explain the interaction between the mini-
screw and its surrounding bone with torsional force application. The stress distribution
patterns of the mini-screw models showed that the neck potion, from the thread runout
to the second threads, was the weak point of the body. Furthermore, the stress
concentration area was similar to the fracture portion of Absoanchor® mini-screws.
The stress distribution patterns of the bone models showed that the stress concentrated
in the cortical bone more than in the cancellous bone, especially in the upper part of
the cortical bone. Additionally, the stress values in the mini-screws were highest,
followed by in the cortical and cancellous bone models, respectively.

3. The design parameter that had correlation with the maximum von Mises’
stress in the mini-screws was the thread diameter, r = -0.883. Moreover, it could be
implied to the contact surface area between the mini-screw and its surrounding bone
was the important factor related with the stress concentration.

4. The clinical implications from this study, the most concerning area is the neck
portion of the mini-screw and when implanted the mini-screw, the operator should be
avoid the bending force to the mini-screw. It will decrease risk of the mini-screw
fracture in the different portion from this study. In addition to the high insertion torque
value above 20 N-cm, pre-drilled the mini-screw is also the optional method to avoid
the mini-screw fracture.

5. The suggestions for further studies are to investigate the changing in each
parameter using finite element method for the optimized design of the mini-screw

including biomechanical consideration of its surrounding bone.
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