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ABSTRACT

The use of implant-retained and supported prostheses has become a very
successful treatment for completely edentulous patients. One of the most
common fixed solutions involving implants consists of 5 to 7 implants
supporting a framework upon which either porcelain or prefabricated acrylic
resin denture teeth are added.

A screw is utilized to attach the

framework/prosthesis to the implants. Screw loosening is the second most
common clinical complication in the implant-prosthesis system. If clinicians
fail to detect worn or loose retaining screws, prosthetic fracture could occur,
leading to more complicated, time consuming, and expensive repairs.
Unfortunately, there is no established. parameter that indicates when to
expect these complications, and there is no proven recall-maintenance
protocol to prevent them. The aim of this study is to examine and compare
differences among de-torque values and prosthetic retention screws, using a
simulated 5 implant-supported,

mandibular complete fixed

prosthesis.

Material and Methods: Nine groups, each with its respective control, using

five Nobel Biocare implants and a milled titanium framework were fabricated,
assembled and tested. Dynamic loading was p on the performed tested
groups through a custom made loading device for anterior, posterior, and

distal cantilevered segments of the prosthesis, calculated to simulate clinical
usage time. Removal of screws after 2 years of simulated oral function was
performed. Before and after testing, screws were evaluated with a Scanning
Electronic Microscope (SEM), for presence of debris, thread striations and
homogeneity. Control groups remained unloaded for the same time the
loaded groups were tested. Results: Comparisons of the difference between
initial tightening torque and de-torque screw values were performed between
loaded/unloaded groups and with respect to implant position. The interaction
between loaded and position was significant (p=0.002). The comparison
between loaded/unloaded groups was not statistically significant (p=0.518).
Loaded and unloaded groups were compared separately at each of the 5
implants position, which showed a significant difference (p=0.0002, a=0.001).
The sequencing effect was only seen in the control groups and thus would
only be relative to framework insertion. The sequence effect was found to be
overcome by from loading and resulted in a totally different position related to
screw tightness. Within the limitations of this in vitro study, it was concluded
that sequence of torque application could play a role in the preload of screws
even with a passive fit, regardless the load applied.
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INTRODUCTION
STATEMENT OF THE PROBLEM

The use of implant-retained and supported prostheses has become a very
successful treatment for complete edentulous patients. One of the most common
fixed solutions for edentulous arches consists of four-to-seven implants
supporting a framework upon which porcelain or acrylic denture teeth are added.
On each implant, screws are placed to attach both the framework and abutment
to it.

Recently, researchers have begun to study these prosthetic component
interfaces have been studied. Attention is now being focused on the fit of implant
components, the accuracy of prosthodontic frameworks, and the precision
required to mate these surfaces with prosthetic screws. These interfaces function
in the transmission of forces from the prosthesis to the implant, similar to boneimplant interfaces, which also serve that function.

To ensure proper function and prevent overloading, an intimate and passive
connection between the implant components must be maintained. Multiple trial
insertions of an implant prosthesis and continuous loading through the use of the
prosthesis might affect this relationship between components.

During recall visits, the prosthesis should be evaluated for possible defects to
avoid certain complications. However, there is no information to guide the
clinician as to what procedure should be followed for monitoring screw integrity to
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reduce the potential loss of preload or the overt restoration failure during longterm fatigue application, when seeing patients at periodic recalls. In addition,
there is no established parameter that indicates when to expect these
complications, and there is no proven recall/maintenance protocol to preclude a
fracture or displacement that could affect the correct function of the prosthesis.

SIGNIFICANCE

Implant screw loosening has remained a problem in restorative practice as the
second-most common clinical complication in the implanUprosthesis system (the
first is related to chipping of teeth). By predicting the life span of an implant borne
prosthesis retaining screw, clinical complications could be avoided. If a defective
screw is left unnoticed for a long period of time, it might loosen and result in
fracture by fatigue. Such failure can cause movement of the prosthesis due to the
lack of stability conferred by these screws, leading to complicated, time
consuming, and expensive repairs. Such repair involves a much greater amount
of chairside time to manage this problem, as opposed to a simple periodic
examination appointment. By understanding the influence of various methods of
screw maintenance procedures to follow at periodic recall appointments, the
clinician may help to lengthen the clinical lifetime of the screw and thus the
longevity of the restorative treatment.
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REVIEW OF THE LITERATURE
HIGHLIGHTS OF IMPLANT SYSTEMS

Removable prostheses have typically been the conventional treatment choice for
completely edentulous patients. Over time, complete dentures, borne by
edentulous residual ridges, can allow or even contribute to bone resorption of
both jaws. Loss of osseous support can render a patient unable to use a
prosthesis. When complete edentulism occurs, and bone resorption continues
over time, a pseudo-prognathism (Class Ill) condition of the mandible can occur.
This condition leads to loss of intraoral muscle attachments, which can interfere
with denture fit, function, and comfort [1] .

For decades, endosseous implants have broadened the therapeutic spectrum in
dentistry. Previously, clinicians were skeptical of or completely rejected the idea
of using implants, but now the increased participation of dentists in continuing
education and professional societies dedicated to promulgating implant use is a
testament to the prevalence and success of implant technology in dentistry [2].
Currently, dental implants are an integral component of prosthodontic treatment
planning. Many patients demand implants, because they are also aware of the
advantages that this type of treatment can impart; improvement of quality of life
by using a more retentive, stable, and durable treatment at a reasonable cost [1].
With a potential world market estimated at 200 million people who have lost one
or more teeth, and with the United States having an estimated 41% of its
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population over age 40 with edentulous spaces, there is a large and growing
demand for implant therapy [3].

The implant complex consists of component parts that unite to form interfaces,
which approximate two parts and form their common boundary. Not counting
osseointegration, the majority of dental implants consist of four components: the
implant, the abutment, the screw, and the prosthesis [4].

Osseointegrated implant treatment was originally designed for the edentulous
patient to support a fixed-detachable prosthesis [5]. However, other designs have
been adapted for patients with special needs or with advanced bone resorption.
The most common designs include: fixed, fixed-detachable, fixed-removable, and
the overdenture [6, 7].

Patients receiving implants are now treated with all ceramic, complete, fixed
dentures [7]. The ceramic prosthesis is secured to abutments with cement or
screws. These screws are rarely removed, except for prosthesis repairs. Screwretained prostheses may present construction problems related to the accuracy
of the passive fit and the clamping forces needed to retain the prosthesis,
producing wedging forces on the supporting implants [1].

Several studies indicate that abutment screw loosening appears to be the most
common problem associated with dental implants, once osseintegration has
occurred [8-10]. Several of these studies report patients experiencing screw
loosening more than once [8, 10]. Maintenance problems involving loose or
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fractured screws, fractured acrylic resin matrices, and occlusal wear are common
occurrences. These complications can usually be prevented by scheduling a
maintenance appointment, during which a thorough evaluation of the prosthesis
is performed [11].

Loosening of the screws is a matter of concern for both dental professionals and
manufacturers, and is described in the literature as a frequent complication of
prostheses placed upon implants [8, 12-24]. The reported rates of loosening
vary, with incidences as high as 12.5% [14, 17, 21, 22, 25, 26].

The authors of a meta-analysis concluded that 90% of later failures in implant
prosthodontics were the result of biomechanical problems, and only 10% were
caused by periimplantitis [27]. Thus, it may be important to learn more about
naturally occurring forces delivered to implant-supported superstructures.

IMPLANT SUPPORTED PROSTHESIS

Because of the special prosthetic difficulties associated with the edentulous
mandible, attempts have been made to improve the treatment result with the use
of endosteal dental implants [28]. Treatment of the edentulous mandible is
classified into three methods [6, 29].
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IMPLANT• RETAINED OVERDENTURE

This type of prosthesis is removable by both clinician and patient. It is a mucosaborne, complete denture, retained in the anterior segment by two implants
(Figure 1).

Figure 1. Implant- tissue- supported overdenture

IMPLANT-SUPPORTED OVERDENTURE

The prosthesis is similar to the implant-and-tissue supported overdenture, but it
is retained in the anterior region by three to four implants. It is also removable by
both the patient and clinician. (Figure 2)
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Figure 2. Implant-supported overdenture

IMPLANT FIXED COMPLETE DENTURE

This type of prosthesis is fixed in place with screws and is only removable by the
clinician. These prostheses are screw-retained but removable by clinician, and
include implant-borne distal extension bridges or dentures, retained on four to
seven implants in the anterior segment. The coronal restorations are made of
various materials such as metal ceramic, ceramic, or acrylic resin [30, 31], and
can be secured to abutments/framework with cement or screws. The screws are
rarely removed except for repairs [30, 31]. (Figures 3 & 4)

Figure 3. Implant Fixed Complete Denture with prefabricated acrylic resin teeth
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Figure 4. Implant Fixed Complete Denture with metal-ceramic restorations

Each prosthesis is fabricated following different characteristics according to the
arch span, design, function to accomplish, etc. A simplified version to describe
these options is presented in the following Table 1 [7]:

Table 1. Implant Prosthesis Descriptive Information

Retention

Composition

Support

Design

Anchorage

Coverage

Type
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IMPLANT PROSTHESIS COMPLEX
IMPLANTS: INTERNAU EXTERNAL CONNECTION

& PARALLELISM

Dental implants are made of unalloyed titanium or titanium alloy (Ti6AI4V), which
react in nanoseconds with ambient oxygen to form a biocompatible oxide surface
600-1000 J.lm in thickness [1]. Internal tapered connections were developed to
improve biomechanical properties and to reduce mechanical problems found with
other abutment-to-implant connection systems [32]. External hex connection
systems are more prone to screw loosening under mechanical loading, due to
their design properties [15, 33-36]. Internal hex connections show significant
biomechanical advantages over the external hex connections, such as better ·
force distribution under mechanical loading, higher stability because of a wider
connection area, and higher resistance to lateral loads, because of the lower
center of rotation [37]. However, internal hex connections present some
disadvantages, such as thinner lateral implant walls at the connection region,
difficulty in adjusting divergences in angles between one another [37], and
greater rotational freedom [38] (Figures 5).
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8

A

c
Figure. 5. External connection (A), internal connection (B), and comparison
between external hex and internal hex connection implants (C)
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Lack of parallelism between implants is commonly encountered in implant
prosthodonitcs because of anatomic limitations and esthetic requirements. This
morphology may exaggerate the misfit between a framework and implants,
especially with an internal-connection implant [39].

FRAMEWORK FABRICATION

Clinical performance of the early types of laser-welded titanium prostheses, when
compared with conventional cast framework techniques has been described [4042]. Some authors have studied cast frameworks and reported that a vertical gap
of 50-190 IJm can occur as a result of casting the implant framework from a gold
alloy on 2 implants [43-45].

The prosthetic option using titanium frameworks instead of gold alloy castings to
restore patients with fixed prostheses supported by osseointegrated implants has
been available for over 20 years [40, 41, 46]. The advantages of using titanium in
the frameworks are well known [41, 4 7]. A titanium superstructure reduces the
number of metals introduced in the mouth and is biocompatible, with good
resistance to corrosion and low allergic potential [48, 49]. Use of this type of
metal is well documented in both clinical [5] and experimental studies [50, 51].
Another determinant factor for framework fabrication, besides material, is the
technique used for its fabrication.
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Framework distortion is substantially minimized by fabrication techniques that
allow omission of some steps in the production chain, such as use of the
Computer Aided Design and Computer Aided Milling (CAD/CAM) technique. The
technique of Computer Numeric Controlled (CNC) milling is a predictable method
of fabricating more accurately fitting implant frameworks than the conventional
casting technique [43, 52]. The Procera system (CAD-CAM technology), which
originated from Dr. Matt Andersson [53], was developed and modified for
fabrication of frameworks of implant supported restorations [54-57].

The reliability of titanium frameworks fabricated from CNC milling has also been
supported in a few clinical trials [58]. This technique may allow for better control
of distortion [39, 42, 43] that is typically caused by conventional casting
procedures [59].

FRAMEWORK IMPLANT FIT

Several authors have referred to the importance of a passive fit of the prosthetic
framework on implants [24, 60, 61]. Due to the absence of a periodontal
ligament, osseointegrated implants lack the ability to adapt to prosthesis misfit
[62]. The absence of passivity between components has also been shown to
increase stress in the screw and result in metal fatigue failure and screw
loosening [44-49]. Passive fit is defined as a "level joining tolerance that does not
cause any long-term clinical complications [63]".
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Dr. Per-lngvar Branemark was the first to define the phrase "passive fit" and he
proposed that it should exist at the 10

~m-level,

to enable bone maturation and

remodeling in response to occlusal loading [63]. Other studies suggest misfits
smaller than 150

~m

were acceptable [64]. When passive fit is achieved, the

stress is widely distributed in all components, producing less peak stress in each
component [65].

To verify passive fit of a specific framework, different methods are applicable in
clinical and laboratory settings. Both settings involve use of visual or tactile
inspection. Visual inspection may include the 1-screw test [64], use of a
disclosing medium [66], fabrication of a cast verification jig [67], or use of
radiographs [68]. All of these methods require visualization of the space between
2 components. Tactile evaluation of fit is performed by placing the prosthesis in
contact with its respective abutments and feeling for even seating of the
prosthesis. Once the initial seating is confirmed, retaining screws are alternately
tightened and loosened to determine whether movements of the prosthesis
occurs while the individual screws are secured [69].

There are essentially 3 methods for laboratory assessment of implanUabutment
fit: stylus contact techniques [70], laser videography [71], and photogrammetry
[72]. Each method provides precise measurement to the level of approximately
3.5

~m.

Of course, any discrepancy between the oral cavity and the definitive

cast will continue to create clinical misfit of the prosthesis frame [69]. The
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impression procedure itself and definitive cast pouring can lead to a vertical misfit
between

40-140 j..lm [73, 74].

There can be no consistently greater accuracy of the final prosthesis fit to its
abutments than the level of machining tolerance. [75] Ma et al., demonstrated a
range of tolerance for the implant components (abutment, gold cylinder,
impression coping, and brass abutment analog) in the horizontal plane to range
from 22 J..lm to 100 j..lm [75]. The authors also demonstrated a discrepancy
between the machining tolerances of the prosthetic components and the
laboratory analogs

[75].

Others,

found

similar results when

comparing

components for titanium laser-welded and standard cast implant components
[76]. A range of 23.1 J..lm to 51.7 J..lm for machining tolerances was reported [76].

Cyclic loading of implant-supported frame works could cause changes in the fit of
the frame to the supporting implant abutments. According to a previous study,
the fit of the superstructure can show a significant gap reduction when the
prosthesis is loaded on the anterior segment, but does not change significantly
when the frameworks were loaded on the unilateral or bilateral posterior
cantilever portions of the prosthesis [69].

The fit of the casting becomes more critical as the number of implants and
framework rigidity increases, and the size of the prosthesis decreases [66]. One
study found 55 J..lm discrepancies in an intermediate abutment location in a model
with 4 implants [77]. A significant stress can be developed when a framework
with clinically acceptable fit is connected without a functional load [78]. This force
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may be related to the fit and to the stiffness of the framework, and a rigid casting
may cause higher stress levels than a flexible framework for exactly the same
degree of misfit [64].

CANTILEVER

It has been hypothesized that the introduction of cantilever forces might increase
the maximum load-per-screw from one and one-half to two times the applied load
[61]. It has also been proposed that the most anterior Implants (farthest from the
fulcrum) are subjected to mainly tensile forces, while the most posterior implants
{closest to the fulcrum) are subjected to compressive forces [79]. Accordingly, as
the tendency of tensile forces is to separate clamped joints, a greater concern for
anteriorly located implant in implant-retained and supported prostheses is
justified, as the location may be more prone to screw loosening.

OCCLUSION

Up to 500 Newtons can be delivered by the human jaws. The magnitude of offaxial forces tolerated by a particular implant in a specific density of bone has not
been studied, but occlusal forces are known to cause failure of an implantsupported prosthesis [80]. An implant-supported prosthesis can probably tolerate
more than 100 N off-axially but not more than 500 N. This limit may depend on
the rigidity of the supporting bone and the extent of bone-to-implant contact [80].
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BONE

Polymethyl methacrylate, an auto polymerizing acrylic resin, exhibits an elastic
modulus similar to that reported for trabecular bone (1.95 GPa) [81], but less
than that reported for mandibular bone loaded in a bucco-lingual direction (10.8
GPa), [82]. Because this acrylic resin exhibits a lower compressive strength than
bone, the implants tested that were held in this polymer could have demonstrated
more movement than would be evident in vivo.

PROSTHETIC SCREWS

Until recently, only one report provided the microstructure and major alloy
composition of retaining and/or abutment screws [4, 83]. Differences in
performance among screws with the same geometry and design may be
attributed to different material properties and manufacturing processes. Even
screws made by the same manufacturer, but from different lots, may exhibit
different tensile strengths [4, 83].

TITANIUM

The frictional resistance between the internal titanium implant threads and
external titanium screw threads, resulting in part from "galling", a form of
adhesive wear that occurs during the intimate sliding contact of two like
materials, limits the preload characteristics of titanium screws [84]. The mean
preload of titanium alloy screws is 380 N [85]. Titanium screws surface coated
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with solid lubricants perform better than plain titanium screws, in terms of
preserving the stability of the prosthetic implant-abutment junction [86].

GOLD

Gold alloy screws are now preferred to titanium alloy screws primarily because of
the larger frictional resistance between mating male and female threads of
titanium alloy screws [20, 87]. The lower coefficient of friction of gold alloy screws
allows higher preload values to be generated [88].

The composition and properties of contemporary gold screws vary among
manufacturers, ranging in gold content from 64.1% to 2%, with yield strengths of
1,270 N to 1,380 N, depending on the manufacturer [3, 44, 65, 66]. Gold-alloy
screws have a lower coefficient of friction, can be tightened more effectively to
higher preloads, and will not bond to titanium. A gold alloy screw can attain
preloads of more than 890 N at approximately 75% of its yield strength, which is
more than twice that attainable with a titanium-alloy screw [44, 65-67]. The mean
preload value of gold screws is 464 N [85]. The incidence of screw loosening
using gold screws is lower than that of titanium screws [9], however, gold screw
loosening was found to be related to framework misfit [89].

LUBRICANT ON SCREWS

The threaded mating surfaces of the implant should be well lubricated when
tightening an abutment screw. By using torque control and tightening torque
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greater than that recommended, it is possible to increase the preload beyond that
obtained by surface lubrication alone, in order to achieve the desired range of
preload [90].

In an effort to further reduce frictional resistance, dry lubricant coating has been
applied to the abutment screw. The most notable screws in this regard are
GoldTite (Implant Innovation, 3i) and TorqTite (Nobel Biocare, Steri-oss) [88].
GoldTite is a standard gold-alloy screw with a plating of pure gold to a nominal
thickness of 0.76 IJm. With a tightening torque of 32 Ncm, the manufacturer
reports a 24% increase in preload for the gold-plated screw [91]. TorqTite is a
Teflon-coated titanium alloy screw (diamond-like carbon DLC), with a reported
reduction of frictional coefficient of 60% [3, 43, 71-73]. Both, the gold plated and
Teflon-coated screws provide greater rotational angles and preload values than
do conventional gold alloy and titanium alloy screws. Surface treatments
(coating, plating, anodizing) enhance prevention of screw loosening in the
implant screw mechanism [20].

Teflon

consists

of

polytetrafluorothylene

bonds
(PTFE),

of

carbon

and

and

fluorine,

also

known

demonstrates low adhesiveness,

as
low

coefficient of friction, thermal resistance, chemical resistance, and low thermal
conductivity. With the addition of these physical properties to the surfaces of
screw threads, the Teflon coated titanium screws demonstrate enhanced preload
due to decreased friction during tightening. In addition, because of its low
adhesive property, the Teflon coating has the advantage that it does not retain
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foreign materials. However, because this polymer is very brittle, it is easily
fractured in regions of stress concentration. Scratch tests indicate that exfoliation
of Teflon is greater than that of any other material. This finding suggests that
particles of Teflon in coated screw threads can be shed after tightening and
loosening and loading inside the oral cavity. Teflon coating helps lessen friction,
but it is accompanied by the risk of coating exfoliation. It is recommended to
avoid repeated torquing when using this type of coated screw [92].

In the case of TorqTite, the abutment screw and implant interface demonstrates
incomplete seating and only partial contact of threads between the implant and
screw [93]. Gaps between the components can act as traps for bacteria, which
might cause malodor and inflammatory reactions in the peri-implant soft tissues
[94, 95], as well as crevice corrosion [96]. Fitting discrepancies or large gaps
between the mating threads in the case of titanium screws may be the cause of
the above problems [84].

The effects of saliva on the prosthetic retainer screws have been investigated.
According to some studies [97, 98], there is always loss in the initial torque when
the removal torque is measured under both dry and wet conditions. Others
affirmed that the repeated use of saliva-lubricated, gold prosthetic retaining
screws achieved higher preload values [25]; however, the method used in this
study is questionable, because only one implant and one abutment were used
throughout the study to test 45 screws of three different types.
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JOINING IMPLANT/ABUTMENT AND SCREWS

Three primary methods exist for attaching the final prosthesis to the endosseous
implant. These options include screwing the restoration to the implant directly,
screwing an abutment into the implant and attaching the restoration to the
abutment with either additional screws or cement, or cementing the abutment
directly into the implant before attaching the crown. In the first two options, a
complete understanding of screw mechanics is necessary for the clinician to
provide optimal treatment. The third option, cementing posts into the implants, is
no longer a frequently recommended alternative, and will not be discussed
further.

SCREW MECHANICS

To understand how screws can be safely kept tight, one must understand why
they come loose. The joining of two parts by a screw is called a "screw joint". A
tightened screw loosens only if the outside forces trying to separate the parts are
greater than the force keeping them together. Forces attempting to disengage
the parts are called "joint separating forces" and those keeping the parts together
are termed "clamping forces [99]".

When the screw is tightened, a tightening torque is applied as a moment arm to
the head of the abutment screw, and is delivered in units of Newton-centimeters
(Ncm). The applied moment is transferred along the interface of the abutment
screw thread surfaces and the implant bore threaded surfaces [17, 76, 77]. The
force needed to maintain joining of substrates under all static and functional
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conditions is termed "preload" and is the result of stretch (a tensile force) by the
screw or bolt when metal surfaces are mated by threads. As the abutment screw
is torqued down, preload is generated within the screw, placing the abutmentimplant assembly under compression, providing a compressive, clamping effect
[100]. The greater the joint preload, the greater the resistance to loosening, and
the more stable the joint [101]. After being tightened together by the screw, the
micro-roughness of all metal contacting surfaces decreases and the microscopic
distance between contacting surfaces lessens [102]. As a result of this process,
called "settling," the screw loses part of its preload, and the force clamping the
two surfaces together decreases [88].

A screw can be compared to a spring, stretched by preload, with frictional forces
maintaining the stretch in the threads, thus providing strength to the joining of two
different components [4]. When a torque force is applied to an abutment screw,
the spring stretches and a significant part of this force is lost due to friction
between the contact points of metal surfaces, inhibiting the rotation of the screw.
Thus, decreasing friction between metal surfaces may increase screw rotation
and, consequently, its preload. To remove (de-torque) the screw, less force is
needed compared to the tightening process, due to less interference and wear of
the threads then during the original tightening procedure (Figure 6).
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Figure 6. Basic Screw Mechanics

Screw preload can alternatively be calculated by using reverse torque values as
an indirect measure [1 03] using the following formula:
Ffs= II/P (Tfs- jTful)
Where:
Ffs= preload (N)
P= thread pitch (threads per em)
Tfs= seating torque (Ncm)
jTfuj= removal torque (Ncm)

(1)
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This relationship indicates that screw preload is always less than the torque
applied during screw insertion. Any irregularities in the mating surfaces will likely
result in preload reduction, because the input torque is used to flatten the rough
surfaces rather than in elongating the screw to generate a clamping preload force
[1 00]. It is claimed that thread friction is higher on initial closure, decreasing after
repeated tightening and loosening cycles [1 00]. Prosthetic screw preload may
increase with repeated insertion cycles because surface wear decreases the
coefficient of friction between mating components, allowing the screw to be
inserted to a greater length, and thus, stretched more [98].

The clinical reality is that implant restorations are continually subjected to jointseparating forces. These forces include [99] excursive contact, off-axis centric
contacts from angled abutments and wide occlusal tables, interproximal and
cantilevered contacts, and those forces imparted from using a non-passive
framework [99]. The most commonly overlooked separating forces are off-axis,
centric contacts (occlusion of teeth when the mandible is in centric relation to the
mandible). Normal centric contact forces on molar cusp tips may exceed the
clamping force threshold, especially if the general occlusal force generated by
the patient is large [99].

Joint separating forces do not have to be eliminated to prevent screw loosening.
The separating forces must only remain below the threshold of the established
clamping force. If the joint does not open when a force is applied, the screw does
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not loosen. Therefore, there are two primary factors involved in keeping implant
screws tight: maximizing clamping force, and minimizing joint separating forces.

Screws holding the abutment and prosthesis to the underlying implant have been
noted to loosen with time, and the underlying causes have been topics of several
investigations [3, 44, 62, 80-83]. Preload itself is difficult to measure precisely, as
special instruments and set-up designs must be used that are not directly
applicable to the clinical situation. Preload can be influenced by component and
screw materials (and thus modulus of elasticity) [19, 61], torque delivery systems
[1 04]. manufacturer's quality control [73], screw joint design [1 05], surface
roughness [73], and fatigue testing [13, 20]. The force that keeps a screw tight is
the friction between the mated threads. The coefficient of friction is controlled by
the manufacturing process and is affected by metallurgical properties of the
components, its design, and quality of the surface finish [1 06]. Internal thread
roughness in implants is an important contributor to variation in screw reverse
torque [1 07].

If the preload in the dental implant is insufficient, an estimated safe occlusal load
could instead result in a mild or pathologic overload, which significantly increases
stress on the implant retaining bone threads [1 08] and might adversely affect
osseintegration, resulting in implant failure. To afford the joint protection from
overload and to maximize the fatigue life of the screw, the optimal preload should
induce a stress in the joint that is 60% [1 00] to 75% [99] of the yield strength of
the material from which the abutment screw is manufactured.
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SCREW LOOSENING

Abutment screw loosening is reported in several studies and incidence range
from 2% to 45% [8, 66, 68, 72, 89, 90]. The component interface geometry,
amount of machining tolerance provided, and component passivity can all impact
the potential for screw loosening [1 02]. Screw loosening seems to occur most
often in single tooth implant restorations, but may also occur in multiple unit
situations. The results of screw loosening may cause even additional problems,
such as bone loss or implant fracture [99]. Screw loosening increases the microgap between implant components, and a larger gap could contribute to periimplant inflammation [1 09, 11 0].

The clinical observation of loose screws in implant-supported prostheses has led
several investigators to try to explain this phenomenon [3, 44, 62, 80-83].
Jorneus eta/., evaluated the loads and designs of screw joints for single crowns
supported by osseointegrated implants, and concluded that the design of the
screw head, screw material, and tightening torque were significant parameters
for screw joint stability. Higher torque usually led to greater preload values [111].

The process of screw loosening occurs in two stages [112]. External forces
applied to the screw joint that cause even a small amount of slippage between
the threads release some of the tensile stretch, and a portion of the preload is
lost. In the second stage of loosening, the preload falls below a critical value.
External forces and vibrations cause the implant-screw mating threads to turn. At
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this point, the screwed joint ceases to perform its intended function for which it
was intended, and fails.

Applied torque and preload are only indirectly proportional to one another,
because of the influence of friction. The coefficient of friction is dependent on the
hardness of the threads, the surface finish, the speed of torquing, and the
presence and quality of the lubricant [1 00].

Once torque is applied in a clinical situation, it is distributed to the system in three
ways: as friction between screw head and cylinder, as friction between the
prosthetic threads and abutment screw threads, and as preload [113].
Application of torque can increase the preload only if the friction between the
components can be decreased. Surface imperfections lead to increased friction
and decreased preload. Removal and re-torquing of the screw reduces surface
imperfections, and the use of lubricants decreases friction. Both factors result in
increased preload application [1 00].

Many products, components, and techniques have been suggested for
maintaining a tight screw connection. These suggestions include anti-vibrational
thread compounds, direct mechanical interlocks, screw design changes, and
torque controlling mechanisms. All of these approaches help to minimize screw
loosening in some instances but none have completely eliminated the problem.
For example, in a single tooth implant study, 65% of the screws loosened over a
3-year period, even though the crowns directly engaged the external implant
hexagon [9]. Screw loosening can cause subsequent clinical problems, such as
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bone loss or implant fracture, if attention is placed solely on keeping screws tight
without controlling occlusal forces [99].

One of the simplest methods to minimize screw loosening is to make sure screws
are tightened to their specified values. The novice implant clinician often undertightens the implant component. It has been shown that the average torque
placed with a manual screwdriver is only 10 Ncm [114]. Most commercially
available titanium components on the market can easily be tightened to twice that
amount without consequences [99]. For torque levels greater than 20 Ncm, a
torque wrench is usually required. Although definitive torque values for the
different implants have not been established in humans, animal studies suggest
that no greater than 30-35 Ncm of torque should be applied on the bone-implant
interface [9]. In fact, the safest method of applying higher torque values
intraorally

is to

use

a counter-torque

mechanism.

Counter torque

is

recommended because it holds the abutment tight while is delivered to the
screw.

In this manner, there are less shearing forces developed on the

bone/implant interface, and less interruption of osseointegration. If an appropriate
level of counter-torque is applied to the abutment, the net force at the bone
interface should be zero.

In industry, larger screws are made to allow more torque to be applied. In this
way, clamping force can be developed to resist nearly any joint-separating force.
However this concept is difficult to apply to the intraoral environment. The size of
the screws is limited by tooth size. The strength of the bone-implant interface is
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the biologic limit of applied torque. If these engineering principles are applied to
dental implants within the limitations of the oral cavity, however, clinical decisionmaking and problem solving should be improved.

SETTLING EFFECT

Settling (embedment relaxation), which is the main cause for screw loosening, is
developed by microroughness between the implant and the abutment metal
surface [111, 115]. The mechanism of "settling effects" is based on the fact that
no surface is completely smooth. Settling occurs as rough spots on the threads
flatten under torquing load, because they are the only contacting surfaces when
the initial tightening torque is applied. Wear of the contact areas brings the two
threaded surfaces closer together. When the total settling effect is greater than
the elastic elongation of the screw, clamping forces that hold the screw in place
no longer exist between the surfaces [111].

This settling effect causes two types of clinical problems in the implant
prostheses. The first occurs in the fabrication procedure for the implant
prostheses and the second induces screw loosening, which is generated under a
functional load in the oral cavity [116]. A certain amount of abutment settling onto
implants at different tightening torques occurs in all implant systems. The settling,
which is generated at this time, produces a difference in vertical position during
the fabrication procedure of implant prostheses [117]. This difference eventually
leads to misfit of implant prostheses.
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Abutment settling occurs when a long-term functional force is applied in the oral
cavity. This concept implies that tensional force within the screw is decreased as
the length of abutment screw is diminished, which also indicates a loss of
preload. When this diminished preload value reaches a critical point under
external loading, screw loosening can occur. Therefore, it is believed that the
settling effect under functional loading may have a great effect on the screw joint
stability of implants with internal conical connections [116].

Because neither the internal threads of the implant nor the screw threads that
contact those surfaces can be machined perfectly smooth, high spots will
inevitably be present on both surfaces.

These high spots will be the only

contacting surfaces when initial tightening torque is applied to the screw and the
preload is first developed.

Embedment relaxation then occurs, whereby the

rough spots actually flatten (or wear) under load, and 2% to 10% of the initial
preload is lost [118]. The amount of embedment relaxation or settling that occurs
depends on the number of rough spots on the contacting surfaces, the surface
hardness of the implant and the screw, and the amount of load applied to the
system[111].

After embedment relaxation, applying a tightening torque once

again will act to regain preload.

If the amount of settling is greater than the elastic elongation of the screw, the
screw loses its ability to hold the parts together. Externally applied clinical loads
tend to further amplify the dynamic changes within the screw joint. To mitigate

l
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the consequences of this dynamic phenomenon, it is essential that components
be ·retightened after their initial insertion and periodically thereafter [119].

TORQUE CONTROL

Torque control is the primary method used in dentistry for tightening abutment
screws, and manufactures specify the torque to which the screws need to be
tightened to achieve the intended preload.

However, there are inherent

inaccuracies in tightening wrenches in general [120], and a significant operator
and wrench variance has been observed in the case of implant dentistry in
particular [92, 96, 97].

EFFECT OF SEQUENCE OF TORQUE

It remains a fact that a perfect fit of long span prostheses, with the current
technologies, is not achievable [52, 56, 61, 103-105]. A distortion of the
superstructure will occur when tightening it on the supporting implants, because
of the non-passive fit of prostheses. The additional load that is consequently
introduced in the system from this misfit is referred to as "external prei(Jad" [121].
This value is, in fact, a subtraction of the preload in the case of a "perfect fit",
from the pre-load induced as a result of the screw tightening of the prosthesis.
This component of the preload gives rise to axial forces and bending moments
that constantly load the implants [122].

The variation in preload conditions between the supporting abutments increases
consistently when the prosthesis is tightened onto them, most likely because of a
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further misfit. There is variability of preload between the different abutments that
carry the same prosthesis [121]. Because a misfit is always present, the
prosthesis will be in close contact with some parts of the supporting abutments
and will show gaps at other locations [52, 61, 103-1 05]. When the screw is
tightened, the internal preload will initially be induced in those abutments with
which the prosthesis is in close contact. However, the internal preload at the
other location will only start to build up when the gap between the prosthesis and
the latter is closed. As a consequence, high preload values are observed in some
abutments and hardly any preload is seen on others, and may even be subjected
to a tensile force [123].

Another study emphasized the importance of tightening implant screws in a
crosswise pattern, like spokes on a wheel [124]. Others recommend that the
screws be tightened one by one, starting with the implant closest to the midline
and eventually ending with the two terminal screws [64]. Others report that the
effect of screw tightening sequence on the final preload was not statistically
significant for either the axial forces or the bending moments, but the authors
only evaluated circular (linear) orders [125].

EFFECT OF FUNCTIONAL LOADING ON AN IMPLANT SUPPORTED PROSTHESIS

To control oral motor behavior, such as mastication, neural signals from a variety
of sense organs are relied upon, including the periodontal mechanoreceptors.
These nerve endings provide propioceptive information about tooth position,
applied load levels and direction, and are located within collagen fibers in the
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ligaments that attach the tooth root to alveolar bone. When a natural tooth is
replaced by a dental implant, the periodontal ligament is not regenerated, and the
sensory feedback associated with its receptors is lost [126]. Thus, there is littleto-no signaling information about mechanical forces placed on the implant
relayed to the central nervous system [126].

Because the implant is

osseointegrated directly, without any intervening sensory ligament, a sensation,
often referred to as "osseoperception", is evoked when under function. The
sensory signals underlying this phenomenon are qualitatively different from those
evoked when loading occurs on a natural tooth. Teeth having a periodontal
ligament allow the tooth to intrude about 150 1Jm to 250 IJm during function. In
contrast, osseointegrated implants may intrude only 2 urn to 7 urn, which gives
them a rigid feeling [126].

Necessary clinical procedures for restoration fabrication require serial insertion
and removal of several screw-retained implant components before the definitive
restoration and screws are placed. Implant cover screws, healing abutments,
impression components, and definitive abutments are placed many times before
final insertion of the definitive restoration. In contrast, flattened surface
irregularities could decrease frictional resistance to prosthetic screw loosening
when functional forces exceed preload. With less friction, preload may not be
easily maintained [1 07].

While a number of studies on masticatory performance have been conducted in
patients with various designs of implant-supported or -retained dentures, there is
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limited evidence that supports the advantages in masticatory performance of
implant-supported or -retained dentures opposing conventional dentures. These
advantages are especially evident in edentulous patients for treatment planned
for mandibular implant-supported or retained dentures with severely resorbed
mandibles and/or difficulty adapting to conventional, removable complete
dentures [127]. As a disadvantage, dynamic loading forces during physiological
function that do not exceed the maximum resistance of an implant abutment
connection, or that are even far below that value, might loosen the implant
abutment connection gradually or make it fail suddenly, due to fatigue [61, 62,
66].

When the prosthesis is supported by 5 or 6 implants, most of the load is carried
by the implant underneath the position of load application (ipsi-medial). When
fewer implants support the prosthesis, there is a distinct increase of forces
applied on the adjacent implants. The negative axial forces on the distal implants
in the contra-lateral quadrant suggest that a "hinging-effect" or deformation of the
prosthesis may occur [128]. Even though occlusal movements generate bending
moments and upward tensile loads that may interfere negatively with the
retention of the abutment, the axial compressive component of occlusal forces
acts in the direction of abutment insertion, which increases contact pressure and
frictional resistance [129, 130].
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IMPLANT MAINTENANCE

Implant-borne dental prostheses fail during function mainly due to abutment and
prosthesis screw loosening and/or fracture. In addition, abutment screw
loosening is only surpassed by loss of osseointegration as the primary cause of
failure in implant-supported restorations, as shown in a longitudinal follow-up
study [23].

It has been reported that, for implant-retained and -supported (fixed detachable
or hybrid) prostheses, 31% of retaining screws were loose at the first follow-up
examination, and an additional 2% were loose at the second follow-up session
[64]. Other studies report a 5% incidence for loosening of all retaining screws
placed in 91 patients [131], and loose prosthetic retaining screws in 49% of
threaded maxillae and 21% of threaded mandibles at the first annual follow-up
visit [132].

Regular recall appointments are suggested as being mandatory for all patients
who receive implant prosthetic treatment. The recall appointment consists of a
systematic examination of the peri-implant osseous and soft tissue conditions
evaluation of the implant-borne superstructure(s), and a thorough prophylaxis of
the implants and any remaining natural teeth. Finally, patient education in
personal oral hygiene is reinforced. In a typical situation, recall appointments will
follow at six-month intervals, with new radiographs obtained yearly to evaluate
bone level changes.
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The prosthetic superstructure must be examined for function at every recall
appointment. With a purely implant-supported complete denture, the two most
important aspects to examine are occlusion and screw fixation. Just as with any
prosthesis, there may be mechanical failures that need repair, such as cement
debonding, abutment screw fracture, and porcelain chipping. Tightening of the
retaining prosthetic screws may be needed after 3 to 12 months [11, 89, 133].

Sometimes the screw is only torqued back to its initial seating value and is not
removed, assuming that its properties are conserved, unless there is an obvious
sign, such as extreme de-torque values or non-passive fit of the prosthesis. In
patients with implant-retained overdentures, the dentist must evaluate for stable
seating of the overdenture on the mucosa [1]. At maintenance visits, problems
with loose or fractured screws, fractured acrylic resin matrices, and occlusal wear
are common occurrences. It is only when periodic maintenance evaluations are
performed that such complications may be averted [11].

If the denture is not stable, tipping forces will be exerted upon the implants. Such
situations require relining of the denture base and/or alterations to the
bar/attachments retention.

It has been suggested that retaining screws be re-torqued after their first year in
service to compensate or overcome screw embedment/ settling effects (shortterm relaxation) [87]. Recent publications report that friction is higher for the initial
screw tightening and loosening, and that de-torque values decrease after
repeated tightening and loosening cycles [20]. It is believed that the initial
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tightening and loosening events remove spurs and edges that were produced
during the milling, forming and tapping of the screws and implant threads [20].
However, there is no consistency in the fabrication outcome that could reduce
the potential loss of preload or avert screw failure during long-term fatigue
application.

SUMMARY OF WHAT IS KNOWN, WHAT IS NOT KNOWN, AND IT'S SIGNIFICANCE

After the first torquing of the retaining screw to clamp the prosthesis and implants
together, the primary force in the screw shank is tension, whereas the main
stresses in the screw threads are shear in nature, parallel to the thread surfaces,
and compressive normal to those surfaces [134]. The tensile force is created by
stretching the screw during tightening, while the shear and compressive stresses
are created by intimate contact between the upper flank of retaining screw
threads (patrix) and the lower flanks of abutment screw heads (matrix). At this
stage, initial adhesive wear occurs upon the sliding of thread flank surfaces when
torque forces are applied, resulting in to plastic deformation of these surfaces
and more adhesion [134]. After this initial tightening, while the retaining screws
are in service, adhesive wear continues, leading to galling with sliding surfaces
welding together and large areas forming as flakes or wafers pulling away from
the thread surface. Galling is considered an advanced stage of adhesive wear,
defined as "a condition whereby excessive friction between two mating surfaces
results in localized welding with a further roughening of the rubbing surfaces of
one or both of the two mating parts" [135]. Wear of retaining screws is a slow,
unavoidable, and undesirable process in fixed complete dentures caused by
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complex, repeated functional (masticatory) forces [135]. These forces might be
exaggerated in fixed-detachable or hybrid prostheses because of the cantilever.
The observed wear may be referred to as "long-term relaxation phenomenon" of
the retaining screw. The proposed adhesive wear mechanism is supported by the
general belief among engineers that the fastener subjected to shock/vibration or
thermal cycles will not lose all preload immediately, but will first undergo a
relatively slow loss of this joining force [134].

In the oral environment, the influence of cyclic loading caused by masticatory
movement is considered to be one of the important factors in the durability of
implant components [136-141]. Several investigations have attempted to solve
and explain screw joint failures [4, 24, 99, 112, 113, 142-145]. However, the
majority of these studies are theoretical. Studies using cyclic loading to explain
loosening and failure of the screw joint are scarce [13, 146, 147].

It has been assumed that the life-span of a prosthetic retainer screw, with optimal
preload value and accurate fit of the implant prosthesis, should be 20 years
[144]. However, a study demonstrated that adhesive wear (galling) occurs at a
faster rate than previously believed and found that screws with severe thread
deterioration/wear (knife-edge profile) are observed after only 4-10 years in
service [135].

Common maintenance evaluation of screws consists of their removal, after which
they are examined and then reinserted and re-torqued into the same implant, or
the screws can be replaced if they present signs of fatigue, in order to avert any
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future problem. The clinician may also elect to only re-torque the screw back to
its initial delivery value and not remove it at all, assuming that its properties are
conserved. In many instances, unless there is an obvious sign, such as extreme
de-torque values or non-passive fit of the prosthesis, the screws are not even
examined or re-torqued.

This treatment option assumes that, with the initial

tightening torque, the screws should not present any problems. However, none of
these procedures have been presented as a standardized clinical protocol or
guideline. If it can been demonstrated that one specific screw maintenance
protocol with respect to screws is more successful in maintaining the integrity of
the abutment/implant connection and lessening the potential for fatigue wear or
breakage, then clinicians will have definitive guidelines by which they may treat
patients in order to obtain optimal clinical success.

PURPOSE

The purpose of this research was multi-fold. The first was to develop a test
system that allowed for better control over simulated force application to create
an unscrewing load transfer, applied not only to the screw, but also to the entire
prosthesis/implant complex (similar to what occurs in the mouth). Using such a
device is thought to enable examination and comparison of physical differences
and changes in screw torque integrity for a simulated 5-implant supported
mandibular prosthesis when long-term dynamic fatigue loading is applied. Four
different

clinical

maintenance

techniques/philosophies

were

evaluated.

Maintenance scenarios to be studied used a time duration simulating annual
recall

visits

with

the

following

parameters:

(A)

removal,

examination,
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replacement, and re-torque of the same screws torqued to a standard initial
value, (B) removal, examination, and replacement with new screws that are
torqued to the standard initial value, (C) re-torque of the initially placed screws to
their original, standard values without removal, and (D) no maintenance
treatment applied until the end of the simulated 2-year testing. Implant loading
simulated 2 years of use, which would permit interruption at annual increments
for scheduled evaluation of the screw groups as required. Dynamic loading was
applied from 20 N to 200 N at a rate of 2 Hz with 730,000 cycles representing
one year of clinical use. Control specimens consisted of similarly joined
implant/abutments that did not receive any dynamic loading but were planned on
a model similar to the one that was dynamically loaded. A representative screw
specimen from each experimental and control group was indexed for position
identification, and was examined for signs of thread wear in a scanning electron
microscope.

SPECIFIC AIMS AND HYPOTHESES
AIMS AND HYPOTHESES RELATED TO GROUPS A-C (NOT TESTED)

Note: Aims and Hypotheses #1 through #1 0 were not tested, but are presented
to demonstrate and explain the totality of the planned work.

AIM AND HYPOTHESIS

#1

The first Specific Aim tests the hypothesis that, regardless of implant position,
and within a specific maintenance group, the change between initial tightening
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torque and the de-torque value for specimens dynamically loaded will be
significantly greater than those of the unloaded controls. After simulated loading,
there will be a significant difference in the appearance (thread integrity) between
implant-abutment screws before and after dynamic loading, as compared to that
observed for the non- loaded controls.

AIM AND HYPOTHESIS #2

The second specific aim tests the hypothesis that there will be no significant
difference in the detorque values for the control groups (unloaded) with respect
to difference between torque and implant position. For these groups, there will be
no significant difference in the appearance (thread integrity) between implantabutment screws at the different implant positions.

AIM AND HYPOTHESIS #3

The third specific aim tests the hypothesis that there will be a significant
difference between tightening torque and detorque values for the loaded groups
with respect to implant position, showing higher detorque values as the position
is located further from the cantilever. After simulated loading, there will be a
significant difference in the appearance (thread integrity) between the implantabutment screws at the different implant positions, showing the greatest changes
in screws whose position is located the furthest away from the cantilever.

Aim and Hypothesis #4 and #5 will compare maintenance Groups A and B
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AIM AND HYPOTHESIS #4

The fourth specific Aim tests the hypothesis that, for maintenance Group A, in
which the same screw is removed, replaced, and reused on an annual basis, the
difference between initial tightening torque and the subsequent de-torque values
will significantly increase with simulated years of use.

AIM AND HYPOTHESIS #5

The fifth Specific Aim will test the hypothesis that, for maintenance Group 8, in
which current screws will be replaced with new ones annually, the difference
between

initial tightening torque and subsequent de-torque values will

significantly increase with simulated years, but the increase observed will be
significantly less at each yearly increment than when the same screw was reinserted on an annual basis (Group A).

Aims and Hypothesis #6 will compare maintenance Groups C and D

AIM AND HYPOTHESIS #6

The sixth Specific Aim tests the hypothesis that, at the end of 2 years of
simulated use, the difference between the initial tightening torque and
subsequent de-torque values for experimental groups in which screws were not
removed but only re-torqued to initial values annually (Group C), will be
significantly lower than those of the group receiving no annual maintenance
treatment (Group D).
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Aims and Hvpotheses #7 and 8 will compare differences between initial
tightening torque values and subsequent de-torque values at the second vear of
simulated treatment.

AIM AND HYPOTHESIS

#7

After 2 years of simulated clinical use (with the application of dynamic loading),
the order of differences between tightening and loosening torque values
remaining among the different treatments will be as follows (from having the least
difference to the most, the maintenance of original joining strength to least
maintenance of joining strength). No Treatment (Group D) > Removal + Same
Screw + re-torque (Group A) > Only Re-torque (Group C) > Removal + New
screw+ Torque (Group B).

AIM AND HYPOTHESIS

#8

After completion of simulation testing of 2 years, differences between the initial
torque and subsequent detorque values for the loaded groups will be compared
with unloaded groups (Control), the order of expected results (from having the
least difference to the most, the maintenance of original joining strength to least
maintenance of joining strength) is: Removal + New Screw+ Torque (Group B) >
Only Re-torque (Group C) > Removal + Same Screw + Re-torque (Group A) >
No Treatment (Group D).

Aims and Hypotheses #9 and #1 0 will compare thread integrity among
maintenance-scheduled groups.
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AIM AND HYPOTHESIS

#9

After completion of the 2 years simulation, loaded and unloaded screws from the
different groups will be examined for physical changes and compared at similar
simulated time increments, and within a specific maintenance group. Specimens
receiving dynamic loading are expected to display a greater indication of thread
wear than the similar group that was not loaded (control).

AIM AND HYPOTHESIS

#1 0

After completion of simulation of 2 years of simulated clinical use (dynamic
loading), the order of evidence of thread wear (from most to least) will be:
Removal + Same Screw + Re-torque (Group A) > Only Re-torque (Group C) >
No Treatment (Group D) > Removal + New Screw + Torque (Group B).

AIM AND HYPOTHESES RELATED TO THE ONLY MAINTENANCE SCENARIO TESTED
(GROUP

D)

Note: Aims and Hypotheses #11 through #16 were tested and the bulk of the
thesis pertains to evaluation of these aspects.

AIM AND HYPOTHESIS #11

There will be no significant difference between peak tightening and peak
detorque screw values among implant locations in a 5-implant titanium
framework, when the framework is not subjected to dynamic loading.
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AIM AND HYPOTHESIS

#12

There will be a significant influence of implant position on the difference in screw
tightening and de-torque values in a 5-implant titanium framework when receiving
2 years of simulated clinical dynamic loading. The expected order of difference
would be greatest for the most central screw location, less at screw locations on
either side of the center screw, and least for the most distal screws, which are
nearest to the loaded cantilever.

AIM AND HYPOTHESIS

#13

When comparing differences in screw peak tightening and de-torque values
within a given implant location of a 5-member titanium framework, the differences
observed for specimens receiving dynamic loading will be significantly greater
than those in the unloaded, control group at the same implant location.

AIM AND HYPOTHESIS

#14

There will be a significant increase in the amount of debris present in prosthetic
screw threads, after being tested, and when loading has been applied, within a
given implant location of a 5-implant framework. The expected amount of
difference would be greatest in the screw threads, which correspond to the
loaded group.
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AIM AND HYPOTHESIS #15

There will be a significant decrease in striations in the prosthetic screw threads
after being tested, within a given implant location of a 5-implant framework. A
decrease will be present in both loaded and unloaded group, with more decrease
being evident in the loaded specimen.

AIM AND HYPOTHESIS #16

There will be a significant increase of homogeneity in the prosthetic screw
threads after being tested, within a given implant location of a 5-implant
framework. The increase of homogeneity will be more significant in the loaded
groups in than in the unloaded, control.

MATERIALS AND METHODS
OVERVIEW

ENTIRE PLANNED PROJECT

Common implant maintenance scenarios will be tested using a simulated annual
basis: screw removal and re-torque of the same screw (Group A), screw removal
and replacement with a new one (Group B), screw re-torque to original value
without replacement (Group C), and no re-torque or replacement treatment, only
de-torquing at the end of the 2"d simulated year (Group D). Simulated mandibles
were constructed using a custom made, prefabricated hollow plastic bases and
light-polymerizing resin composite that had been previously used for this
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application [81, 148] (TruTray, Dentsply, Inti., York, PA). The package insert
supplied by the manufacturer of the composite resin lists the elastic modulus of
the polymerized product as 10.5 GPa. This value is similar to that of mandibular
bone exposed to buccal-lingual loading (10.8 GPa) [81, 148]. To fabricate a
single reproduction of any test condition, five 4.3 x 10 mm implants (Nobel
Replace Select, Nobel Biocare, Yorba Linda, CA) were placed into the resin,
which was added incrementally and light polymerized in layers. The implants
were arranged in an arc, simulating the clinical condition of restoring an
edentulous mandible, with uniform (10 mm) inter-implant spacing, a fulcrum
line/anterior abutment distance of 9 mm, and a distal extension cantilever of 15
mm. A custom-milled titanium framework was fabricated, providing bilateral,
posterior distal extensions. The framework was attached to the implants using
surface-treated screws (TiTite, Nobel Biocare), torqued to manufacturerrecommended values, using a calibrated, digital torque wrench. The technique of
torquing by waiting 10 minutes and retorqing [15] was used each time. The peak
torque applied to each screw was recorded in real-time using software. Electrical
solenoids, controlled by a pulse generator to produce a low-frequency (2 Hz)
force application, delivered loads between 20 N to 200 N for each contact. The
assembly was positioned in a custom-made test fixture where downward force on
the locator attachment areas of the attached framework was supplied using a
custom-made, computer-controlled timing system. Force application was altered
such that delivery was made across the two posterior locators, released, then
made on one side by contacting an anterior and posterior locator, released, and
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then made on the contra-lateral anterior-posterior side, and released, having two
locators loaded in each scenario. The model was firmly held, and all loading
devices were stable. Potentiometers were used to control both the frequency of
force application, as well as its duration. This sequence of force applications
represents a single cycle. Loading was applied at 2 Hz over a 0.13-second
contact time on each pair of contact points. Cycles were repeated for specific
time intervals, thus defining experimental groups. An accumulation of 730,000
cycles simulated a year's worth of mastication (2 years simulated a total of
1,460,000 cycles) [149-151]. All experiments were performed under dry
conditions at room temperature, since previous work indicated that environmental
conditions (wet versus dry) have no influence on screw detorque when using
experimental designs similar to the one designed and implemented [152].

PILOT STUDY

Before initiation of the actual test, a pilot study was performed. This study was
\

accomplished by recreating the testing scenario for Group D (no intermittent
screw treatment and only screw de-torque after 2 years of simulated loading
elapsed), because this sequence did not require interruptions and seemed more
practical. In addition, if successful, the pilot study results could be applied as
fulfilling 1 of the 4 testing scenarios.
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INTENDED METHODOLOGY- NOT ACCOMPLISHED

After completion of pilot study, two of the other experimental protocols called for
groups to receive dynamic loading in one year of simulated use. At that time, the
screws were to be de-torqued, except in Group C and D, which were to be detorqued at the end of the study, representing the second year. In one Group (A),
the same screws were to be used to rejoin the framework, after prior removal for
SEM evaluation, and dynamic loading was to continue for one more year of
simulated use. In another group (8), new screws were to be placed to join the
framework to the implants at simulated yearly intervals, and loading was to
continue as previously stated. For these two groups, at the end of each additional
simulated year of use, screws and frameworks were to be removed. Again, either
the same screw was to be reinserted (Group A), or a new screw was to be used
(Group B). In another group (C), the same screw was to be re-torqued to the
initial tightening value, without being removed. This process was to continue until
each of the groups had endured an accumulated total of 2 years of simulated
use. One group was not to have any interruption of applied force and was loaded
in this manner for a number of cycles simulating 2 continuous years of use
(Group D). As controls, implants and abutments were to be joined by screws on
a similar test design, but not subjected to any dynamic loading. Thus each test
group was to have a similar maintenance protocol of an unloaded equivalent.
When appropriate to the experimental grouping, screws from each group were to
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be viewed with scanning electron microscopy and evaluated for signs of thread
wear according to pre- defined criteria.

DETAILED METHODS DESCRIPTION AND FLOW CHART

The overall project design is presented as a flow chart in Figure 7.
Fabrication of simulated mandible
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Figure 7. Flow chart of the experimental design. Not shown are experimental
controls for each test group, which were not to receive dynamic loading, but were
to be evaluated at the same time interval as the ones receiving loading.

METHODOLOGY FOR THE ONLY GROUP TESTED- GROUP

D

After the pilot study was accomplished, a decision was made to test Group D
first, for the same reasons that it was selected for testing in the pilot study: it was
the simplest group to test and easier to control. The frameworks were attached to
each implant set model and the peak tightening torque values were determined
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for each screw in each position. Each of the loaded study models received
dynamic loading of up to 2 continuous years of simulated use without
interruption. After that time, screws were de-torqued and the resulting data
collected. As controls, implants and abutments were joined by screws and not
subjected to any dynamic loading; thus, each test group had its own unloaded
equivalent.

Following screw de-torque, each screw was to be viewed with

scanning electron microscopy and evaluated for signs of thread wear.
Group D was tested twice in order to confirm the results from the first set of five
replications. The results from the first and second sets were compared and, if no
significant difference was found after statistical analysis, all results were to be
pooled together and analyzed to determine the final conclusions. Due to the lack
of time, Group D was the only Group tested (Figure 8).
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Fabrication of simulated mandible
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Figure 8. Flow chart of the final experimental design, which consisted only of
Group D. Not shown are experimental controls for each test Group, which did not
receive dynamic loading, but were evaluated at the same time interval as the
ones receiving loading.

DETAILED METHODS
SiMULATED MANDIBLE

A triangular hollow base was designed using a computer software program
(Redsnapper, Reprap Co., Yorkshire, U.K) (Figure 9), and then fabricated using
a custom-made 3-D printer device that melts ABS plastic thread and injects it
through a nozzle to accurately recreate the pre-designed shape (Figure 10). In
order to achieve positional stability, three %" diameter general purpose lowcarbon bearing balls (item # 96455K59 McCaster- Carr Co., IL, U.S.A), were
fitted to the bottom of the base. This base then had the framework/implant
complex placed in the middle and then was filled with a light-polymerizing resin
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composite (TruTray, Dentsply, Int., York, Pa.). The package insert supplied by
the resin manufacturer stated that the elastic modulus of the polymerized
composite resin was 10.5 GPa, which is similar to that of mandibular bone
exposed to buccal-lingual loading (10.8 GPa) [81, 82, 148].

Figure 9. Computer design of triangular, hollow base portion

Figure 10. Completed base (before Trutray), showing insertion of the 3 metal
balls
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IMPLANT POSITIONING, SCANNING AND PROSTHESIS FABRICATION

A model system was designed to allow placement of five 4.3 x 10 mm Replace
Select implants (Item #29413, NobeiBiocare System, Yorba Linda, CA.) into the
previously described base. To determine the position of the implants and the
design of the framework, a simulated implant placement was performed using a
prefabricated implant-drilling model mandible (Model #MAND-TEACH, Salvin
Dental Specialties, Charlotte, NC), usually used in hands-on implant courses for
implant placement (Figure 11 ). Optimal parallelism was achieved using a milling
machine (Model JM-030, A.M.D Dental MFG Inc., Nazareth, PA), attached to a
surveyor table (Figure 12). The implants were arranged in an arc, allowing
uniform (1 0 mm) inter-implant spacing, and a fulcrum line anterior abutment
distance of 9 mm (Figure 13). Once placement was complete, the mandible was
placed in a mechanical scanner (Procera Scanner, Nobel Biocare System, NJ),
and implant locations were reproduced by laser scanning the jaw model.

Figure 11. Prefabricated mandible preparation for implant placement
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Figure 12. Close-up view of drilling process during implant placement into the
mandible

Figure 13. Implants after placement in the mandible and before scanning
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After combining all the CAD information, the framework was designed according
to the position of the placed implants and with the addition of a previously
planned, bilateral 15-mm long distal extension cantilever (Figure 14). Identical
frameworks were fabricated by a commercial laboratory (Procera Production
Center, Makuhari, Japan), and were made from grade 2, commercially pure
titanium (Figure 15). The fitting surfaces of the final frameworks were not
modified in any way after receiving them from the manufacturer.

Figure 14. Screen print of bar design after scanning with the Procera System
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Figure 15. Fabricated milled-Titanium framework with 4 locator attachments that
received the loading force

Implants were individually attached to the framework by hand-tightening the
screws, which had the same model number and material composition as the
screws that were later used to finally attach the implant and the framework
(Figure 16 & 17). These initial screws were only used for the fabrication of the
models and were then replaced with the screws to be tested.

66

Figure 16. Assembling of implant/ prosthetic complex by hand- tightening pilot
screws to attach the framework to each implant.

Figures 17. Milled framework attached to implants by screws (frontal view), and
ready to be embedded into the triangular holding device.
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For the fabrication of a single study model, the attached implants were placed in
the middle of the base and fixed in position, while the base was filled with layers
of acrylic resin Trutray, which was light-polymerized incrementally, for 40
seconds per layer, using a conventional light curing lamp (Optilux 401, Demetron
Research, Danbury, CT). This process was performed to increase the chances of
uniform acrylic resin polymerization and to enhance the properties of this material
in bulk. After light polymerization of the filler material, a passive fit test of the
framework to the polymer-encased implants was performed by manually
tightening a screw at one end and assessing the fit of the framework to the
implant at the other end. This procedure was repeated 5 times to simulate the
actual clinical steps for fabrication/evaluation of the prosthesis before final
placement (Figure 18).

Figure 18. Assembled study model with implants and framework joined together
by the tested screws and encased in the light-cured resin.
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The initial trial screws were removed and replaced with new screws that had
been previously indexed-marked with a X diamond rotary cutting instrument on
the screw shaft while held with rubber coated grips (Figures 19 & 20), Titanium
alloy screws (TorqTite ref#29475, Nobel Biocare, Yorba Linda, Ca.) were used to
place the framework.

Figure 19. An index mark was placed on each screw to locate the screw in the
same position for SEM evaluation
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Figure 20. An index mark was placed on each screw for identification of screw
according to its position in the framework of the tested model.

In both test and control groups, the abutments were fastened first with a manual
torque driver (Unigrip, Nobel Biocare, Sweden) and later with a torque controller.
Screws were tightened to a standardized, manufacturer-recommended torque
value of 35 Ncm, using a calibrated, electronic torque wrench/digital torque tester
(Model DSD-4, lmada, Northbrook, IL). The torque wrench was firmly held
vertically in the same milling machine used for implant placement in the
mandible, using a custom device, which eliminated any lateral (off-axis)
movement, during screw tightening and loosening (Figure 21 ). Restricting of
lateral displacement the torque wrench also decreased variation in torque
readings.
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Figure 21 . Torque controller used to initially tighten and subsequently remove all
test screws is shown firmly attached to milling machine

Prior to use, the torque device was sent to the manufacturer and returned with a
certification of calibration traceable to IS0-9001 and IS0-17025 standards. When
tightened, screws were torqued twice to 35 Ncm, within intervals of 10 min each
between tightening, using the digital torque wrench. Screw torque was delivered
in a steady manner, by stabilizing and holding the head of the screw wrench
vertically with one hand, while the other hand applied the torquing force to the
end of the wrench arm. During torquing, the real time, peak torque value applied
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was observed on the computer screen and torque application was stopped, once
it reached it prescheduled value. This torque controller was used to insure that
an accurate and reproducible value was applied to each abutment screw. This
process is discussed in greater detail in the section describing the measurement
of torque.

Each screw was identified according to the implant location in the form of
numbers in ascending scale from left to right (1-2-3-4-5), as viewed from above,
to standardize the sequence of tightening or loosening (Figure 24). The 2 distal
extensions, as well as anterior middle sections, had locator attachments, which
bore the load applied and were loaded where the plunger end of the load transfer
device rested. The sequence of torquing was linear, going from the implant
position with the lowest number to the highest: starting with location #1 and
sequencing through to location #5.

PROSTHESIS LOADING

A mechanical device simulating masticatory load application was developed by
the Section of Dental Materials, Department of Oral Rehabilitation, of the Georgia
Health Sciences University College of Dental Medicine. For this custom-made
load application device, 3 solenoids (Series S-16-261, Electro Mechanics Online
Co, Van Nuys, CA), were used to create the force, using the system's elasticity
as a spring to return the solenoid back to its starting position, and start the
following cycle. A solenoid is a cylindrical coil of insulated wire surrounding a
metallic rod that, upon delivery of electricity to the coil, is forced to one end of the
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cylinder and held there until the electricity is switched off. The rate of loading was
smoothed by passing the force through a spring, providing dampening, and
avoiding the effects of impact. In addition, the solenoid plunger always remained
in contact with the prosthetic loading surface.

An acrylic resin recipient was attached to the end of the vertical solenoid arm,
which traversed a 10 mm long course, at a rate of 88 mm/s. At its bottom
position, a total load of 220 N was applied over the implant/abutment assembly,
and when not down, the solenoid applied a static force of 20 N during its "off'
cycle [60-62]. Each dynamic loading test was performed for approximately 12
days, performing a total of 1,460,000 cycles at 2 Hz using a 0.13-second contact
time, which corresponded to 2 years of in vivo normal oral function [153].

The load was calibrated with the use of custom-made pressure sensors made of
resistant ink, under each of the base's steel bearing balls (Figure 22). The
amount of load (minimum and maximum) was recorded in real-time on a data
gathering computer software program (ActiveX.xslm, Microsoft Excel, Microsoft,
Seattle, WA) (Figure 23).
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Figure 22. Loading close-up

Figure 23. Loading device (left) & data gathering (computer on the right)

The device was programmed to be able to restart instead of reset according to
the last cycle number showing on the custom controller attached to the loading
device and computer software. With this capability, absolute control of the cycles
and amount of force transmitted during testing was made possible. A back-up
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system (E.Prom), resumed and recorded the last count and load value every 100
cycles, and saved data to a standard SO memory card.

Using 3 such solenoid devices held in an adjustable metal framework, the
prosthesis was loaded at 3 different points: left most posterior and anterior
locator segments, then the right most posterior and anterior locator segments,
and finally to the 2 most posterior locator segments, in a sequential mode,
simulating the load of mastication for a period of 2 years (Figure 24 ). For the
posterior loading, a downward force was applied to the locators placed in the
position of a prosthetic tooth, which was 5.5 mm from the center of the distal
implant to the center of the most posterior locator.

locator
screw

locator

3

locator

Figure 24. Load sequence applied. A cycle consisted of sequential load
application first to the left most anterior and most posterior locators (1 ), then to
the right most anterior and most posterior locators (2), and finally to most
posterior locators from both sides (3).

75
MEASUREMENT OF TORQUE

After the system was calibrated, the same torque wrench meter was used to
apply the de-torque force to the abutment screws. The implant-abutment
assembly was placed on a parallelometer/milling machine (held vertically using a
custom jig, which eliminated any lateral movement during screw tightening and
loosening, that could have greatly affected the variation in the data) (Figure 21 ).
One end of the custom-made wrench was attached to the digital torque meter
and the other end was attached to the abutment. With the framework/implant
complex placed on the surveyor table, a counterclockwise torque was applied to
the head of the screw and the highest torque/value required to completely loosen
the abutment was recorded [69, 103]. To capture and analyze real-time data from
the torque device, data acquisition software (WinWedge Version 3x, lmada,
Northbrook, IL), was used. The rate of data collection was 20 data/sec and was
displayed along with a chart that calculated max/min, average, and standard
deviation.
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Figure 25. Torque and de-torque device

The peak screw de-torque values were measured while the screws were being
removed. The difference between the initial tightening torque value of a specific
screw, and its subsequent peak loosening torque value (at the end of the 2-years
of simulated use) represented the change in screw joint integrity. This difference
was then used for statistical analyses.

EVALUATION OF THREAD INTEGRITY- SCANNING ELECTRON MICROSCOPY (SEM)

Before testing, new screws were identified using index markings on the screw
shaft, so that its orientation could be consistently identified before and after
removal (Figure 19 & 20). Visual examination of the screws was made by
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mounting them to aluminum stubs using 9 mm diameter, double-sided carbon
adhesive tabs (ref#77825-09, Electron Microscopy Sciences, Hatfield, PA). The
stub was placed in a scanning electron microscope (Model XL30, Philips,
Andover, MA), at a magnification of 65X and working distance of approximately
9.8 mm, using 10.9 KV in high vacuum mode. Digital images of the SEM display
were recorded and then viewed and compared on a separate computer display
(Figure 26).

Thread surfaces were evaluated for defects, such as dimples or fissures that
could lead to possible fracture, and changes in metal integrity, as well as thread
wear among longitudinal time intervals and among arch positions. Images of
thread differences at similar positions between loaded and no-loaded controls
were also made.

The surface characteristics

of the screws were

qualitatively rated

as

homogeneous or non-homogeneous, smooth or striated. The presence or
absence of surface debris on implant and screw surfaces was also noted. Details
of the scoring for each parameter are presented under the data description
section.
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Figure 26. View of specimens inside the SEM chamber

TYPE OF DATA COLLECTED

TORQUE VALUES

The peak de-torque value of a specific screw was subtracted from its initial peak
tightening value, the difference of which was used to compare all subsequent
associated loosening and tightening values, according to the assigned test group
protocol of that specimen. Changes in loosening/tightening differences over time
within each treatment group were compared to those for the initial, control
values.

In this manner, each screw at each test position acted as its own

experimental control.
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SCREW INTEGRITY

Each screw thread of every implant tested was evaluated using 3 parameters:
presence of debris, striation of the thread, and thread homogeneity. Screw thread
surface characteristics varied among groups. A total of 8 threads per implant
were analyzed, with a score between 0-8 obtained for all parameters. For the
debris parameter, a score from 0-8 was given according to the number of threads
that presented with "debris", defined to be a substance that was present in the
screw thread that did not follow the true surface confirmation of the thread.
Striations were scored from 0-8, indicating the number of threads that presented
"striations", defined as small rings in the surface of the threads. "Homogeneity"
was also evaluated using a score from 0-8, and was defined to be the number of
threads that presented a heterogeneous surface, which could contribute to the
previously mentioned settling effect of the screw.

STATISTICAL ANALYSES: TORQUE- DIFFERENCE IN VALUES
FOR /NIT/ALLY PLANNED WORK• NOT ACCOMPLISHED

The intended project aimed to evaluate all screws that corresponded to the four
different maintenance scenarios. For each test group, there were 5 separate
models built and tested. Initial planning called for statistical testing consisting of
multiple analyses of variance to determine the effect of screw treatment (Groups
A- D) as well as implant position (1-5) over time. The following figures help to

explain the experimental comparisons that were originally to be made:
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Figure 27. Torque I de-torque differences at a specific location within a Group at
identified time intervals
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Figure 28. Torque I de-torque differences at a specific location within a group
among time intervals
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Figure 29. Comparison of torque I de-torque differences within a given arch
(implant) position between experimental groups.
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Due to lack of time, only one Group (Group D), was fully tested and analyzed.
For this group, the Tukey-Kramer procedure was to be applied to all pair-wise
mean comparisons among the 5 positions, and all statistical testing was to be
performed at a pre-set alpha of 0.05. A professional bio-statistician guided and
assisted in statistical testing and data analyses.

FoR THE ONLY GROUP TESTED- GROUP D

Even though Group D represented the fourth Group to be tested, it was tested
first, because this Group was the simplest scenario, and did not require stop
intervals for different analyses. After the first five replication in Group D (no screw
treatment) were tested, analysis of the data showed unexpected specific
patterns. At that point, a decision was made to test 5 additional Group D
specimens (with their respective control groups), to see if the trend noted in the
first five replications could be reproduced in the second set. Two of the test
groups of the second set (D9-D1 0), had to be removed due to a malfunction of
the loading machine that could have adversely affected for the accuracy of the
test results. One extra group was also tested, leaving 4 replications in the second
set to use for comparison against the initial five replications. Thus, the first 5
replications (First set), were compared to the 4 additional replications for
confirmation (Second set) using the scenario representing Group D: continuous
loading with no screw removal or re-tightening until completion of 2-years of
simulated function.
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Three-way analysis of variance (ANOVA) was used to examine the effects of 3
factors: "loading" (either loaded or control), tooth position (1-5), and replication
set (first or second). The first step in the analysis was to examine all possible
interactions among the three factors. If none of the interaction F-tests were
significant, the next step was to test the main effects for each of the three factors;
that is, the null hypothesis that there is no difference among factor levels,
ignoring the effects of the other factors. The final step, if there was no interaction,
was to use the Tukey-Kramer method to perform all possible pair-wise
comparisons between each pair of levels for "tooth position" (i.e., comparison of
1 vs. 2, 2 vs. 3, etc.), would be made.

If the 3-way interaction proved significant, an appropriate 2-way ANOVA for 2 of
the factors was to be performed separately for each level of the third factor.
Each of the two-way ANOVAs was to be performed using a Bonferroni
adjustment in order to control the overall Type I error rate for all of the 2-way
ANOVAs at 0.05. The first step in each of these 2-way ANOVAs was to examine
the interaction between the 2 factors. If the interaction test was not significant,
the main effects were tested for each factor. If the interaction test was significant,
the simple effects for each factor were tested using a 1-way ANOVA separately
at each level of the other factor, after applying a Bonferroni adjustment to control
the Type I error rate for each factor at 0.05. The final step in any 2-way ANOVA
involving the "position" factor was to use the Tukey-Kramer method to examine
all pair-wise comparisons among the 5 positions. The same Bonferroni
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adjustment as for the 1-way ANOVAs was used so that the family-wise error rate
for each set of pair-wise comparisons would be controlled at 0.05.

STATISTICAL ANALYSIS OF SCREW INTEGRITY

Two-way analysis of variance was used to examine the effect of loading
condition (control vs. loaded) and position (1 through 5) on (1) the difference in
the number of homogeneous threads (calculated by subtracting Before minus
After), (2) the difference in the number of threads with debris (calculated by
subtracting After minus Before), and (3) the difference in the number of striated
threads (calculated by subtracting After minus Before). The first step in each
ANOVA was to test for significant interaction between the two factors (position
and loading). If no significant interaction was found, a main effects analysis was
to be performed. In other words, the main effect for position and the main effect
for loading were to be tested separately.

The final step in the main effects

analysis was to use the Tukey-Kramer method to perform all pair-wise
comparisons among the 5 positions. If the interaction between loading condition
and position was significant, the simple effects for loading condition were tested
using a t-test to compare loaded vs. control separately at each of the 5 positions.
Similarly, the simple effects for position were tested using a separate 1-way
ANOVA at each level of the loading factor (control vs. loaded). The final step in
these 1-way ANOVAs was to use the Tukey-Kramer method to examine all pairwise comparisons among the five-implant positions separately for each loading
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condition. A Bonferroni adjustment was used to control the family-wise error rate
for the tests for each factor at 0.05.

The Shapiro-Wilk test was used to test the assumption of normality for the data in
each of the cells of the design (i.e., each of the 10 combinations of loading and
position). If normality was rejected for any cell, two-way ANOVA based on ranks
was used instead to compare the groups. Unless otherwise stated, two-tailed
tests with a significance level of 0.05 were used for all comparisons. Summary
statistics are given as mean ± S.D in all tables. All statistical analyses for this
study were performed using SAS 9.2 for Windows (SAS Institute Inc., Cary, NC,
2008).

RESULTS
fAILURE TO TEST GROUPS A-C

Groups A (removal + same screw + re- torque), B (removal + new screw +
torque) and C (only re-torque), were not tested, due to unforeseen complications.
To begin the project, a significant quantity of materials was required, which were
not obtained until well after the initial testing was scheduled to begin. The pilot
study was also completed later than expected, due to calibration difficulties with
the

loading

device.

Implant-framework manufacturer defects

(framework

fracture), which had to be confirmed by the company in order to complete this
phase, also caused unexpected time delays, and were also responsible for the
lack of complete the anticipated total project completion.
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TESTED GROUP

0

This Group tested a maintenance scenario that consisted of no detorque or
screw replacement treatment until the end of the simulated 2-years of clinical
use. Initially, Group D consisted of 5 separate models built and tested (loaded),
along with their respective unloaded models (control). Both types of models were
fabricated using exactly the same protocol, and only differed from each other in
whether load was applied or not (loaded or control, respectively).

FIRST SET OF FIVE REPLICATIONS OF GROUP

0

CONTROL

After the first five replications were completed as planned, the groups and data
from the test groups showed an unexpected pattern that differed completely from
the proposed hypothesis regarding the results from the control groups
(Hypothesis #11 ). All controls were anticipated to provide the same values
regardless of tooth position; instead, some of the mean values appeared to be
significantly different according to the position of the implant. Values at position
#3 differed the most when compared to the other position values (Figure 30).
This result suggests that there could be another factor affecting the stability of
the screws, according to their position in the arch.
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Figure 30. Difference of initial torque/de-torque values of unloaded (control),
groups, resulting from the completion of the first five replications of Group D (no
treatment). N=5. An evident de-torque value difference between some the
implant/screw positions was not expected, but observed. Vertical bars= +/- 1
standard deviation.
LOADED

After the first five replications were completed as planned, a graphic
representation of the data showed an expected pattern according to the
previously proposed hypothesis regarding the loaded .(test) groups (Hypothesis
#12). The mean de-torque values appeared to be different among the
screw/implant positions, especially Position #1, which is one closest to the
cantilever (Figure 31 ). When compared with the control values to determine if
the resulting pattern agreed with the one observed in the control group, the
.pattern was almost the opposite for some of the positions (Figure 32). This result
suggests that loading could be another factor affecting the stability of the screws
according to their position in the arch, or at least could counteract other variables
that could affect these de- torque values as seen in the unloaded controls.
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Figure 31. Difference of initial torque/de-torque values of loaded (test) groups,
resulting from the completion of the first five replications of Group D (no
treatment). N= 5. There is an evident difference of values among the different
implant/screw positions. Vertical bars=+/- 1 standard deviation.
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Figure 32. Analysis of results from unloaded, control and loaded, test specimens
of Group D1-D5. N=S specimens per group. Due to the unexpected pattern in the
results, another set of replications was indicated. Vertical bars= +/- 1 standard
deviation.
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SECOND SET OF REPLICATIONS OF GROUP 0

Since some of the results from the previous test were unexpected, and in order
to determine if the results from the first five replications of Group 0 represented
true differences instead of random errors, additional specimens were fabricated.
These were tested (loaded), and the results were analyzed, along with their
respective control groups (unloaded). From this second set, the last two groups,
both, loaded and unloaded, were eliminated, due to a malfunction of the custom
loading device: two bushings came loose, disabling the load function and
replacing it with vibrations, which might have affected the results for the final detorque values for these two groups (09 & 01 0). One more group was assembled
and tested (011 ), leaving four new replications in the second set for comparison
against the first replication set (Figure 31 ).

CONTROL

After the second set of replications of Group 0 were completed, the analyzed
data showed a difference in mean de-torque values between the different
implanUscrew positions, especially in position 3. This pattern appeared similar to
that of the first five replications of the unloaded (control) group. (Figure 33). This
result indicated that the values from the first set of replication from the control
condition might be valid, but this assumption could only be confirmed after
statistical analysis.
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Figure 33. A visual analysis of the unloaded second set of replications of Group
D (no treatment). N=4. Difference of values between positions is seen, especially
in position 3, similar to the results found for the first unloaded five replications.
Vertical bars= +/- 1 standard deviation. Note: See Figure 30 for set #1 graph.

LOADED
After the second set of replications of Group D were completed, the analyzed
data from the loaded (test) groups usually demostrated a visible difference in
mean de-torque values among the different implant/ screw positions, especially
in Position #1. This pattern was similar to that in the first five loaded replications
(Figure 34). This finding indicated that the values of the first set of replications
from this same category might be valid, but this assumption could only be
confirmed after statistical analysis.
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Figure 34. Analysis of the loaded second set of replications of Group D (no
treatment). N=4. An evident difference of values between positions is seen,
especially in Position #1, similar to the results of the first loaded five replications.
Vertical bars= +/- 1 standard deviation. Note: See Figure #31 for set #1 graph.

When the results for loaded and unloaded conditions in the second set of
replications were compared to determine if the resulting pattern agreed with that
observed in the previous set of replications, the difference in mean values was
similar to that found in the first set of replications (Figure 35) (details of statistical
testing will follow). This result indicated that the values of the first set of
replications might be valid, but this assumption could only be confirmed after
statistical analysis. Should there be no significant differences noted between test
data sets (first and second), then all data can be pooled with respect to test
condition, providing more statistical power to detect significant differences than
with the first limited data set of five values.
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Figure 35. Analysis of results 06-011 (excluding 09 and 01 0). N=4 specimens
per group. These results will be compared with first set of replications of the
same kind and if no statistical difference is observed, both will be analyzed as a
unit. When compared to the previous set of replication no major difference
between load application or position is seen. Vertical bars=+/- 1 standard
deviation. Note: See Figure 32 for comparison.

COMPARISON OF fiRST AND SECOND SET OF REPLICATIONS

A 3-way ANOVA test was applied to examine the interactions among loading,
position, and replication set between the first and second sets of replications for
the Group 0 scenario.

The 3-way ANOVA indicated that the interaction among the 3 factors (loading,
tooth position, and replication set) was not significant (p = 0.518). In fact, none of
the effects involving the replication set factor were significant, including the
interactions between loading and replication set (p = 0.687), between tooth
position and replication set (p = 0.292), or for the main effect of replication set (p
= 0.535). This finding meant that there was no significant difference between the
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first five replications (01-05) and the second set of replications (06-011 ),
allowing the pooling of all nine replications into one large data set (Figure 36).

'

IMPLANT POSITION

Figure 36. According to statistical analyses, there was no significant difference
among 1st and 2nd sets of replications, therefore from this point, the data were
pooled with respect to treatment. N=9 specimens per group. Ony Position #3
showed a significant difference between loaded and unloaded (control). Position
1 almost reached significance. Vertical bars=+/- 1 standard deviation.

POOLED DATA SET

CONTROL VS. LOAD

After establishing that no significant differences could be found between the first
and second sets of replications, both sets were combined and considered as a
group in the remainder of the statistical analyses. In the next step, a 2-way
ANOVA analysis was performed to examine differences between loading
conditions and screw positions. Thus, all of the effects involving replication were
pooled with the error term, resulting in a 2-way ANOVA with only "loading" and
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"tooth position" effects. For this 2-way ANOVA, the interaction between loading
and tooth position was significant (p

= 0.002).

Thus, simple effects were

analyzed; that is, the two levels of "loading" were compared separately at each of
the five tooth positions, using a Bonferroni-adjusted significance level of 0.05/5 =
0.01. In addition, the five tooth positions were compared separately for each of
the 2 levels of the loading factor, using a Bonferroni-adjusted level of 0.05/2

=

0.025.

In terms of the simple effects for the "loading" factor, "loaded" differed from
"control" at the Bonferroni-adjusted significance level of 0.01 only at implant
Position #3 (p

= 0.002).

The comparison of "loaded" vs. "control" for implant

Position #1 also reached significance (p = 0.018). The comparison of "loaded"
vs. "control" was not significant at any of the other three tooth positions (p >
0.242). This result can be seen in Figure 33. Since there was no significant
difference between loaded and unloaded groups, it was decided to analyze them
separately according to the position of the screw.

UNLOADED DATA (CONTROL)

The "tooth position" factor was performed on a 1-way ANOVA test with a
Bonferroni-adjusted level of 0.025, the control (unloaded) condition (p

= 0.022).

Position #3 differed significantly from implant Position #4. None of the other pairwise comparisons of implant position for the control condition was statistically
significant (Figure 37). This difference of mean de-torque values between
positions indicates that Hypothesis #13 should be rejected for the unloaded
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group. This result confirms the possible effect of another variable (or variables),
not related to loading, which is affecting the stability of the screws according to
their position in the arch.
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Figure 37: Comparison of unloaded results among different screw positions. N=9
specimens per group. Groups identified with similar upper case letters were not
significantly different. Vertical bar +/- 1 standard deviation.

=

LOADED DATA

In terms of the simple effects for the "tooth position" factor, the 1-way ANOVA for
the loaded was significant at the Bonferroni-adjusted level of 0.025 (p < 0.001 ).
Tukey-Kramer pair-wise comparisons at the 0.025 level indicated that implant
Position #1 differed significantly from implant Positions #2, #3, and #4 (Figure
38). This result confirms the proposed hypothesis regarding mean de-torque
values for the loaded condition (Hypothesis #12). In this hypothesis, it was
assumed that the screw closest to the cantilever will have significantly lower
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values than all other implant position, with the highest value should be located in
the position furthest from the cantilever. This assumption was not totally
supported by the data.

Figure 38. Comparison of loaded condition with position of screw. N=9
specimens per group. Groups identified with similar upper case letters were not
significanltly different. Vertical bar +/- 1 standard deviation.

=

SCREW INTEGRITY

In general, the as-manufactured implant surface was non-homogeneous,
striated, and had little surface debris. Screw thread morphology also varied:
some screws seemed more homogeneous than others differing in the amount of
debris present. An example of SEM micrographs of a screw before test is
presented in Figure 39.
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Figure 39. SEM image of an as-manufactured screw before it was torqued and
subjected to testing. Three parameters were evaluated per thread (8 in total):
presence of debris, striation of threads, and thread surface homogeneity.

PRESENCE OF DEBRIS

An example of a screw evaluated after testing which demonstrates the presence
of debris can be seen at 65x and 200x magnification in Figure 40. Summary
statistics for the difference in the number of threads with debris (After minus
Before) for each position under each loading condition are presented in Table 2.
The Shapiro-Wilk test indicated that the data were non-normally distributed for
Position #1 in the loaded condition (p = 0.001 ), so a two-way ANOVA was
performed on the ranked data. The interaction between position and loading
almost reached statistical significance (p

= 0.071) and an interaction plot of the
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cell means indicated that a meaningful interaction was likely to be present.
Therefore, simple effects were analyzed.

The t-test, comparing control vs.

loaded, almost reached statistical significance at Position 5 (p

=0.064), but none

of the remaining comparisons of control vs. loaded were close to significant (p >
0.139). The one-way ANOVA comparing positions almost reached significance in
the control condition (p

= 0.069);

however, none of the pair-wise comparisons

among the five positions were statistically significant, using the Tukey-Kramer
method. The one-way ANOVA for the loaded condition far removed close to
significance (p

=0.303).
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Figure 40. Screw evaluated for the presence of debris. Above, view of entire
screw using 65x magnification and, below a close-up of one of the surfaces
showing debris at 200x magnification.
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Table 2. Mean difference in number of threads with debris (After Minus Before)
by loading condition and implant position

Mean ±

Loading
Condition

Position

Control

1

5

4.2± 2.2

1

6

Control

2

5

2.8 ± 1.3

1

4

Control

3

5

2.8 ± 2.3

0

6

Control

4

5

5.4 ± 1.5

3

7

n

Minimum Maximum

S.D.

5
2.8 ± 1.8
1
5
5
-----------------------------------------------------------------------------------Loaded
1
5
3.0 ± 1.7
0
4
Control

Loaded

2

5

3.0 ± 2.2

0

6

Loaded

3

5

4.6 ± 1.1

3

6

Loaded

4

5

3.8 ± 1.6

1

5

Loaded

5
5
4.8 ± 1.6
2
6
-----------------------------------------------------------------------------------All
1
10
3.6 ± 2.0
0
6
All

2

10

2.9 ± 1.7

0

6

All

3

10

3.7 ± 1.9

0

6

All

4

10

4.6 ± 1.7

1

7

All

5

10

3.8 ± 1.9

1

6
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STRIA TED THREADS

Summary statistics for the difference in the number of striated threads (Before
minus After) for each implant position, under each loading condition, are
presented in Table 3. The Shapiro-Wilk test indicated that the data were nonnormally distributed for Positions #3 (p = 0.046), #4 (p < 0.001 ), and #5 (p =
0.046) in the control condition, so a two-way ANOVA was performed on the
ranked data. There was no significant interaction between implant position and
loading (p

= 0.942);

therefore, main effects were analyzed.

significant difference between loading conditions (p
positions (p = 0.880).

There was no

= 0. 711)

or between

The Tukey-Kramer analysis indicated no significant

differences for any of the pair-wise comparisons among the five positions.
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Table 3. Mean difference in number of striated threads (Before Minus After) by
loading condition and implant position

Loading
Condition

Position

n

Mean ±
S.D.

Minimum

Maximum

Control

1

5

1.2 ± 1.6

0

4

Control

2

5

0.8 ± 1.6

-1

3

Control

3

5

0.4 ± 0.9

-1

1

Control

4

5

0.8 ± 0.4

0

1

5
5
0.6 ± 0.9
0
2
---------------------------------------------------------------------------------------Loaded
1
5
1.0 ± 1.0
0
2
Control

Loaded

2

5

1.2 ± 0.8

0

2

Loaded

3

5

0.6 ± 1.1

-1

2

Loaded

4

5

0.6 ± 1.8

-1

3

5
5
-1
0.6 ± 1.1
2
---------------------------------------------------------------------------------------All
1
10
1.1 ± 1.2
0
4
Loaded

All

2

10

1.0 ± 1.2

-1

3

All

3

10

0.5 ± 1.0

-1

2

All

4

10

0.7 ± 1.3

-1

3

All

5

10

0.6 ± 1.0

-1

2
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HOMOGENEITY

Summary statistics for the difference in the number of homogeneous threads
{After minus Before) for each position under each loading condition are
presented in Table 4. The Shapiro-Wilk test indicated that the data were nonnormally distributed for Position #2 in the control condition (p = 0.021) and for
Position #4 in the loaded condition (p

= 0.044),

so a two-way ANOVA was

performed on the ranked data. There was no significant interaction between
position and loading (p

= 0.907); therefore,

main effects were analyzed. There

was no significant difference between loading conditions (p = 0.329) or among
implant positions (p

= 0.511 ).

The Tukey-Kramer analysis indicated no

significant differences for any of the pair-wise comparisons among the five
positions.
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Table 4. Mean difference in number of homogeneous threads (After Minus
Before) by loading condition and implant position

Loading
Condition

Position

n

Mean ±S.D.

Minimum

Maximum

Control

1

5

1.8 ± 1.6

-1

3

Control

2

5

1.2 ± 1.3

-1

2

Control

3

5

0.0 ± 0.7

-1

1

Control

4

5

1.0 ± 1.6

-1

3

Control

5

5

0.6 ± 2.5

-3

3

-----------------------------------------------------

-----------------------------------1
4

Loaded

1

5

1.6 ± 2.5

Loaded

2

5

1.6 ± 1.1

0

3

Loaded

3

5

1.0 ± 1.9

-2

3

Loaded

4

5

1.6 ± 1.5

-1

3

Loaded

5

5

1.4 ± 1.5

-1

3

------------------------------------------------------------------------------------------------All
1
10
1.7 ± 2.0
-1
4
All

2

10

1.4 ± 1.2

-1

3

All

3

10

0.5± 1.4

-2

3

All

4

10

1.3 ± 1.5

-1

3

All

5

10

1.0 ± 2.0

-3

3
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When comparing screws before and after loading, the surface of the loaded
screws was similar to the as-manufactured primary screws. Comparison of
micrographs of the screws before and after insertion revealed slight wear
patterns and increased debris on both loaded and unloaded groups but not
enough to establish a statistical significant difference or a valid wear pattern.
These results were unexpected in relation to the proposed hypothesis regarding
this issue (Hypothesis #14), in which a significant difference between loaded and
unloaded groups was expected. Additionally, no significant difference was found
regarding implanUscrew position. An example of comparative analysis between
loaded and unloaded screw before and after being tested is presented in Figure
41.
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Figure 41. SEM Evaluation of loaded and unloaded screw by implant
position before and after loading for the testing scenario, Group D that had no
screw manipulation from the time of original tightening until removal after 2 years
of simulated use.
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DISCUSSION
EXPLANATION OF INCOMPLETE STUDY GOALS (GROUPS A-8-C)

To start this project, a design and fabrication process and pilot test had to be
performed for the custom loading device and study model system. This phase
could only begin once all needed parts arrived (many through donations), leaving
little time for testing of all groups. During pilot testing, one of the frameworks
fractured due to a manufacturer defect, delaying the pilot study time even more
(Figure 42). After this event, as a precaution, the cantilever extension was
reduced to 15 mm and the locator attachment was placed more anteriorly,
closest to the most distal implant.

Figure 42. Fractured milled titanium framework (arrow points to fracture).
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Also, as mentioned before, when Group D (no screw treatment) was tested with
five independent replications for each loaded and unloaded version, unexpected
results were found. This finding led the to testing of additional replications, to
prove whether the data gathered in the first set of five replications represented an
actual trend or merely a random error. From the second data set, two replications
had to be removed, due to a problem with the loading device. There replications
to compare to the first set of five replications.

HYPOTHESES RELATED TO GROUP

0

TORQUE/ DETORQUE

Hypothesis #11 states that differences between torque and de-torque values for
the unloaded control groups will not be significantly affected by implant position.
This hypothesis was partially rejected, because of lack of significant differences
found among most of the different screw positions, but still present between at
least two positions (Figure 37).

Hypothesis #12 states that differences in torque and de-torque values for the
loaded specimens would be significantly affected by implant position, showing
higher difference as the screws were positioned further from the cantilever
(Figure 38). This hypothesis was confirmed. Torque difference values from the
screws located most distally presented the lowest values, opposite to those
obtained from the ones located furthest from the cantilever.

II

'
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Hypothesis #13 states that, regardless of implant position, the change between
the initial tightening torque and the de-torque value for specimens dynamically
loaded will be significantly greater than those of unloaded controls. According to
the data, there was no significant difference between the loaded and unloaded
groups, except for Position #3, which appear completely opposite to one another
(Figures 37 & 38). This hypothesis is rejected.

DIFFERENCE BETWEEN LOADED AND UNLOADED

The pattern of torque differences that was observed in the unloaded condition
indicates a possible effect of screw tightening sequence (Figure 43 & 44). For the
unloaded group, attention is focused in the middle screw (implant Position #3),
which differed significantly from the others, indicating a tendency that is
displayed in Figure 35. The trend indicated a V-shape (Figure 43). The trend in
torque difference with respect to implant position in the specimen condition is
opposite to that seen in the control conditions (Figure 36). This pattern
represents a V when a line is drawn over each position (Figure 44).
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Figure 43. This pattern demonstrates that implant Position #3 as the least
affected for the unloaded, control condition, which is the opposite trend observed
with the loaded condition. This pattern indicates a possible effect of the sequence
in screw sequencing.
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Figure 44. This pattern demonstrates that Positions #1 and #5 were least
affected for the loaded condition. This finding could be the result of screw
compression on the areas close to the cantilever, which .helps to maintain the
preload, opposite to the ones located further from the cantilever which are limited
by tensile forces, which create a tendency of loss of preload and consequent
screw loosening with loading.
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SCREW INTEGRITY

Hypothesis #14 proposed an increase in the presence of debris in the threads of
the screws when compared between different implant positions for both tested
conditions (loaded and unloaded), before and after the test (Table 2). This
hypothesis was rejected because results demonstrated no significant difference
between test conditions or position, neither before nor after being tested.

Hypothesis #15 proposed a decrease in the presence of striations in the threads
of the screws when compared among different implant positions for both tested
conditions (loaded and unloaded), before and after testing (Table 3). This
hypothesis was rejected, due to the lack of significant difference among testing
conditions and implant positions.

Hypothesis # 16 proposed an increase in the homogeneous appearance of the
screw after being tested, for the different conditions (loaded and unloaded) and
implant positions (Table 4). This hypothesis was rejected, due to the lack of
increase in homogeneity in the implant threads when comparing before and after
values and between loading conditions or implant positions.

DEBRIS

Surface debris on as-manufactured screw threaded surfaces is possibly the
result of the milling process. Debris could result from the phenomenon of seizing
and galling of titanium between surfaces [154], which could potentially affect the
increase in frictional resistance for screw insertion and removal. For the loaded
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condition, the debris could be a result of implant thread wear with transmission of
titanium particles from the implant to the prosthetic screw surface. Also, these
different foreign materials on the screw surface and inaccuracy of milling process
could accelerate the settling effect [92]. An example of this effect could be the
debris particles found on the SEM images for the as-manufactured screws before
testing.

STRIATION AND HOMOGENEITY

Micro-roughness on the mating surfaces of implant components is a major factor
that influences insertion preload as a screw is tightened [112]. When tightening
torque is applied, surface irregularities are flattened on contact with component
surfaces. The energy required to flatten those irregularities reduces the final
preload level for the screw joint system. Greater friction Jowers final preload value
because tightening energy is lost to frictional resistance [143]. According to
previous research [92], the rough surface of TorqTite screws can generate a
stronger settling effect.

EXTENT OF DATA VARIABILITY

The current study showed a high level of data variability. The number incidence
of loose screws reported in studies varies. This variation may be the result, in
part, of differences in prosthesis design and the large variability in biting force
among people and between teeth in the same mouth [1 00]. One study [13], found
that torque variations for each specimen were relatively high. In that study, it was
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assumed that the torque values are a preload measurement remaining in the
screw immediately before its removal, and that the preload attained in the system
was always equal to the same insertion torque [13]. However, the torque values
are only an indirect preload measurement, and not an exact estimate of it. The
torque value is not a completely accurate method of preload determination, but it
is the most commonly used method [112]. In addition, inherent to the method,
others factors may influence data variation. In spite of efforts to maintain axial
torque application, a minimum clearance between the torque meter and its
support is needed to allow rotation of the torque meter when applying force. This
clearance might have allowed a slight inclination of the torque device off the axis
of the implants. Nevertheless, if this inclination occurred, it was minimal and its
influence was distributed among all the specimen groups. As additional steps
were taken to minimize off-axis torque forces in the design of the current study, it
is thought that the relatively high variation in differences observed between initial
torque and final peak detorque values truly represent the conditions examined.
Thus, it is believed that the variation arose because of the physical and
mechanical make up of the screws and their coated machined, mating surfaces.

This did not occur in any screws under mechanical loading, possibly because the
apical threaded portion of the screws did not allow full compression of the
tapered portion of the abutment to come into contact with the mating part of the
implant, and reducing the potential contact pressure [32]. However, some screws
did present a positive de-torque value, which represents a significantly better
result compared to other screws. These findings suggest that, under simulated
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occlusal loading, the tapered portion of the two-piece abutments increases
contact pressure and frictional resistance with the mating part of the implant
without any interference from the transfixing screw, and they become frictionally
locked [32].

There is also an inherent inaccuracy in tightening wrenches in general, and
significant operator and wrench variability is observed in implant dentistry, in
particular [87, 100, 101]. This factor implies that the preload value expected
might not necessarily be realized in practice.

Although the preload value is

controlled via the torque input, it is also affected by a number of other variables,
such as geometric design factors (thread pitch and implant complex dimensions),
material properties of the implant components [88] (elastic moduli and Poisson's
ratios), as well as environmental conditions. These variables could affect material
and surface interactions (surface friction variation due to the state of lubrication
at mating screw and implant threaded surfaces) [143].

GLOBAL PICTURE
UNLOADED GROUP, TORQUE/DE-TORQUE VALUES

There was an unexpected, consistent, pattern observed in differences in torquedetorque values among implant positions for the unloaded, control position. The
pattern implied a compressive force developing in the screw located in the middle
of the framework arch, resulting in significantly Jess de-torque values than those
observed at other implant positions. This finding could mean that there is another
factor that is stressing the screws, regardless of load. Analysis of possible
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explanations for this discrepancy among implant position suggests that the
sequence of torque application have a major role in these values. This effect is
completely opposite from that when frameworks were loaded and suggests that
forces are not equally distributed among the screws of the framework, since
there is an unequal stress distribution even before they are placed in function.

In the present study, a linear torque sequence was applied to all models: starting
at the left most distal implant and moving clockwise to the right most distal
implant position. Another study has emphasized the importance of tightening
screws in a cross-wise manner, like spokes on a wheel [124]. Others recommend
that screws be tightened one-by-one, starting with the implant closest to the
midline, and eventually ending with the two terminal screws [64]. Another
investigation reported that the effect of screw tightening sequence on the final
preload was not statistically significant for either the axial forces or the bending
moments, but only circular (linear) orders were evaluated in that study [125].

LOADED GROUPS, TORQUE/DE-TORQUE VALUES

For the loaded group, the results confirmed pre-established expectations only to
a certain point. The screws closest to the cantilevers presented the least detorque difference in torque/de-torque values, and the ones furthest from the most
distal locations presented the highest values, resulting in a difference between
the distal extensions and the rest of the screws. The most distal screw on only
one side of the framework resulted in significantly lower torque/de-torque values,
while the distal one on the opposite side almost reached significance. While the
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greatest difference was expected to occur in the middle screw, its value was not
significantly different from those of screws on either side of it. These findings
have clinical significance, as apparently loading a framework removes the initial
pattern in torque/de-torque differences found in the unloaded control group. In
addition, clinicians should be most concerned about screw tightness in the
anterior segment of a framework, and not near the cantilever or most distal
locations.

Others have studied the different factors that influence screw loosening. Factors
identified as contributing to screw instability include poor initial tightening, an
inadequately fitting prosthesis, poor component fit, excessive loading, screw
settling, inadequate screw design, and the elasticity of bone [119]. The present
study was designed to minimize the impact of all these factors by using an
experimental model that took them into account. However, even though the
factors were controlled, screws still loosened, but in a position-dependent pattern
according to whether the framework received dynamic loading or not.

SCREW INTEGRITY

After analyses were performed, no significant differences in screw integrity were
found in any of the studied parameters with respect to either test condition or
implant position. However, using only visual examination, many screws
demonstrated an increased amount of debris following use. It is believed that the
debris observed upon unscrewing was part of a galling effect and possibly
peeling off the Teflon coating (dry lubricant used in this type of screw). However,
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it should be considered mind that this was only a 2-year simulated study; patients
are expected to use this type of prostheses for a longer period of time, which
could result in more debris being generated. Also, since the surface is less
smooth because of these deposits, the consideration of whether using a new
screw every time or when an old screw is removed from the prosthesis might be
advisable.

In another study, the same type of Teflon-coated screws (TorqTtite) was used as
in the present research. This type of screw is said to reduce the coefficient of
friction, thus decreasing the potential for screw loosening while providing an
increased preload value [91, 112]. However, another study concluded that the
surface of TorqTite is rougher than other types of screws and the Teflon particles
exfoliate easily [92], creating a higher probability of causing it to show variability.
This factor could also have contributed to the high amounts of variation seen in
the experimental data of the current project.

STUDY LIMITATIONS

Limitations of the study include the time constraints (insufficient time to test all
maintenance protocol groups), the use of only a single manufacturer is
implant/abutment system, and the high variability of the analyzed results. In
addition, it was assumed that the implants embedded into the fabricated base
and surrounded by light-polymerized composite resin would simulate the rigidity
of an osseointegrated implant in vivo, even though a realistic condition with
saliva was not provided. Currently, there is not enough evidence to confirm that
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saliva has a true effect on preload values of screws (since the ones used in the
study already have a dry lubricant coat).

FUTURE RESEARCH

The full, planned extent of the present study should be carried out in order to be
able to compare the different maintenance scenarios and select the most ideal.
The sequence of torque and de-torque should be addressed in a future study to
determine if results vary. In addition, yet another study should be undertaken
using different types of screws under the same conditions as the ones used in
the current work in order to determine the influence of different screw materials
on the results.

CONCLUSIONS

Within the limitations imposed in the current study, the following conclusions
were made:
1) There was a significant difference in torque/de-torque values among implant
positions for the non-loaded framework, with the center screw location
demonstrating the smallest difference.
2) There was a significant difference in torque/detorque values among implant
positions for loaded frameworks, with the most distal implant locations (closest to
the cantilever) demonstrating the lowest values.
3) There was no significant difference in torque/de-torque values among implant
positions between loaded and unloaded conditions, except for the center screw
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location, where the unloaded screws demonstrated less loosening than their
loaded counterpart.
4) There was no significant increase in the presence of debris on threads among
implant positions, for either loaded or unloaded conditions, after completion of
testing, when compared to initial values before testing.
5) There was no significant difference in the absence of thread striations among
implant positions for either loaded or unloaded conditions, after completion of
testing, when compared to values prior to testing.
6) There was no increase in thread surface homogeneity among implant
positions for either loaded or unloaded conditions after completion of testing,
when compared to initial values before testing.
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