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ABSTRACT

Objective: To evaluate the strain behaviour of the Kennedy Class I implant-
assisted removable partial denture (IARPD) distal extension area under various

loading conditions to better understand the strain pattern.

Method: A mandibular Kennedy Class I was selected with natural teeth from the
34 to 44. A duplicated model was made out of polyurethane and a conventional
removable partial denture was fabricated with a cobalt chromium metal
framework and acrylic base. Strain gauges were placed on the fitting side of the
acrylic and metal framework to measure the strain in the partial denture structure.
Two Straumann® implants were then placed in the second molar regions and the
removable partial denture was modified to accommodate ball attachments. The
model was loaded to 120N unilaterally and bilaterally, with three different loading

areas; premolar, molar and uniform.

Results: In all loading conditions the maximum micro-strains were in a bucco-
lingual direction. In all loading conditions tension micro-strains were most
common, except on the metal surface in the unilateral loading condition, which

showed mainly compression micro-strains.

Conclusions: This research highlights that lateral movement/displacement was
evident during bilateral and unilateral loading of the IARPD. Molar bilateral
loading showed favourable strain behaviour during bilateral loading conditions
whereas uniform unilateral loading showed less destructive strain behaviour

during the unilateral loading conditions.
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Chapter One

Introduction

The percentage of fully edentulous adults in the population has been reported to
be decreasing, so more people will have more teeth when they get older (Douglass
and Watson, 2002). As a result, demands for replacement of missing teeth, to serve
functional and social roles are increasing. The options to restore the partially
edentulous patients are fixed partial dentures, removable partial dentures and
implant-retained fixed prostheses. However, anatomical changes due to the loss of
teeth and supporting structures can present challenges and limitations to the fixed
prosthetic options. Loss of ridge volume is a major consequence of losing teeth. In
general, bone loss is greater in the mandible than the maxilla, and is more severe
in the posterior region. The mandibular arch broadens as it resorbs, while the
maxillary arch narrows. These anatomical changes can create many challenges for
implant-supported prostheses and removable partial dentures (RPD)(Carr et al.,

2011).

In a patient with no molar teeth, only RPD and implant-retained fixed prostheses
options are available as treatment modalities, since there is a lack of distal tooth
support (Carr ef al., 2011). The ideal treatment for these patients, if possible, is an
implant-retained fixed prosthesis. When such treatment options are not possible
or are too expensive for the patient, a RPD is considered to be a cost effective
option to treat partially edentulous patients (Bergman et al., 1982; Douglass and

Watson, 2002). A well constructed RPD can be an adequate treatment option



(Kapur, 1991; Rissin et al., 1985). A distal extension RPD needs to be accurately
designed to provide dual support. Support should be provided by the framework
via teeth contact and by the distal extension base. Distal extension tissue provides
vertical and lateral support for the distal extension base of the RPD. However,
distal extension tissue support changes with time and can compromise support for
the prosthesis during function. In addition, distal extension tissue has a different
resiliency to abutment teeth. The differences in the characteristics of RPD
supporting structures (teeth and soft tissue) will cause rotation in relation to three

cranial planes (Carr et al., 2011).

Placing two implant abutments distally in the mandible has been recommended to
transform a bilateral distal extension (Kennedy Class I) RPD to a tooth and
implant-supported/assisted RPD (a pseudo Kennedy Class III) (Orr et al., 1992).
The pseudo Kennedy Class III design will improve the support, stability and
retention of a distal extension RPD (Mijiritsky, 2007; Tolstunov, 2007). This could
be seen as a cost effective alternative compared with implant-retained fixed

prosthetic options.

An implant in conjunction with an RPD was used in the treatment of the bilateral
distal extension for the first time in the early 1970s (Fields and Campfield, 1974)
and since then several clinical trials have shown good survival rates (Chikunov et
al., 2008; Grossmann et al., 2009; Mijiritsky et al., 2005). However, fracturing of the
acrylic base was reported when resilient attachments were used in this design

(Payne et al., 2006).



The type of resilient attachment usually used in implant-assisted removable
partial dentures (IARPD) is an extra-coronal resilient attachment (ERA), o-ring
system, or a similar attachment system. Locator® abutments have also been
recommended because they can be easily repaired or replaced and have good
resiliency and retention. They also have a straight profile and are available in
different heights, making them ideal for areas with limited space. The term IARPD
is used when resilient attachments are placed. Implants, incorporated into RPDs
provide support through the use of healing caps, hence the term implant-supported

RPD (ISRPD) (Shahmiri and Atieh, 2010).

The mandibular bilateral distal extension situation will be discussed to better
understand the limitations of conventional RPDs and how converting a RPD into
an IARPD/ISRPD improves its outcomes. Despite the RPD being a reasonable
option for the patient without molars, it has limited success and it is not easy to
achieve patient satisfaction (Jepson et al., 1995). A survey by Wetherell and Smales
(1980) showed that one RPD (bilateral distal extension) out of 150 survived over a
10-year period. The term “failure” was defined as partial dentures which had been
replaced or which could not be worn at all. The failures identified were; (1)
discarded by the patient, (2) need replacement regularly, (3) did not improve

eating, (4) had poor retention, and (5) had poor stability.

The distal extension area of the mandibular offers little support in comparison
with the distal extension area of the maxilla (Carr et al., 2011). In addition, the
mandibular bilateral distal extension RPD is supported by two different

structures, the edentulous ridges and abutment teeth. These two different



structures have different resiliency and viscoelastic responses to loading. The soft
tissue under loading has a displacement range of 350-500um, whereas a sound
tooth (not periodontally compromised) has a displacement of 20pm under the
same load (Manderson et al., 1979). This mismatch of support will result in the
transmission of torque forces to the abutment teeth via a rotational movement of
the RPD (Monteith, 1984). In 1984 Watt and MacGregor linked tooth mobility to
the torque forces that are developed against the abutment teeth. In addition, the
rotational movement of the RPD is directed towards the underlying soft tissue,
and as a result the torque force in the soft tissue is then transmitted as a shearing

force, which progressively causes resorption of residual ridges (Witter et al., 1994).

It has been suggested that a specific clasp design for a mandibular bilateral distal
extension RPD must be incorporated to provide stress relief for the abutment
teeth. As a consequence various retentive units were designed that incorporate a
stress relief component. The RPI (R = mesial rest, P = proximal plate, I = I-bar
retentive arm), RPA (rest, proximal plate, Akers clasp), RPL clasp (mesial rest,
proximal plate, L-bar) and Equipoise back action clasp systems were designed to
compensate for the torque induced by the mismatch in different types of support

available to the RPD (Eliason, 1983; Goodman, 1963; Krol, 1973).

On the contrary, Igarashi et al., (1999) argued that flexible retainers can cause more
damage to the abutment than a more rigid design. They evaluated the mobility of
abutments when loading the distal extension of the RPDs. They assessed three
different types of retainers; wrought wire clasps, Akers cast clasps and conical

telescopic crowns. Maximum tooth mobility was observed with the wrought wire



clasps, which represented the least rigid retainer design in this study. However,
Mizuuchi et al., (2002) revealed that a distal rest produced greater distal torque on
the abutment tooth regardless of clasp design. They identified that the shorter the
distance from the occlusal rest to the loading point, the smaller the resistance arm
will be and as a result the magnitude of the distal torque on the abutment will

decrease.

Another issue related to the support provided by soft tissue is a lack of resiliency
throughout the mandibular distal extension. The tissue in the region of the
retromolar pad is much more resilient than the tissue immediately adjacent to the
last abutment tooth. The areas that are least resilient will bear most of the load.
This can cause tissue creep in the limited contact area under the load and
consequently damage to the underlying alveolar bone (Vahidi, 1978). Shortening
the dental arch in the distal extension to the first molar could be a possible
solution. A concern is that the potential loss of function may cause a temporo-
mandibular joint problem. Witter et al, (1994) compared shortened distal
extension RPDs with lengthened distal extension RPDs. These authors established

there was no significant difference in the oral functionality of either group.

A link between bone resorption and RPDs has been shown in a number of studies.
There was a considerable difference in residual bone resorption between patients
who had an RPD and those that did not wear one (Campbell, 1960; Imai et al.,
2002; Jozefowicz, 1970; Mijiritsky et al., 2007). Mori et al., (1997) and Ohara et al.,

(2001) evaluated the effect of continuous pressure on RPD’s support tissue. They



found that exceeding a threshold value range of 1.5KPa to 4.9KPa caused

irreversible bone resorption, even after the discontinuation of the pressure.

One of the recurrent problems associated with a mandibular bilateral distal
extension RPD stems from the loading of the edentulous ridge (Brudvik, 1999).
Vertical compressive forces applied to a mandibular ridge are well tolerated
(Kelly, 2003; Zarb, 1978). In the bilateral distal extension RPD, the situation of the
occlusal rests on the distal abutments affects transmission of the load to the
underlying tissue. The distal extension of the RPD can move freely which
transmits the full masticatory load via a rotational movement, which in turn is
transmitted to the distal end of the edentulous ridges as a shear force (Hindels,
2001; Monteith, 1984; Watt and MacGregor, 1984; Zarb, 1978). The shear force is
not well tolerated by the edentulous ridges and can contribute to bone loss (Kelly,
2003; Renner, 1990). Different methods such as functional impression, one-stage
impression, relining methods, mucostatic techniques and stress breakers have
been suggested as solutions to minimize the effects of different resiliency of the
two supporting structures (Hindels, 2001). Understanding how different designs
transmit an occlusal load to the underlying structures may help limit the

detrimental effects on the supporting tissues.

Another problem related to the mandibular bilateral distal extension RPD is
combination syndrome or Kelly syndrome. This occurs when the RPD opposes a
maxillary complete denture. It causes the downward growth of maxillary
tuberosities, papillary hyperplasia (severe oedema and eventual inflammatory

fibrosis of the connective tissue papillae between the rete processes of the palatal



epithelium), resorption of the pre-maxilla, over-eruption of the mandibular
anterior teeth, and resorption of the posterior mandibular ridge (Kelly, 2003).
However, there has been a lack of supporting evidence since the publication by
Kelly on this phenomenon 25 years ago (Carlsson, 1998). Palmqvist et al., (2003)
also concluded that there is a lack of epidemiological studies and publications to
be able to classify this combination syndrome as a medical syndrome. Salvador et
al., (2007) assessed the prevalence of combination syndrome and concluded an
overall prevalence of 25%. In the same year, Tolstunov (2007) proposed a
classification for combination syndrome and identified complications in each
classification. It was concluded that using implant rehabilitation was the most

promising treatment for these conditions.

Using roots to support a removable partial over-denture (RPOD) with bilateral
distal extensions is promising. Compressive forces from the denture are
transferred to tensile forces in the bone when passed through the roots and
periodontal ligaments (PDL), rather than the mucoperiosteum and residual ridge.
Therefore, hard and soft tissues under the distal extension area experience less
stress (Renner, 1990). In addition, the PDL proprioceptors generate a signal against
physiological overloading and prevent bone resorption (Crum and Rooney, 1978).
However, RPODs require additional time and cost more, as well as requiring more
sophisticated clinical and laboratory procedures (Renner and Boucher, 1987).
Patient oral hygiene must also be kept to a high standard, otherwise the patient is
susceptible to dental caries and periodontal disease which affect the overall

prognosis of the RPOD (Ettinger et al., 1984; Ettinger, 1988).



The mandibular bilateral distal extension RPDs have a number of complications.
Stability of such a prosthesis predominantly depends on the shape and anatomy of
the soft tissue on the distal extension area (Vahidi, 1978). The optimal type of
retentive clasp design to achieve adequate retention and desirable aesthetics is still
arguable (Igarashi et al., 1999, Mizuuchi et al., 2002). A link between bone
resorption and RPDs due to the effect of continuous pressure on the support tissue
was another identified complication of distal extension RPDs (Campbell, 1960;

Imai et al., 2002; Jozefowicz, 1970; Mijiritsky et al., 2007).

All of the above issues associated with mandibular bilateral distal extension RPDs
may be improved by implants. Placing two implant abutments distally in the
mandible has been recommended to transform a bilateral distal extension RPD to
a tooth-implant-supported/assisted RPD to help redistribute the heavy
masticatory load posteriorly and improve the conventional RPD design

(Mijiritsky, 2007; Orr et al., 1992; Tolstunov, 2007).



Chapter Two

Literature review

Oral implants placed in posterior sites modify the Kennedy Classification of
partially edentulous arches by converting a Class I (tooth- and tissue-supported)
to a pseudo Class III (tooth- and implant-supported). ISRPD and IARPD seem to
overcome the numerous problems associated with RPDs in addition to achieving a
higher level of patient satisfaction. An improvement in function and stability has
been demonstrated (Mijiritsky, 2007; Tolstunov, 2007). In addition, attachments
can be added chair-side to an existing RPD after implants have been placed,
reducing cost and simplifying the treatment (Shahmiri and Atieh, 2010). However,
there is still no evidence that validates the use of such a treatment modality in
managing bilateral distal partial edentulism, or supports the use of implants with
healing abutments or resilient attachments as a means of providing extra support

and retention to the RPD.

Placement of implants to stabilize and support the prosthesis can increase

maximum muscular effort and occlusal forces (Bakke et al., 2002; Ohkubo et al.,
2008; van Kampen et al., 2002). The bite force generated by an edentulous person is
approximately 11% of that of a dentate individual and a person with a RPD will
generate a bite force equivalent to 35% of a dentate individual. This has been
established to be in the range of 54N for the complete denture wearer and 173N

for the RPD wearer (Miyaura et al., 2000).



General bilateral balanced occlusion seems to be the most effective occlusal
scheme for distal extension IARPDs; this is because it evenly distributes forces

across the prosthesis. However, chewing patterns are unique to each individual
and mastication usually takes place either on the right or left side, regardless
(Pond et al., 1986). There currently are no studies available that have investigated
the influence of loading conditions on the RPD comparing bilateral with unilateral

loading.

Fields and Campfield (1974) were the first to report the use of an implant in
conjunction with a mandibular bilateral distal extension RPD. Although a 7-month
follow-up study showed promising results, a longer follow-up study on
ISRPD/IARPD was needed to determine the prognosis of this treatment modality.
Several review papers have been published on the use of the ISRPD/IARPD with
various recorded follow-up periods (Chikunov et al., 2008; Grossmann et al., 2009;
Mijiritsky et al., 2005; Payne et al., 2006). Currently the longest follow-up study is
published by Grossmann et al., (2009). They carried out a retrospective study of 35
patients treated with either unilateral or bilateral distal extension ISRPDs/IARPDs

with a survival rate of 97.1%.

The treatment paradigm of IARPD/ISRPD has been evaluated in terms of: bone

loss, combination syndrome, aesthetics, position of implant, maintenance, soft
tissue condition, chewing ability and patient satisfaction. An early study by Fields
and Campfield (1974) reported no bone loss was detected around the implants of
ISRPD cases during a 7-month follow-up period. However, Payne et al., (2006)

reported marginal bone loss with ISRPD/IARPD during a 12-month follow-up
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period. A long term clinical study is required to evaluate bone condition around

IARPD/ISRPD.

When posterior tooth support is lost or reduced, pathological changes of occlusion
can happen in the form of loss of arch integrity, collapse of the occlusion or
combination syndrome (Stern and Brayer, 1975). A study using healing caps in
ISRPDs, showed a lower risk of occlusal collapse compared with RPDs
(Halterman et al., 1999). In the case of a mandibular bilateral distal extension RPD
functioning against a maxillary complete denture, an IARPD/ISRPD can offer
more even force distribution. The additional posterior support provided by
ISRPD/IARPD prevents the resorption of the anterior maxilla and reduces the risk

of combination syndrome (Keltjens et al., 1993).

The position of the implant can have a significant effect on force distribution.
Placement of implants in the second molar location provides the best support and
stability (Grossmann et al., 2009; Ohkubo et al., 2008). In the case where there is
insufficient bone in the second molar region, placement of the implant close to the
adjacent abutment is recommended. This provides a future option for a fixed
implant-supported prosthesis (Grossmann et al., 2009). Further clinical studies are

still needed to evaluate the most effective position of the implant (Shahmiri and

Atieh, 2010).

Healthy soft tissue surrounding a dental implant gives protection to the osseous
structure during the osseointegration of the implant (Geurs et al., 2010). Therefore,

it is important to evaluate the soft tissue condition around the implant in
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IARPD/ISRPD. Fields and Campfield (1974) reported that tissue around the
ISRPD remained healthy during the 7-month follow-up period. Mitrani et al.,
(2003) evaluated peri-implant soft tissue conditions in both IARPD and ISRPD and
reported that the soft tissue remained stable during the 12-48 month follow-up
period. However, the complication of hyperplastic tissue was reported in the

ISRPD patients during the follow up period.

The longevity of IARPD/ISRPD depends on prosthetic maintenance requirements
as well as biological complications (Payne and Solomons, 2000). Fracturing of the
acrylic base was observed when ball attachments (IARPD) were incorporated into
existing partial dentures opposing a complete maxillary denture (Payne et al.,
2006). Several other studies also reported complications related to IARPD/ISRPD
such as adjustment of the acrylic base, implant failure, repeated relining, rest
rupture, pitting of the surface of the healing abutments, screw loosening,
framework fracture, hyper-plastic tissue formation, loosening of healing cap and
fracture of the acrylic denture base (Grossmann et al., 2009; Keltjens et al., 1993;

Mijiritsky et al., 2005; Mitrani et al., 2003; Payne et al., 2006).

Maintenance or renewal of attachments or healing caps was reported more
frequently than any other complication with IARPD/ISRPD (Mitrani et al., 2003;
Payne et al., 2006). Loosening of the healing cap (ISRPD) in 84% of cases was
reported in 24 patients after a 12-month period in a randomized controlled study
by Payne et al., (2006). In the second component of the same study, resilient

attachments were placed (IARPD) and 58.3% of patients reported complications.
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Several clinical studies have reported improved chewing ability and patient
satisfaction for IARPDs/ISRPDs compared to RPDs (Mijiritsky et al., 2005; Mitrani
et al., 2003; Ohkubo et al., 2008). Mitrani et al., (2003) carried out a retrospective
study of both IARPD and ISRPD and concluded that IARPD/ISRPD improved
patient satisfaction. Mijiritsky et al., (2005) reported improved chewing ability and
patient satisfaction when wearing IARPD during a 24-48 month follow-up period.
Ohkubo et al., (2008) conducted a single blind randomized crossover study of five
partially edentulous patients (Kennedy Class I). The study was designed to
evaluate masticatory movements, occlusal forces and patient comfort following
placement of an ISRPD. The study showed that the occlusal force and contact

areas were greater and more distally located in the ISRPD than for a RPD.

The reviews of clinical studies and case reports on ISRPD/IARPD identified only
two randomized trials Ohkubo et al., (2008), Payne et al., (2006) and three
retrospective studies Grossmann et al., (2009), Mijiritsky, (2007) and Mitrani et al.,
(2003). All the studies had insufficient follow-up periods and were lacking in

statistical power.

Non-clinical studies

Cho, (2002) studied the load transfer characteristics of IARPDs and showed that
the use of resilient attachments with distal implants reduced the stress
concentration around implants and abutment teeth. Although only resilient

attachments (IARPD) were used in this study, the use of healing abutments
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(ISRPD) in different studies showed a similar result. Itoh et al., (2007) used a
photo-elastic model of a mandibular bilateral distal extension implant-tooth borne
RPD and found that both healing abutments and ball attachments provided

support to the RPD with no difference in stress concentration.

Lacerda et al., (2005) compared different connection designs for an IARPD. They
compared various hinge and rigid connectors and evaluated the load on the
abutment, alveolar ridge and implant. They found that ball, ring and magnet
connectors behaved as hinges, preventing a bending moment on the implant.
However, such a flexibility in the connection between the implant and RPD
increased the load on the abutment teeth and IARPD structure. On the other hand,
a ball attachment with adjustable resilient matrix design can reduce the amount of
stress on the structure of the prosthesis (Shahmiri and Atieh, 2011). However,
there is currently no available evidence to recommend one design over another in

terms of retention and support.

With regard to implant location, Cunha et al., (2008) used finite element analysis
(FEA) to show that there is a greater tendency for displacement when implants are
placed in the second molar position, and suggested that a more mesial position in
the arch (i.e. first molar region) would reduce this. However, Ohkubo et al., (2007)
showed that implant placement in the second molar region reduced the distal
displacement. In addition, an increase of the implant angle increased displacement
and tension, which is considered harmful to the structure of the prosthesis (Santos
et al., 2006). Further studies are required to evaluate the most effective position of

the implant.
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Dissipation of the occlusal forces over an abundant surface of an implant can help
maintain bone integrity (Lum, 1991). In a biomechanical study, Verri et al., (2007)
created six models and used FEA to evaluate the influence of length and diameter
of implants on the design of a RPD. The authors showed that increasing both the
length and diameter of implants was likely to reduce the tension values. Yet, it is
expected that the ISRPD can be shorter if the implants are used for vertical
support only (Brudvik, 1999). However, the optimal length and diameter of the

implants for use with RPDs have not been determined.

An increase in the masticatory forces will have an influence on the prosthesis
components and supporting structures. Rocha et al., (2003) carried out a FEA
study to evaluate behaviour of the support structure of a ISRPD compared to a
RPD with the same loading conditions. It was concluded that the presence of a

implant, supported the RPD and promoted smaller stress levels in alveolar bone.

The influence of the different loading conditions and retention systems were
studied in three separate FEA studies by Pellizzer et al., 2003, 2004 and 2010. In the
2003 study stress values were measured in an ISRPD support structure and
prosthesis under four different loading schemes, with gradual vertical forces
applied onto the first and second molars. It was concluded that stress values
exceeded the ultimate stress value of the acrylic and a material with more

resistance needed to be used for occlusal coverage (Pellizzer et al., 2003).

In 2004 they evaluated the effect of vertical and oblique loads on a distal extension

IARPD. Loads at 90° and 45° angles were applied in two directions, mesial to
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distal and distal to mesial. It was found that 45° mesial to distal loading generated
less tension than distal to mesial. Nevertheless, the tendency for more
displacement and greater tension was observed for the 45° loads compared to the

90° loads (Pellizzer et al., 2004).

Pellizzer et al (2010) third study compared biomechanical behaviour of IARPD and
ISRPD with different retention systems. They evaluated the effect of axial and
oblique loads on a conventional RPD, ISRPD, IARPD with ERA attachments,
IARPD with O-ring attachments, single fixed implant (UCLA abutment)
supporting a RPD. It was concluded that IARPD with ERA attachments displayed
the best stress distribution in the supporting structure. The single fixed implant

(UCLA abutment) supporting a RPD was a nonviable treatment option.

IARPD/ISRPD places more stress on the prosthesis components than a RPD, due
to an increase in mastication forces (Cibirka et al., 1992, Ohkubo et al., 2008).
Fracture of the acrylic base was reported when an existing RPD was fitted with
implants in the distal of the distal extension, which was opposed by a maxillary
complete denture (Payne et al., 2006). Stability of the maxillary complete denture
can be promoted by developing balanced loading to minimize tipping stress when
the mandibular Kennedy Class I RPD is used (Carr et al., 2011). However, the
effect of the loading condition has not been investigated when an implant is retro

fitted into a RPD.
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Chapter Three

Method and Materials

Method

Model fabrication

A human mandible was obtained from the Department of Anatomy and

Structural Biology at the University of Otago. A duplicate model was made using

a polyurethane (Easycast®) covered with a 2mm layer of silicone (Deguform®,

DeguDent, Germany) (figure 1a & b).

Figure 1: (a) Fabricated model of polyurethane resin (Easycast®)
(b) Soft tissue simulated with silicone (Deguform®)

The edentulous ridge areas of the mandibular model were covered with 2 mm of
wax to simulate the maximum soft tissue thickness. A matrix was made with
condensation  silicone putty (Sil-Tech®  Ivoclar  Vivadent  AG,
Schaan/Liechtenstein). After removing the wax, Deguform® was injected into the

matrix and a uniform silicone layer was produced.
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An alginate impression was taken of the mandibular model using a custom tray.
The impression was poured with type 4 stone (Fujirock® EP, GC Europe N.V.,
Leuven, Belgium) to make a master cast. A conventional Kennedy Class I RPD
with a lingual bar (0.5 mm), mesial rest and I bar was designed. The path of
insertion was determined, undercuts were blocked out and the distal extension
area was given a 1 mm spacer. The cast was then duplicated with Deguform® and
a refractory cast was poured (Wirovest® BEGO, Bremer Goldschldgerei Wilh,
Germany). The refractory cast was waxed up according to conventional Kennedy
Class I RPD techniques. After investing, the framework was cast in a cobalt-
chrome molybdenum alloy (Wironit® BEGO, Bremer Goldschldgerei Wilh,

Germany). The framework was fitted and polished (figure 2).

Figure 2: Fabricated metal framework
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Strain gauges

Strain gauges (Vishay Electronic GmbH, Germany) were placed on the fitting side
of the framework. Two strain gauges were placed perpendicular to each other in
the mesial areas of the bilateral distal extensions between the retention mesh and
lingual bar. A further four gauges were placed radially around each implant site

(figure 3).

Channel A: 1,2, 3, 4

Channel B: 2,5, 6,7
Channel C: 7, 8,9, 10

Channel D: 10, 11, 12, 4

Figure 3: Numbered strain gauges and their placement

Because an RPD is a complex structure and measurement of general body
displacement is almost impossible, so a novel research method utilizing strain
gauges to measure strain on the surfaces near the boundary conditions was used.

Biaxial and uniaxial strain fields are a determinant in choosing the type of strain
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gauge used. In the case of a biaxial field, the question arises whether or not the
direction of the principal strain is known. If the direction of the principal strain is
unknown, three or four rosette strain gauges are required and if the direction of
the strain is known, two rosette strain gauges are sufficient. In the case of a
uniaxial strain field, a single gauge is enough to measure the strain (Dally and
Riley, 1965). In this study, static loading was applied to the materials. This made
the directions of the strains predictable and uniaxial. As only high strain areas
were to be identified, the strategy was taken to place the strain gauges close to
boundary conditions. In the area by the rests, gauges were placed to measure
strain in the x and y directions. Around the implants, it was necessary to place the
gauges radially to allow for the intended placement of the implant. The strain

gauge orientation was critical and three different orientations were initially

considered: radial, mesio-distal and mesio-distal bucco-lingual (figure 4).

Figure 4: Placement positions of the strain gauges in: (a) Radial orientation; (b)
Mesio-distal direction; (c) Mesio-distal bucco-lingual (not radial to
implant)
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Out of three scenarios, the radial orientation of strain gauges was decided on. This
was because most of the strain would occur in the mesio-distal direction because
of the deflection of the saddle and bucco-lingual direction due to tissue response

to lateral displacement of the prosthesis.

Strain gauge length and width have an important role in the accuracy of a strain
measurement. The smaller the length of the strain gauge, the more accurate the
strain value at a given point (Dally and Riley, 1965). Therefore, small strain gauges
with a length of 0.15mm length were used. The strain gauges were trimmed to the
smallest size possible in order to accommodate them on the limited space the
mesh framework had available. After the strain gauges were trimmed, isopropyl
alcohol was used to clean the surface of framework. The strain gauges were then
attached to the framework with cyanoacrylate adhesive, and wiring procedures
were completed with 0.08 mm thickness copper based wires. The adhesion of the
gauges can influence the resistance to stress relaxation and gauge resistance. To
account for this, pressure is applied at temperature which helps minimize any
residual stresses in the adhesive. Adequate bonding was tested by tapping the
installed gauges with a soft rubber eraser and checking the strain readings (Dally

and Riley, 1965).

Terminals (CPF-50C M-Line accessories, Measurement Group, INC., Raleigh, NC)
were attached onto the model base and the strain gauge wires were attached to the
appropriate channel. The models were left for 24 hours to make sure the strain

gauges and terminals were secured, as heat introduced during the wire soldering
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can affect bonding. After the strain gauges were numbered they were connected to
the most convenient terminals. Four channels were used, with each terminal
having four gauges attached. Figure 5 shows the terminals and channel layout.
There was always one gauge in common with the following channel. This helped
to verify data as the linked strain gauge should indicate the same micro-voltage in

both channels.

Figure 5: Strain gauges attached to the terminals and channel layout

After testing of the metal framework was complete, the strain gauges were
disconnected from the terminals and the framework was transferred to the master
cast so the teeth could be placed. The strain gauges were covered with a thin layer
of clear spacer to separate the gauges from direct contact with chemicals and heat
during polymerization. The partial denture was then processed with clear acrylic.

Strain gauges were then placed on the acrylic surface in the same orientation as
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the metal framework. The clear acrylic enabled the gauges to be directly aligned

with the corresponding gauges placed on the metal framework (figure 6).

Figure 6: Placement of strain gauges on the acrylic surface

Strain measurement

Strain defined as change in the length divided by the initial length of a line
segment parallel to one of three associated principal directions is known as normal
strain (Dally and Riley, 1965). Consequently, slight changes in orientation of line
segments parallel to each of the axes X, y and z can occur and this is known as

shearing strain. In a two-dimensional state of strain, there are three cartesian strain
components: €xx, Cyy and Exy where Exx and Eyy are normal strain and Exy is shear

strain. Motion of the object can be translational /rotational or movement of points
of a body relative to each other. Translational or rotational movement is known as
rigid body motion and movement of the points of a body relative to each other is

known as deformation (Dally and Riley, 1965).

Strain can be measured with several methods such as strain gauge, photo-

elasticity, moiré fringe patterns, finite element analysis and holography. The strain

23



gauge method and finite element analysis are quantitative methods of strain
measurement, while other methods are predominantly qualitative methods. A
single measurement of displacement cannot accurately measure general body
displacement and as a result, the conversion of displacement to strain does not
reflect the general body strain. Therefore, it is recommended to utilize a strain

gauge to measure surface strain (Dally and Riley, 1965).

Implant placement into model

The holes for the implants were prepared on the model using a milling unit.
Drilling was performed parallel to the path of insertion of the partial denture. A
2.2 mm diameter pilot drill (number 044.211) (Straumann Group, SIX: STMN,
Basel, Switzerland) was used initially, followed by a 2.8 mm diameter drill

(number 044.216), and finally a 3.5 mm diameter drill (number 044.219) (figure 7).

Figure 7: Prepared holes in the model for implant placement
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Easycast® resin based material was poured into the holes and the implants were
connected to the implant transfer screw and was screwed down and left for 72
hours to cure. Ball attachments were then placed on the implants and screwed

down.

Holes were prepared inside the acrylic base of the partial denture to accommodate
the retentive caps. The retentive caps (Straumann titanium matrix, reference
number 048.450) were placed on the ball attachments and the partial denture was
relined with self-cure acrylic to secure the retentive caps in place. After this, all the

strain gauges were connected to the appropriate terminals (figure 8).

Figure 8: Completed RPD with retentive caps and strain gauges in place

Colour coded wires were used for strain gauges to aid identification (figure 9).

iy

Figure 9: Colour coded wires attached to channels
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Loading of the prosthesis

A compressive load of 120N was applied at a crosshead speed of 0.05mm/sec
using a universal testing machine (Instron 3369, Norwood, MA, USA). It has a
rigid frame controlled by Instron® Bluehill Lite software. Each loading condition

was repeated eight times under the control of the software.

The output strain data were detected as uV and recorded with Chart 5 software
and Power Lab system (AD Instruments, Sydney, Australia). Data were presented
as a graph in the Chart 5 software and the highest strain point in each channel was

manually recorded.

The teeth, or tooth bearing areas were loaded, bilaterally (figure 10) and
unilaterally (figure 11). Each testing condition was loaded uniformly, in the

premolar area and in the molar area.

Figure 11: Unilateral loading; (a) Uniform (b) Premolar (c) Molar
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Two steel bars with different widths were used for the bilateral loading condition.
A wider bar that covered all the denture teeth was used for the uniform loading
and a narrower bar was used to cover only the selected premolar and molar teeth.
A thin silicone layer was placed between the bar and the teeth to distribute the
forces evenly. The silicone was placed on top of the teeth and a small amount of
load was applied with the loading machine to ensure that a level surface was
achieved. The embedding of the bar into the silicone also minimized displacement
of the steel bar during loading. A small V-shaped groove was created in the bar to

locate the tip of the loading point accurately (figure 12).

Figure 12: Bilateral loading of premolar region in Instron universal testing machine

For the uniform unilateral condition a smaller bar was used which also had
silicone between the teeth and the bar. Due to the small loading area, the
unilateral loading of the premolar and molar areas could be done directly using a
flat loading point attached to the Instron and with silicone between the load point

and the teeth.
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Converting the data to micro-strain values

Strain gauges convert relative mechanical displacement into an electrical signal,
which is recorded as pV. The data then needs to be converted to ustrain (Watson,
2008). Electrical resistance change is the result of resistivity and dimensional
changes of the thin metal wire. In order to measure small changes in resistance,
strain gauges use a Wheatstone bridge arrangement with a voltage excitation. The
voltage recorded needs to be converted to a resistance change value and then
ultimately to a strain value. To find the resistance changes from voltage excitation
in the Wheatstone bridge, the gauge factor needs to be calculated first. To calculate
the gauge factor, the differential relationship between the area change and length
change needs to be found. To calculate the differential relationship, the resistance

needs to be calculated.

L
Resistance equation R = p Z

dR ap dL dA

Differential equation —_— = — S —
R P L A

R=resistance (Q), P=resistivity (Qcm), L=length (cm), A=area of cross-section (cm?)

Poisson’s ratio is then calculated which then can be inserted into the differential

equation which once combined gives the relative resistance change.

dA dL

V is Poisson’s ratio = —2v

A L
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Relative resistance change to change of length equation

drR _dp  dlL dR/R _ dp
Rt —(1+27) > 2L p(1+2v)

The relative resistance change to change of length equation shows the ratio of
electrical resistance change of a conductor to the change in length, which is known
as the gauge factor (GF).

dR/R
Gauge factor equation GF = —

dL/L
An accurate measurement of the change of resistance is essential as strain rarely
exceeds more than a few milli-strains or a few thousand micro-strains. In order to
measure small changes in resistance, strain gauges are used in a bridge
arrangement with a voltage excitation. A Wheatstone bridge is usually used to
measure relative resistance change (Dally and Riley, 1965). The Wheatstone bridge
consists of four resistors with output voltage difference at points B and D. Paths
ABC and ADC (figure 13) divide the voltage. In this way the voltages for B and D

can be calculated. This is calculated as

Hz
Vs =Vin Rt s and Vp Vm g1v1ng

Vour= Vp - Vg = Vm[(g +R4) (RiRle)] - [(Riil)_;:;ii?ﬁ]
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Figure 13: Wheatstone bridge arrangement. (R=resistors, V=voltage)

In a Wheatstone bridge Ri, Rz, R3 or R4 can record the strain and consequently a
quarter, half, or the full bridge system can be used. We assume at least a quarter of

the bridge is active with a changing resistance.

Output of the bridge is usually adjusted to zero before any strain application.
Therefore, Vg will be equal to Vp and RiRs = RoR3 and since the bridge is in a
balanced condition R1=R>=Rs=R4=R. When strain applies, the resistance value of

R1 will change slightly (R+dR) and the equations change too.

o = Voo (5) - ()] = Vol
out = "m|\R + R (R +dR)+R/1 ™~ "™I4R + 2dR

Since the resistance change is very small (2dR<«4R) the term 2dR can be eliminated

and we calculate dV oyt as follows:

1 dR
dvout =Vin lZ X ?
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Then, the relative resistance change equation can be derived from the gauge factor

equation as follows:

By using the resistance change and the gauge factor, the strain can be calculated as
follows:

GF _dL] _ dL
__’E_L

dvoutzvinlq_ X I

GF
dVout - VE T X £

E=————
V.. % GF

For this study all values obtained from the strain gauges were placed in the
equation below to calculate micro-strain values. As the voltage excitation for the

Power Lab system is 2.5 volts (Vin = 2.5) the equation was modified to:

2.5 X dVy,
*T T GF

All strain gauges had a gauge factor of 2.07. Therefore, by placing the value of the

output voltage in the strain equation, the value of strain can be calculated.
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Materials

Implants

Standard plus regular neck (J 4.8 mm) Straumann dental implants were used.
Straumann Standard implants with a diameter of 4.8 mm can be used for all oral
endosteal implant indications in the maxilla and mandible, for functional and
aesthetic rehabilitation of edentulous and partially edentulous patients with a
ridge width of at least 6.8 mm (Straumann Product Catalogue). The implant site
allows for the shoulder of the implant (crown margin) to be positioned 1-2 mm
apical relative to the neighbouring cemento-enamel junction. The implants are

made from unalloyed grade 4 titanium (Straumann Product Catalogue) (table 1).

Chemical composition
0] Fe C N H Ti
0.45% max. 0.3% max. 0.1% max. 0.05% max. 0.015% max. | Reminder
Mechanical Properties

Strength Elongation Modulus of elasticity
Forged/annealed 550 MPa min. 20% min. 110 GPa
Cold-Worked 800 MPa typically 10% min. 110 GPa

Table 1: Chemical and mechanical properties of Straumann dental implant
(Straumann product catalogue 2006)

Model

The model was made with a polyurethane based material. Easycast® is a two-
component rigid urethane casting compound with a Shore hardness scale of 65D.
Easycast® can be sanded, drilled, and ground. Easycast® accepts a wide range of
fillers and can reproduce details because of its low viscosity prior to curing. This

material is commonly used for architectural models, model kits, collectibles,
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masters and prototypes. Table 2 shows the physical and handling properties of

Easycast®.

Physical Properties

Hardness Shore D 65+2
Specific Gravity, Cured [,ci,f::c] 1.03
Colour White
Ultimate Tensile [psi] 4730
Elongation [22] 9.4
Heat Deflection [°C] 75
Shrinkage, Linear [infin] 0.0041
Handling Properties
Mix Ratio By Weight Part A: 100 pbw
Part B: 90 pbw
Mix Ratio By Volume Part A: 100 pbv
Part B: 100 pbwv
Viscosity cps@25°C Mixed: 60
Work Time 100g mass@ 2-2.5 minutes
25°C
Gel Time 100g mass 3-4 minutes
@25°C
Demould Time @25°C 15+ Minutes

Cure Schedule

7 days ambient or
16 hours @ 70°C

Table 2: Physical and handling properties of Easycast®.

Alloy

Wironit® cobalt-chrome molybdenum partial denture alloy (free of nickel and

beryllium) was used to fabricate the partial denture frameworks. Table 3 shows

the composition, mechanical and physical properties of the alloy.

Composition Co 64.0
Cr 28.6
Mo 5.0
Si 1.0
Type ISO 22674 5
Density g/cm? 8.2
Vickers hardness HV 10 350
Modulus of elasticity GPa 211
Elongation limit MPa 600
Tensile strength MPa 880
Ductile yield % 6.2
Melting interval °C 1320-1350
Casting temperature °C 1460

Table 3: Composition, mechanical and physical properties of Wironit®
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Attachments

Two Straumann retentive resilient ball attachments (Straumann, number 048.439)

were used with a height of 3.4 mm. Titanium retentive anchors (Straumann,

number 048.450) with a height of 3.1 mm were used. A torque driver (Straumann,

number 046.069) was used to torque down the ball abutments. Eighteen millimeter

transfer pins (Straumann, number 048.109) were used to transfer the exact

positions of the abutments to the master cast.

Strain gauges

Vishay Micro-Measurements SR-4 general purpose strain gauges (Vishay

Electronic GmbH, Germany) were used for this study. Vishay Micro-

Measurements manufacture strain gauges with a wide temperature stability

range, which utilize high purity nickel-foil sensing grids. Pure nickel has the least

resistance-versus-temperature change sensitivity of the three most commonly

used materials (nickel, copper, Balco) and is normally selected for span-versus-

temperature compensation strain gauge of transducers. The temperature

coefficient of resistance is +0.59% per degrees Celsius over a temperature range of

+10 to +65 degrees Celsius (Vishay Technical Note Manual) (table 4).

Y

Figure Type Nominal Dimension Approx.
Resitances (mm): Length Gauge
(Q) Factor (%)
@ 24°C
<A~ 3057 CEA- 120 0.15 2.07+2.0
;“; 06-015UW-
120

Table 4: Vishay strain gauge properties (Vishay technical manual)
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Silicone

Deguform® was used to duplicate the models; Deguform® is an addition curing,
two component silicone. A ratio of 1:1 for the catalyst (white) and curing agent
(blue) was used. Deguform® has a Shore A hardness of 14-16 and linear

contraction of 0.08% (DeguDent product manual).
Acrylic

Vertex™ Castapress Crystal Clear self-polymerizing pour denture base material
was used to make the denture base. Technical specifications of this material are

shown in table 5.

Pouring time (at 22 ° () up to 3 minutes

Dough time (at 22° ) 6 minutes

Curing time 30 minutes at 55°C and 2.5 bar

Mixing ratio by volume /parts by weight 1 ml/ 0.95 g liquid (monomer) 1.5 g powder
(polymer)

Impact-resistance 9.7 kl/m2

Flexural strength 75 MPa

Flexural modulus 2293 MPa

Water sorption 22.1 pg/mm3

Solubility 0.7 pg/mms3

Table 5: Vertex™ Castapress technical specification (Vertex™ Dental webpage)
(httpy//www.vertex-dental.com/castapressCrystalClear)

Die stone

GC Fujirock® EP (GC Europe N.V., Leuven, Belgium) was used to fabricate the
master cast. GC Fujirock® is a type 4 dental stone with a setting expansion of

0.08% and a compressive strength of 53 MPa. The recommended water/powder

ratio is 20 ml/100 g.
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Refractory material

Wirovest® (BEGO, Bremer Goldschldgerei Wilh, Germany) investment material
was used to fabricate the refractory model. BegoSol® (BEGO, Bremer
Goldschldgerei Wilh, Germany) with 40% liquid concentration was mixed with

Wirovest® powder with a powder/liquid ratio of 100g/15ml.
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Chapter Four

Results

Results are presented according to different loading conditions. All tests are
divided into two main groups: bilateral and unilateral. Each group was subjected
to three different loading conditions: uniform loading, premolar loading and
molar loading and strains were recorded on the fitting side of the metal
framework and acrylic base. Typical strain-time plots for strain gauges were
recorded. Each test was done 4 times and the mean micro-strain values are
presented in figures 15 to 26. The maximum mean micro-strain was identified in
each figure. Figures are colour coded with blue representing tension micro-strain
and red compressive micro-strain. The more intense red or blue refers to higher
mean micro-strain value and less colour intensity refers to lower value. Below in

figure 14 is an image showing the locations of the different gauges.
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Figure 14: Strain gauge placement
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Bilateral loading conditions

Micro-strain measurements at the acrylic base

Bilateral uniform loading

The strain gauges around the implants recorded the highest tensile strains. Gauges

10 and 12 recorded high tensile micro-strains. Gauge 10 had the largest tensile

micro-strain value (figure 15). Blue outlines of increasing intensity were used on

bar charts to highlight the strain gauges with larger tension strains and red

outlines were used for larger compression strains.
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Bilateral premolar loading

In the bilateral premolar loading situation lower micro-strain values were
recorded around the implants compared with those in the mesial area of the distal
extension. All but one gauge showed tensile strain behaviour, with gauge 8

showing the largest value (figure 16).
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Bilateral molar loading

The strain pattern and direction produced by the bilateral molar loading exhibited

high micro-strains value around the implant and mesial area of the distal

extensions. The largest tensile micro-strain value was obtained from the gauge 10

on the buccal side of the implant (figure 17).
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Micro-strain measurements at the metal framework

Bilateral uniform loading

Gauge 6 showed the largest tensile micro-strain of 109.5, the corresponding gauge
on the opposite side (gauge 8) also recorded a high tensile micro-strain of 59.5.
Smaller values were measured by the gauges in the implant areas (gauges 1, 2, 3,

4, 9,10 and 11) as shown in figure 18.
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Bilateral premolar loading

Similar to uniform loading, gauges 6 and 8 showed tensile strain behaviour, with

gauge 6 showing the largest value (figure 19). Bilateral premolar loading produced

lower micro-strain values around the implants compared with those at the mesial

area of the distal extension.
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Bilateral molar loading

The strain produced by bilateral molar loading showed high values around the

implant and mesial areas of the distal extension. The largest tensile micro-strain value

was obtained from gauge 6 in the mesial area of the distal extension (figure 20).
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Unilateral loading conditions

Micro-strain measurements at the acrylic base

Unilateral uniform loading

Lower strain values were generated by the uniform unilateral loading condition
compared with bilateral loading. A tensile pattern of strain was observed around
the implants, with the highest value recorded on the lingual side (figure 21).

Gauge 6 recorded tensile mirco-strain in the bucco-lingual direction.
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Figure 21: Maximum mean micro-strain measured on the acrylic base
(unilateral uniform loading)
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Unilateral premolar loading

Similar to the bilateral premolar loading condition, the strain gauges in the mesial
area of the distal extension showed the highest deformation under unilateral
premolar loading. The micro-strain values around the implants were the lowest
among all the tested unilateral loading conditions. Both gauges number 4 and 2
showed small amounts of strain. This appears to be related to the forces directed

away from the long axis of the ridge (figure 22).
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Unilateral molar loading

Under the molar loading condition, the largest micro-strain value was

concentrated around the mesial area of the distal extension. This is similar to the

unilateral premolar condition. However, the strain was more evenly distributed

around the implant area (figure 23).
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Micro-strain measurements at the metal framework
Unilateral uniform loading
Lower strain values were generated by the uniform unilateral loading condition

than the bilateral one on the metal surface. Compressive micro-strain was

recorded around the mesial area of the distal extension with the highest value

recorded on the buccal side (figure 24).
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Unilateral premolar loading

The unilateral loading condition recorded high compressive micro-strain around the

mesial area of the distal extension, this is in contrast to bilateral premolar loading,

where high tension micro-strain was recorded in the same area (figure 25).
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Unilateral molar loading

Under the molar loading condition, the largest compressive micro-strain value
was concentrated around the mesial area of the distal extension. This is similar to
the unilateral uniform loading condition. However, the strains were less evenly

distributed around the implant areas (figure 26).
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The differences in micro-strain values under different loading

conditions

The differences in micro-strain values were analyzed in terms of the different
loading regimes (uniform, premolar and molar loading) for both bilateral and
unilateral loading conditions. Results of the largest mean micro-strain values are

presented according to the site and direction of strain.
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Micro-strain behaviour of acrylic base (bilateral loading conditions)

Uniform loading had the highest micro-strain value around the implant area. In

contrast, premolar and molar loading conditions exhibited high micro-strain

values around the mesial area of the distal extension with more even distribution

of strain in the acrylic base (figure 27).
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Because both implant and mesial areas of the distal extensions showed high
micro-strain values under different loading conditions, it was important to
identify whether the differences were statistically significant. Statistical analysis
was performed with SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) to compare
maximum micro-strain values in all three loading conditions. ANOVA was used
to compare maximum mean micro-strain values identified in each loading

condition (table 6).

A comparison of the maximum mean micro-strain values between the three
different loading regimes showed a highly significant increase in the recorded
mean micro-strain value (p<0.001) around the mesial area of the distal extension in
the bucco-lingual direction as the loading point moved forward. In contrast, a
significant decrease of the mean micro-strain values (p<0.001) was observed in the
bucco-lingual direction around the implant area as the loading point moved

forward (table 6).

Uniform Molar Premolar

Max. Max. Max.
Load Area Site Mean SD Mean SD | Mean SD df | P-value

(N=4) (N=4) (N=4)
. Rest BL -25.2 2.09 148.4 2.31 228.7 1.37 <0.001*

Bilateral (gauge 8) 2
]Inplant BL 255.8 15.19 174.4 2.72 132.2 2.01 <0.001*
(gauge 10)

SD: Standard Deviation, *: Significant at P’ < 0.05

Table 6: Statistical comparison of maximum micro-strain values of three
loading conditions
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A correlation analysis in figure 28 shows the reverse correlation when moving the

load forward with an increase in the maximum micro-strain value (R = - 0.985).

During the bilateral loading conditions, molar loading showed more even

distribution of micro-strain value around both the mesial of the distal extension

and implant areas on the acrylic surface.
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Micro-strain behaviour of metal framework (bilateral loading conditions)

The bilateral loading showed the highest micro-strain value around the mesial area of

the distal extension on the metal surface. The highest micro-strain value remained in

the mesial area of the distal extension as the loading point moved forward. As the

loading point moved forward, the micro-strain values increased around the mesial

area of the distal extensions. The highest micro-strain value exhibited was in the

bucco-lingual direction around the mesial area of the distal extension (figure 29).
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Statistical analysis of the highest micro-strain values of all three loading conditions

showed that there were significant differences (p<0.001) in the mesial area of the

distal extension in the bucco-lingual direction (table 7).

‘ Uniform Molar Premolar
Max. Max. Max
Load Area Site Mean SD Mean | SD | Mean | SD P-value
(N=4) (N=4) (N=4)
Bilateral Rest BL 109.5 2.09 91.3 1.96 1335 3.43 <0.001*
(gauge 6)

SD: Standard Deviation, * Significant at P< 0.05

Table 7: Statistical analysis of gauge 6 maximum mean micro-strain values for

all three bilateral loading conditions

The maximum micro-strain values in the mesial area of the distal extension (gauge

6) are shown in figure 30 to illustrate consistency of data and enable comparisons

with similar areas on the acrylic surface. Among the three loading conditions,

molar loading showed the lowest micro-strain values (figure 30) which were a

better match than corresponding maximum micro-strain recorded on the acrylic

surface during uniform and premolar loading micro-strain (figure 28).

Max. micro-strain values (gauge 6)

@

Figure

0:

140.00-

130.00-

120.007

110.007

100.007

90.007

80.007

00

o @O

[ele]

Unifornll loading

Maximum mean micro-strain values of metal surface for all three

T
Molar loading

T
Premolar loading

bilateral loading conditions (gauge 6)

55




Micro-strain behaviour of acrylic base (unilateral loading conditions)

Unlike bilateral loading, the recorded micro-strain values generated by the
unilateral loading, showed more consistency between uniform, premolar and
molar loadings. In the three loading conditions, the highest recorded values of
tension micro-strain were observed around the mesial area of the distal extension

in the bucco-lingual direction (figure 31).
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Maximum mean micro-strain values were recorded in the mesial area of the distal

extension in the bucco-lingual direction during molar and premolar loading,

whereas in uniform loading, maximum micro-strain values were recorded around

the implant in the bucco-lingual direction. There were significant differences

(p<0.001) between the maximum micro-strain value

conditions (table 8).

of the three loading

Uniform Molar Premolar
Max. Max. Max.

Load Area Site Mean | SD | Mean | SD | Mean | SD | df | P-value
(N=4) (N=4) (N=4)

. Rest BL 59.18 0.99 2104 | 053 | 3802 | 582 <0.001%

Unilateral (gauge 6) b

lmplant BL 91.65 14 97.6 1.82 87.7 1.85 <0.001*
(gauge 3)

SD: Standard Deviation, *: Significant at P< 0.05

Table 8: Statistical analysis of maximum mean micro-strain of all three

loading conditions
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A correlation analysis was carried out between the maximum micro-strain of two
areas around the implant and mesial areas of the distal extension as the loading
point moved forward. This indicated the maximum micro-strain moved to the
mesial area of the distal extension and continued to increase in the same area. The
micro-strain was more evenly distributed in both areas in uniform loading and
showed a lower micro-strain value compared with the other two loading

conditions (figure 32).
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Micro-strain behaviour of metal framework (unilateral loading conditions)

Similar to bilateral loading, the recorded micro-strain values generated by the

unilateral loading were highest around the mesial area of the distal extension.

However, in terms of compression and tension the pattern was different (figure 33).
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In the three loading conditions, the highest micro-strain values were recorded

around the mesial area of the distal extension. There were a significant differences

(p<0.001) between the maximum micro-strain values of all three loading

conditions, and as the loading point moved forward there was a significant

increase in the compression micro-strain (table 9).

Uniform Molar Premolar
Load A Sit . . . df |P-val
oa rea ite Max.Mean SD Max.Mean SD Max.Mean SD value
(N=4) (N=4) (N=4)
} BL
Unilateral | Rest -19.9 2.87 -47.1 1.51 -56.5 1.76 | 2 |<0.001*
(gauge 6)

SD: Standard Deviation, * Significant at P< 0.05

Table 9: Significant differences in mean maximum micro-strain exhibited
between all three loading conditions

60




Uniform loading resulted in less micro-strain in the area around the implant and
mesial area of the distal extension, with more evenly distributed micro-strain in
both areas (figure 34). Uniform loading created more favourable micro-strain

distribution in both framework and acrylic base.
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Micro-strain behaviour of metal framework and acrylic base (bilateral loading

conditions)

For all bilateral loading conditions, maximum micro-strain values, for the
framework and acrylic base were compared. This was done to identify the most
favourable loading condition. Unscrambler X V10.1 software (The Unscrambler X,
Camo, Norway) was used to draw a 3D scatter plot graph. The molar loading
condition showed less micro-strain and the best matching micro-strain behaviour

between both surfaces (figure 35).
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Micro-strain behaviour of metal framework and acrylic base (unilateral loading

conditions)

The wuniform unilateral loading showed lesser micro-strain value in both

framework and acrylic structure with more evenly distributed micro-strain value

than premolar and molar loadings. However, mismatch of strain type (tension in

acrylic surface and compression in framework surface) was evident in all

unilateral loading condition (figure 36).
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Chapter Five

Discussion

Fracture of acrylic denture bases has been reported as a complication of the
mandibular bilateral distal extension IARPD where oral implants are incorporated
into an existing RPD opposing a maxillary complete denture (Payne et al., 2006).
Although the implant-tooth borne RPD and the conventional designs are
subjected to similar masticatory movements, the occlusal forces are greater and

more distally located in the former design (Ohkubo et al., 2008).

A bilateral balanced occlusion engages contacts on the non-working side to
prevent the prosthesis from being dislodged during function (Jambhekar et al.,
2010). Although the placement of implants in the posterior area of a distal
extension will limit the prosthesis dislodgment, the general balanced occlusion
concept may still be appropriate for a mandibular IJARPD when the opposing
maxillary arch is fully edentulous or the maxillary opposing arch is a Kennedy

Class I/1I (Wismeijer et al., 1995).

This study used different loading conditions, unilateral and bilateral, with three
different loading areas; premolar, molar and uniform. These loading conditions
were used because the prosthesis can be subjected to similar situations during
function. However mastication is more complex and it was not the aim of this
study to simulate masticatory function. It would not have been possible to

simulate the masticatory situation due to the complexity of loading, and the many
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different loading combinations that would have been required. This investigation
aimed to identify the influence of the premolar, molar and uniform loading
conditions to give an understanding of the general strain developed in the IARPD

structure.

This study has certain limitations: (1) the strain gauges used measured only the
surface micro-strain at one point and in one direction; (2) the micro-strain patterns
developed in IARPDs are complex; (3) the implant osseointegration and the
physiological mobility of the abutment teeth was not considered; (4) The implant
fixture on one side was placed more towards the buccal and this could have
influenced the magnitude of micro-strain generated on that side. However, it had
no effect on the direction of micro-strain as both sides showed a similar direction

of micro-strain.

The IARPD has raised concerns with regard to stresses on bone, implant
components and restorative materials (Cibirka et al., 1992). This research was
conducted to better understand the influence of the loading conditions of
mandibular distal extension IARPD by directly measuring the micro-strain at the
metal framework level and the acrylic base level. Micro-strain was measured in
two main areas, around the implant and in the mesial area of the distal extension.
It was evident that the highest micro-strain values in the acrylic base followed the
loading point as it moved forward. In contrast, the metal framework behaved
differently as the highest micro-strain values remained in the mesial area of the

distal extension, regardless of the loading condition. Figures 21 to 23 in the
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previous chapter show that the micro-strain values on the acrylic base increased
by up to six times in the unilateral loading groups as the loading point moved
forward. In this chapter the bilateral loading condition will be discussed first,

followed by unilateral loading.

Bilateral loading of metal and acrylic

For the uniform bilateral loading condition, the highest micro-strain value was
identified in the labial area around the left implant on the acrylic surface in the
bucco-lingual direction. Figure 37 is an illustration of a cross-section of the implant

areas of the prosthesis.

= Strain gauge

Figure 37: Cross-section illustration of the areas around the implants in coronal
plane, showing the locations of the micro-strain gauges on the acrylic
and metal structures.
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The lingual side of the left implant showed the next highest micro-strain value in a
similar direction. The areas and directions of micro-strain on the acrylic surface
around the implant during the bilateral uniform loading are shown in figure 38.
Blue represents tension micro-strain and the intensity of the blue is representative

of a higher micro-strain value.

Figure 38: Highest micro-strain value acrylic base recorded on labial side of left
implant during bilateral uniform loading

Although areas around both implants showed tension micro-strain in the bucco-
lingual direction, on the right side of the prosthesis the higher micro-strain value
was recorded on the lingual side of the implant. The position of the implant might
have contributed to the change in the micro-strain. However, the area of
maximum micro-strain remains in the bucco-lingual direction on both sides of the

prosthesis, regardless of the position of the implant.

Placing the implant more buccally or more lingually resulted in the placement of
the micro-strain gauges slightly further down the ridge incline on one side. Thus,
one side of the denture came in contact with the soft tissue earlier than the other

side. This is more evident from the graphical output for each of the micro-strain
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gauges (figure 39 & 40). The micro-strain-time graphs show a change in the slope
of the loading curve at different time points. In the case of gauge 1, contact
occurred after 12 seconds, whereas for gauge 10 this took place after 19 seconds.
This change of slope at initial commencement of loading occurs because of the
contact between the acrylic denture and the underlying soft supporting tissue

which takes place at different times.
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Figure 39: Micro-strain-time plot of gauge 1 on buccal side of right implant
during bilateral uniform loading
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Figure 40: Micro-strain-time plot of gauge 10 on buccal side of left implant
during bilateral uniform loading
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The micro-strain-time plot for gauge 1 shown in figure 41 provides further
information about the micro-strain behaviour during loading, and unloading, as

well as the maximum micro-strain value developed.
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Figure 41: Micro-strain-time plot of gauge 1 illustrating pre-loading, loading
and unloading micro-strain behaviour during a bilateral uniform
loading cycle

The micro-strain is in the bucco-lingual direction around the implant during the
bilateral loading condition. During the loading phase, the micro-strain-time curve
changed its slope just prior to reaching a maximum value during the loading
phase. The contacting of the supporting tissue during the loading phase limited
the flexure of the denture and thereby reduced the gradient of micro-strain with
further increase in load. A possible explanation is that as the load continued to
increase, the prosthesis was in contact with the silicone, and further increase in
load deflected both the acrylic and also the underlying soft tissue resulting in a

lower rate of micro-strain increase.
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During the unloading phase there was an unusual interruption of micro-strain
identified in the plot graph. A gradual decline of micro-strain values was observed
during the initial unloading stage due to the recovery of the structure as the load
was released. However, an interruption was noted during the unloading stage.
This is consistent with an apparent partial reload during the unloading process.
As indicated above, the acrylic made contact with tissue, so during unloading,
initially the acrylic will recover, and the adhesion of the tissue will add additional

force (the slight rise) before it releases and the flexure of the acrylic is reduced.

In the distal area adjacent to the implant, low micro-strain developed during
bilateral uniform loading, but this area is subjected to higher micro-strain

compared with the mesial area of the distal extension (figure 42).

Figure 42: Micro-strain value on acrylic base around the implant in mesio-distal
direction (bilateral uniform loading)
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Also, when bilateral loading is uniformly applied to the prosthetic posterior teeth,
the material above the implants acts as a load barrier, and as the loading force
increases, this area is subjected to higher micro-strain compared with the mesial
area of the distal extension (figure 43). Since the material above the implant acts as
the primary load support, the distal region to the implant does not develop micro-

strain.

Loading cell

120N

Mesialrestrm l l l l l

Figure 43: Implant acting as the primary load support point during bilateral
uniform loading
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A simplified schematic illustration of the prosthesis structure is shown in figure 44
to better appreciate the effect of the loading conditions. Rest arms are depicted as
springs, because they can elastically deflect during loading without breaking or
becoming permanently deformed. Vertical displacement is restrained by the two
virtually rigid implants and therefore, the areas around the implants will be
subjected to the most micro-strain. This finding was only evident for bilateral
uniform loading. Micro-strain did occur in the distal area adjacent to the implant
when the bilateral loading was applied to the molar and premolar regions (figure

16 & 17).
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Figure 44: A simplified schematic image of IARPD subjected to bilateral
uniform loading
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As the loading point is moved forward, it can be seen that the implants are not the
only structure supporting the load. The RPD is now acting as a beam with forces
applied medially relative to the implants. The micro-strain is more evenly
distributed between the two supporting structures (figure 45). Therefore, more
uniform micro-strain development throughout the denture can be expected rather

than local micro-strain development about the implant.
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Figure 45: Simplified schematic illustrating the molar (broken) and premolar
(solid) loading conditions showing the loading forces are now
medially placed relative to the rigid implant support locations

As the load is moved toward the premolar area it is logical to expect the micro-
strain values to increase in the mesial area of the distal extension. In addition, by
moving the loading area closer to a supporting structure, there will be a reduced
bending moment developed and a corresponding reduced amount of deflection in

the beam. The additional increase in micro-strain could be due to the distance
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between the location of the load and the supporting structure and the associated
curvature which creates a greater off-axis lever arm. This lever arm may create
lateral movement, resulting in deflection during the premolar loading in the
bucco-lingual direction (figure 46). Micro-strain values could also be influenced
because of the locations of the micro-strain gauges directly under the premolar

loading areas.
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Figure 46: Schematic illustration indicating that premolar loading generates
greater off-axis lever arm distance from the line between supporting
structures

The direction of the micro-strain in the prosthesis forms in the buccal lingual
direction, which does fit with the beam deflection situation suggested above. If we
assume that the prosthesis is a typical beam because both the implant, and to a
lesser extent the rest, restrain the prosthesis from vertical movement, this should
result in most of the micro-strain expected to develop due to a bending of the

structure in the mesio-distal direction.
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The reason the typical beam behaviour is not seen is because the acrylic surface is
in contact, especially adjacent to the premolar area, with soft tissue resulting in
micro-strain development due to the additional resistance the tissue presents. The
larger the tissue displacement during loading, the greater the flexural resistance,
and consequently, the higher micro-strains developed about the premolar area of
the acrylic. Figure 47 shows the shape of the cross-sectional area of the prosthesis

in the mesial area of the distal extension.

Metal Framework

Strain gau

Figure 47: Cross-sectional image of area around the mesial area of the distal
extension in coronal plane with bilateral premolar loading

All high micro-strain values were recorded in the bucco-lingual direction. Bucco-
lingual micro-strain requires a lateral movement of the prosthesis. Since the load is
applied on the acrylic teeth along both sides of the prosthesis, it is expected that
most of the micro-strain develops in the same direction (i.e. mesio-distal

direction). However, the line between the implant and rest (resistance arm) is not
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in alignment with the loading area (effort arm). Misalignment between the
resistance arm and effort arm could possibly be the cause of lateral movement.
Bilateral loading minimizes lateral displacement through the rest arms, whereas
moving the loading point forward increases the length of effort arm and as a
result, generates greater mechanical advantage (figure 48). As a consequence, less
force is required to displace the prosthesis. Since the loading force is unchanged in
all loading conditions, therefore, the most forward loading condition will cause
the greatest displacement. More displacement will result in larger tissue response
and consequently, greater micro-strain on the acrylic surface. This series of events
leads to having higher micro-strain values in the bucco-lingual direction, which

move in a more anterior direction as the load moves forward.

Premolar loading

Molar loading

Effort arm

Figure 48: Moving the loading point forward will increase the ratio of the effort
arm to resistance arm

For bilateral premolar loading, on the other hand, as the load was moved forward
the micro-strain also increased anteriorly, while the micro-strain values around

the implant decreased to almost half of their values under similar loading
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conditions. Thus, a considerable amount of micro-strain still developed around
the area of the implants in the bucco-lingual direction, despite the forward

movement of the loading condition (figure 49).

Figure 49: Highest micro-strain values were recorded in mesial area of the distal
extension on the acrylic base under bilateral premolar loading

The micro-strain measured on the metal surface showed a somewhat different
behaviour when bilaterally loaded. Under all of the three loading conditions
investigated, the highest micro-strain values were evident around the mesial area

of the distal extension in the bucco-lingual direction (figure 50).

Figure 50: Highest micro-strain values were recorded in the mesial area of the
distal extension in the metal framework for all three bilateral loading
conditions
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Moving the loading area forward did not influence the micro-strain in the metal
surface around the implant. This is understandable as the metal structure did not
have direct contact with the implant but did have support from contact via the
rests placed on the abutment teeth. Hence, the rest arms supported the metal
structure and upon loading, the areas close to the rest arm were subjected to a

high level of micro-strain.

The micro-strain values recorded in the molar loading condition were more evenly
distributed between the metal and acrylic surfaces with the tensile micro-strain

values being similar for both (figure 51 a & b).

*

(b)

Figure 51: Bilateral molar loading; (a) Micro-strain values around the implants and
mesial areas of the distal extensions on acrylic base (b) Micro-strain
values around the mesial areas of the distal extension on the metal
framework

The metal and acrylic surfaces are in very close contact and thus act as if they are
bonded together. Acrylic is thus reinforced by the metal structure, which is placed
1 mm above the lower face of the acrylic, when the acrylic beam is subjected to a
positive bending moment. As acrylic is weak in tension and has low elastic
modulus, most of the flexural tensile forces are preferably carried by the metal
structure, while the upper part of the acrylic beam will be exposed to the

compressive load. Therefore, the neutral axis of the saddle will be influenced by
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the greater rigidity of the metal structure. If the distal extension area is considered as
a beam, then during bending the maximum micro-strain will occur on the external
surface and a lower micro-strain will occur at the neutral axis. The position of the
metal towards the inner surface helps to reduce the flexure of the structure and

lowers the tensile micro-strains developed on the inner surface of the acrylic.

Unilateral loading of the metal and acrylic

Despite the fact that the same amount of load was applied during unilateral
loading conditions (120N), much lower micro-strain values were recorded on the
metal surface compared with the bilateral loading conditions. This suggests that
the metal framework was less involved in terms of supporting the prosthesis
during the unilateral loading conditions. When loading occurs on one side of the
prosthesis, the material above the implant acts as the primary load support, but
the lack of support from the other side subjects both areas about the implant and

mesial of the distal extension to strain (figure 52).
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Figure 52: A simplified schematic image of IARPD subjected to unilateral
uniform loading
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Under uniform unilateral loading the acrylic showed the highest micro-strain
value around the implant in the bucco-lingual direction. The direction of the
micro-strain is due to the fulcrum movement of the prosthesis, which also results
in the load intensification. Separate to this there is also a significant increase in the
micro-strain value on the mesial area of the distal extension as the loading point is
moved forward (unilateral molar and premolar loading). The micro-strain value
on the mesial area of the distal extension increased more than six times as the

loading point moved forward (figure 53 a, b & c).

(a)

Figure 53: Highest micro-strain value in acrylic base; (a) Unilateral uniform
loading (b) Unilateral molar loading (c) Unilateral premolar loading

The significant jump in micro-strain is due to the change in the loading area.
Uniform loading was applied over a greater area, whereas the molar and premolar
loadings were supported by a smaller loading area. In addition, the premolar
loading was directly above the micro-strain gauges. Under uniform loading, the

forces act over the greater area, whereas under molar and premolar loading, the
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forces act over smaller areas and for the premolar loading condition the load is
directly above the micro-strain gauges. This is very similar to the bilateral loading
with the only difference being that the implant and the rest on one side act as the

primary support structures (figure 54).

120 N 120 N

=

Figure 54: Simplified schematic illustrating the molar and premolar loading
condition showing the loading forces are now medially positioned
relative to the rigid implant support.

The micro-strain in the metal surface exhibited a different behaviour during
unilateral premolar loading. As the loading point moved forward, the location of
the highest micro-strain remained in the mesial area of the distal extension, similar
to bilateral loading but with a different micro-strain outcome. This may be related
to the lateral movement of the prosthesis causing more micro-strains on the

implant as the rest is displaced away from the tooth. This lateral movement may
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have contributed to the type of micro-strain that was recorded on the metal

surface, which was compression rather than tension (figure 55 a, b & c).

Figure 55: Highest micro-strain value area on metal framework; (a) Unilateral
uniform loading (b) Unilateral molar loading (c) Unilateral premolar
loading

A combination of lateral movement and vertical displacement may possibly be

responsible for the different micro-strain behaviour on the metal structure during

unilateral loading compared with bilateral loading. The nature of bilateral loading
gives the prosthesis more vertical stability despite lateral movement, whereas
unilateral loading can induce vertical and lateral displacement at the same time.

Figure 56 illustrates such a different effect of unilateral versus bilateral loading.

The distance between the location of the load and supporting structure and the

curvature associated with the dental arch may create lateral movement. This

indicates that premolar loading generates a greater off-axis lever arm distance
from the line between supporting structures for both bilateral and unilateral
loading. However, simultaneous loading of both sides in the case of bilateral
loading gives more stability and consequently generates more micro-strain to the
area about the rest arm, whereas during unilateral loading the load response can

displace the whole prosthesis laterally as well as vertically. Since ball attachments
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provide retention and lateral resiliency, loading one side displaces the whole
prosthesis, especially the rear portion of the prosthesis on the non-loaded side.
Therefore, the rest arm on the loaded side will no longer act as a vertical support
but rather act as a fulcrum point during displacement and allow twisting or
torsion of the metal structure. Since the attachment remains the major structure
that provides retention and in addition resists displacement, it is expected most
micro-strain will be developed around the implant during the twisting effect.
However, the metal structure is not in contact with the implant and twisting of the
very rigid lingual bar will have an influence, resulting in a compressive micro-
strain being developed on the metal surface. In contrast twisting will increase the
tissue response against the acrylic and result in much greater tension on the
external surface of the acrylic, as mentioned previously. Therefore, as the load
moves forward, the effect of twisting becomes greater and results in greater
compressive micro-strains occurring around the mesial area of the distal

extension.

Fulcrum point

Unilateral Unilateral
molar loading premolar loading

Figure 56: Effect of unilateral loading conditions on metal framework
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The unilateral molar loading produced tensile micro-strain on the acrylic surface,
and compressive micro-strain on the metal surface. In addition, the micro-strain
values on the acrylic surface were approximately four times larger than those

recorded on the metal surface (figure 57 a & b).

Figure 57: Micro-strain values of unilateral molar loadings on; (a) acrylic and
(b) metal framework

Interpretation of the result of unilateral loading can be summarized as follows: the
compression micro-strain of the metal surface is due to flexure in the bucco-
lingual direction during loading, while the acrylic goes into tension as it deflects
away from the soft tissue on the buccal side. The smaller micro-strain values in the
metal structure may indicate less involvement of the metal framework, which
could be attributed to the dislocation of the rest away from the abutment tooth
during the unilateral loading. Also, the ball attachments may have contributed to
the lateral displacement of the prosthesis due to the resilient nature of the

attachments.
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The fact that the metal framework had no contact with the implant could also
explain the different response of the materials to load. This may play a part in the

lateral displacement of the prosthesis during unilateral loading.

A combination of all three planes of rotation; sagittal, coronal and horizontal in
tooth-tissue supported a distal extension RPD cause dynamic movement of RPD
(Carr et al., 2011). The IARPD showed a small micro-strain generated in the mesio-
distal direction that indicates small movement of IARPD in the sagittal plane.
However, high micro-strain values were generated in the bucco-lingual directions
that indicate that rotation in the coronal plane still exists. Combinations of rotation
in the frontal (rotation around a longitudinal axis) and horizontal (rotation around
a vertical axis near the centre of the arch) planes are identified in unilateral

loading conditions.
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Chapter Six

Summary

The TARPD showed small micro-strain generation in the mesio-distal direction.
However, high micro-strain values were generated in the bucco-lingual direction,

highlighting rotation in the coronal plane (longitudinal axis).

Bilateral loading showed more favourable micro-strain on the IARPD structure.
As acrylic is weak in tension and has a low elastic modulus, most of the flexural
tensile forces are preferably carried by the metal structure, while the upper part of
the acrylic beam will be exposed to the compressive load. Therefore, the neutral
axis of the saddle is influenced by the greater rigidity of the metal structure.
During loading, the metal framework helps reduce the flexure of the structure and
lowers the tensile micro-strain developed on the inner surface of the acrylic.
Bilateral loading also provides more stability and consequently generates more

micro-strain on the rest arms.

During unilateral loading of an IARPD the curvature of the dental arch created
displacement laterally as well as vertically. When the premolar region is loaded an
off-axis lever arm is created. Therefore, the rest arm on the same side as the
loading became a fulcrum point during displacement and caused twisting/torsion
of the metal structure. As the load moved toward the mesial of the distal
extension, the effect of twisting became greater. Since the implant attachment
provides retention and additional resistance to displacement, most of the micro-

strain was transferred to the areas surrounding the mesial of distal extension. The
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twisting also increased the tissue response against the acrylic and resulted in
greater tension on the external surface of the acrylic. The metal structure is not in
contact with the implant and twisting of the rigid lingual bar resulted in

compressive micro-strain being developed on the metal surface.

In both unilateral and bilateral loading conditions, as the loading point moved
forward the maximum micro-strain value moved forward in the acrylic base,
whereas maximum micro-strain values remained in mesial area of the distal

extension on the metal framework regardless of the loading condition.
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Conclusions

Lateral movement/displacement was evident during bilateral and unilateral
loading of the IARPD and this resulted in high micro-strains values in the bucco-

lingual direction and small micro-strain in the mesio-distal direction.

When looking at the maximum micro-strain values of the IARPD molar bilateral
loading produced the lowest value on both metal framework and acrylic base,
with a less destructive micro-strain dynamic developed between the metal

framework and acrylic base (both acrylic base and metal framework in tension).

When looking at the maximum micro-strain values of the IARPD uniform
unilateral loading produced the lowest value on both metal framework and acrylic
base. However, a destructive micro-strain dynamic developed between the
framework and acrylic base (acrylic base in tension and metal framework in

compression).
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Recommendations

1) When considering that an implant may be incorporated into a RPD at a

later stage, consideration should be given to the rigidity of the appliance.

2) The micro-strain patterns indicated in this research draws attention to the
need for further studies to properly determine the ideal design of a RPD

that is converted to a IARPD
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summsary The purpose of this systematic review is to
evaluate the uwse of implant-tooth-borne remaov-
able partial dentures in prosthetic rehabilitation
of Kennedy Class T partially edentulous arches. A
comprehensive search was perfformed in MEDLINE,
EMBASE Cochrane Oral Health Group's Trials Reg-
ister, Cochrane Central Register of Controlled Trials,
UK Mational Research Hegister, Australian MNew
Fealand Clinical Trials Registry (ANZCTR), confer-
ence procecdings and abstracts up to 25 August 2009,
Searching the reference list of the selected articles
and hand searching of several joumals were also
perdomed. A total of nine studies were included. Of
these, two were randomized, three were retrospec-
tive and four were case reports. All but two had a
low reporting quality (level TV on a four-level
hierarchy of evidence). Mevertheless, the improwve-

ment in function, aesthetics and stability has been
demonstrated in all studies with minimal prosthetic
care. Within the limitations of this study, implant-
assisted supported removable partial denture may
provide a simple, ecomomical and less invasive
treatment maodality. The predictability of soch
approach in the management of hilateral distal-
extension situation is, however, still questionable. A
higher quality of published studies namely with a
focus on lomg-term randomized clinical trials are
mesded.

KEYwoRDS! implant-assisted removable partial den-
ture, implant-supported removable partial denture,
Kennedy Class I, patient satisfaction, prosthetic
maintenance, systematic review
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Introduction

In the last decade, industrialized countries have shown
a significant improvement in oral health and dental
care, Data colleaed from studies conducted by several
health organizations including the US National Health,
Mutrition Examination Survey (NHAMNES), UK Adults
Dental Health Survey, Fourth German Oral Health
Study (DMS IV), and Australia’s National Oral Health
Flan revealed a considerable reduction in the percent-
age of edentulme adults {1-4). The demand for treat-
ment with different partial denture prostheses  will
therefore increase, as more individuals will have more
teeth when they get older (5, &),

Thiere are several treatmient options for rehabilitation
of partial edentulism including the use of conventional

& 2009 The Arthors. Tormal compilation & 2009 Bladowel]l Pubhlishing Lid

or implant-retained fixed prostheses, However, sudh
prosthetic options cannot always be possible because of
compromised general and oral health (e loss of
supporting tissues, medical reasons and extensive sur-
gical protocol) as well as the affordability of paticnts (6).
Several authors considered a well-comstructed remov-
able partial denture (RPD) as cost-cffective and accept-
able altermative treatment option for rehabilitation of
partially dentate patients (7-11).

Based on the location of edentulous spaces, Kennedy
classification (12) has been proposed to enhance the
planning of the RPD design as well as the comimumnica -
tioni between demtal practitoners and
However, Kennedy did not take into consideration the
quality of the remaining rdges and axial position of
teeth as well as the condidon of the opposing dental

techmicians,
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arch, Distal-extension BFDs (Kennedy Class T and 1)
were associated with several problems related to its
limited stability, retention, aesthetics and masticatory
effidency (1316). In addition, a high percentage of
failure was reported because of @rics and perindontal
disease, necded regular replacement, did not improve
eating, had poor retention and poor stability and did not
achiewe patient satisfacion and oral comfort (15, 17).

Another common problem is combination syndrome,
which iz found in patients wearing mandibular bilateml
distal-extension RFD opposing a maxillary oomplete
denture. This condition, first described by Eelly in 1972
{18}, is characerized by overgrowth of the maxillary
tuberosides, papillary hyperplasia in the hard palate,
resorpiion of the anterior pant of the maxilla, extrusion
of the mandibular anterior teeth, resorption under the
BFD bases and marked tipping of the occhusal plane (18,
19. The relationship between combination syndrome
and distal-extension RPD iz sdll controversial. While
Shen and Gonglof (20) recognized such relationship
and showed that 24% of the patents wearing a
maxillary complete denture opposing a distal-extension
RFD developed those signs, others questioned  the
evidenoe that such a relationship exists and expressed
that combination syndrome lacked adequate reasons to
he considered a true medical syndrome (21, 22).

It has been suggested that the proper placement of
one orf more implants in conjunction with RPD may
overcome some of the commaon problems with oonsen-
tional RPFD (CRPD). Implants inoorporated into BPFD
pvided support through the use of healing caps, hencoe
the term implant-mpportad. The term implant-assioed
described the use of resilient attachment o improve
retention.  Implantsupported Sassisted  BPDe offered
equality in foroe distributon and enhanced the acsthet-
itz by avoiding the buocal retentwe clasps. Fadng two
distal implant abutments has been recommended to
transform Kennedy Class 1 to a Kennedy Class 11
situation to improve the BPD design (13). The aim of
the current review is to systematcally evaluate existing
evidenoe to identfy whether implant-supported BPD
{(ISRFD) or implant-assisted RPD (IARFD) prowided
a better performancoe compared to other treatment
modalities.

Materials and methods

This systematic review was developed aocording to
the FRISMA (preferred reporting items for systematic

reviews and meta-analyses) statcment (23). The review

question was formulated using the PECO {partidpant,

intervention, comparison and outoome) approach (24):

{1) Partidpant: partially edentulous paticnts.

{2) Intervention: mandibular bilateral distal-extension
ISEPD or IARFD.

{3) Comparison: CRFD or other forms of prosthetic
treatment,

{4) Outoome: clinical performance and patient satisfac-
o,

Search methadology

Elearonic scarching was performed in the following

datahascs

(1) MEDLINE (1969 to 25 August 2009)

{2) EMBASE (1980 to 25 August 2009)

{3) The Cochrane Oral Health Group's Trials Register
{to 25 August 2000)

{4) The Cochrane Central Register of Controlled Trials
({CENTHRAL)

{5) UK Mational Rescarch Register

{6) Australian New Zealand Clinical Trials Registry
{ANICTR)

{7) ISl Proceedings for relevant comference abstracts

The follwing search terms were nad alone or in

combinaton: ‘dental implant’, “oral implant’, “implant-

supporied’, ‘implant-retained’, ‘implant-assisted”’, “hilat-

eral distal extension’, C‘remavable  partial denture’,

‘mastication’, ‘patient satisfaction® and ‘partially eden-

tulous patients’. Hand scarching of the years from 1998

to 2009 involved the following relevant journals:

Clingcal Imeplant Dentistry o Related Research, (Jinioal Oral

Tmplants Ressarch, Teplar Denrictry, mrernational Joirnal

af ral & Maxillafadal Implans, Inermational Jourmal af

FPerigdontic & Resarative Dentiary, Trernational Journal of

Frosthadontics, Journal of Oral Implanblogy, Journal aof

(Oral Rehabilitation and Jouwrmal! of FProsthetic Dartistry.

Biblingraphics of selected articles were further searched

for potendally relevant artcles.

Lelection crigeria

The literature review and data extraction werec per-
formed by the two authors (R.5., M.AL), with any
disagreements resolved through discussion.  Studies
were eligible for indusion in the review i they met
the following criteria:

{1) English-language publication.

& 2009 The Authars. Journal compilation & 2009 Elaclowell Publishing L
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{2) All types of in viw studies, ranging from randomized
ontrolled triak to @se reports.

{3) The intervention induded rehabilitation of partally
cdentulous paticnts with a bilateral distal-extension
[SEPD or [ARFD, in which implants are not splinted
tor the remaining tecth.

{4) Omly mandibular sitwations were induded.

In addition, no restriction on the length of the follow-
up pericd was applied. A data extraction form was
developed to collect general information (title, year of
publication, locaton of the study, site and number of
implants wsed, implant system, implant length and
diameter, outoome variable, prosthetic complications
and folloe-up pericd). In addition, the National Health
amd Medical Research Coundl (NHMREC) hierarchy of
evidenoe was used to cvaluate the quality of the
selected studies (Table 1) (25). In case of possible
duplication, only the maost recent publication was
induded.

Results

The electronic search identified 404 titles (Fig. 1). Based
on the review of the titles and abstracts, 15 artides were
seleced for more evaluation. Further, seven articles
were excluded from the review, of which two studies
reported on maxillary IARPD (26, 27), two described a
unilateral distal-extension condition {28, 20, two
aszsessed implant-retained fived partial dentures (30,

Tahle 1. Hemrchy of evidence (25)

Lewel of
evidenoe Study design
T A systermafic review of randomizd contmlled idalk
n A randomized controdled trial
-1 A meudorandomined comtrolled trial ([{e. altermate
alkwcation or some odher methosd )
mT-2 A comparative stixly with concument oomtrols:
Non -ramndomized, experdimental trial
Caohort stisdy
Came-ammim study
Trberrupied time seres with a comtrol group
Systematic reviews of such compmratve studes
-3 A comparative stisdy withowt conaourment oomtrols:
Historical ot study
Twwar o mone single anm shady
Trterrupted time series withoant a paralle] comtral
BrOmIpy
w Case series

31) and one had duplicate data {32). Masking was not
attempied during the assessment as it was sugegested
that masked assessment did not atfect the overall results
of systematic reviews (33). A total of nine studies (34—
42) were included in the review (Table 2). Among
these, onc artide was reiricved from  oonberence
abstracts (42). The hand search did not provide any
additional studies.

Desaription of stdies

Among the induded nine studies, three were retro-
spoctive studies (35, 39, 40), one was part of muli-
Cenire,
randomized crossover pilot study (41). The remaining
four smdies were case reporis (34, 36-38). All the
induded studies were poorly rated in terms of quality of
its evidence as only tewo studies (41, 42) had a moderate
lewvel of evidenoe., Howewer, [SEPD/TARPD may be
considered as a promising treatment approach as the
selected studies described its advantages as follows:
{1) Enhanced stability and retention (36, 38, 41).
{2) Improved acsthetic results (34, 35).
{3) Fadlitate oral hygicne maintenance {34).
{4) Reduced bone resorption under the denture hase
{36, 37, 40).
{5) Easily converted to CRFD in case of implant failure
{34,
{6) Modify unfavourable arch configurations {35, 38).
{7) Improved patent satistaction (37, 40, 41).
{8) Prosthetic maintenanos & less required than a
CRFPD {34).
{9 Reduced extension of the RFD base (40).
{10} Reduced oost compared to implant-supporied fixed
prosthesis {3, 37).
{11) Beduced likelihood of combination syndrome (37).
The data included a total of 183 implants placed in 94
subjecs with follew-up period between 3 weeks and
120 months. Allthe seleded studies placed the implant
in the most distal position in the molar region to modity
the Kennedy Class 1 in the mandible to a more
favourable Kennedy Class I arch configuration, Nev-

randomized clinical trial (42), e was a

crtheless, a more anterior position of the implant,
adjacent to the exsting abutment has been sugpested
{35). Moreover, improved patient satisfaction and
masticatory efficiency were also reported in all the
studies.

Fields and Camphicld {34) were the first to report the
use of an implant in conjunction with CRPFD in the

& 2009 The Avthors. Joumnal mmpilxtion @ 2009 Blackwell Publishing Ltd
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| Total susdies identified (n = 404)

Stusdics excluded on basis of titles
andfor ahstracts {n = 380)

Articles excluded bocause of the
Tollowing reasons {n =T

- Manxillory sites

-K dy Class [l sibuation

- Implant-remined fixed prosthesis
- [haplicaic reparting

| Studics included in the review {n = 9)

treatment of the hilateral distal extension of mandible.
The authors used endosseous blade implant onoone
side, while the other side of the partdally cdentulous
mandible had the uspal denture base coverage and was
used as a control. To lower the rotational point of
prostheses, the height of the post was redoced to half,
and a lingual plate was used as a major connector. On
the comtrol side, a stress-relieving hinge was adopted.
The hinge could prevent unnecessary stress on the
remaining teeth or implant, while allowing a distal
cxtension w0 move during the fundion. Despite a
relatively short 7-month  follow-up period, it was
reported that no bone los was detected around the
implant and the tissoe around the implants remained
healthy.

Grossmann & al. {35) reported a retrospective study
of 35 patients treated with both unilateral and hilateral
distal-extension ISEPDs/TARPD=s. The most common
arch configuration was mandibular Kennedy Class 1T
{10 paticnts) folleewed by mandibular Kennedy Class 1
{eight patients). A total of 67 implants were placed to
prowide support using healing caps or retention using
resilient attachments, An overall survival rate of 97- 1%
was achieved during a mean follw-up period of
354 months.

Halterman e al, (36) described an ISRPD, in which
the BPD was made of nickelhromium alloy with 18-
gauge wrought wire clasps. The healing caps on fixtures
were used to suppont the RPFD, The authors failed to

Fig L Search strategy.

report the length of the follow-up period but showed
that combining the implant and natural teeth in
supporting BPFD is more likely to reduce the posterior
ocdusion oollapse compared to CRPD.

Eeltjens et al, (37) reported two cases of mandibular
implant-tooth-borne BPDs opposing full denture pros-
theses. The first case was an ISEPD. where a
33 mm = 10-5 mm implant was used, and the metal
framewnrk had a cup-shaped cavity resting on a
rounded implant head. In the second case (TARPDY),
a 3Imm = 10mm implant was used and magnets
placed over the implants w0 provide additional reten-
tiem. The authors stated that the risk of comhbination
syndrome was reduced by preventing the resorption in
the anterior maxilla.

Kuzmanovic ef al. (38) reported a case of mandibular
distal-extension TARFD in which a chromium—cohalt
RPFD was fabricated using a modified intracoronal
attachment method of the channel shoulder pin system
in metal ceramic crowns on mandibular canines. Ball
attachments with gold matrices on the mandibular RFD
were used to provide retention and support of the
TARPD. Minor prosthetic maintenanoe in the form of
simple activation of the gold matrices was reported after
2-wear follow-up.

Mjiritsky ef al. (39) followed up 15 partially edentu-
lous patients wearing IARPD s for a perind of 2-7 years.
Both KEennedy Class [ and IT were induded. Ball
attachments and bar designs were used in oconjunction

& 2009 The Authors. Joumnal compilxiion & 2009 Blaclkwell Fublishing Lid
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with 3-7- mm or more diameter implants. The authors
evaluated the prosthetic maintenancoe and  patient
satisfaction. Inconsiderable complication of only one
rest rupiure was reported during the follow-up period.
Patienis showed both improved chewing ability and
satistaction.

Miitrani ef al. (40) carricd ouwt a retrospective study
of 10 paticnts with Kennedy class T and IT partally
cdentulous situations. Two groups of patients were
evaluated. In the first group, implants were solely used
as wertical stops with single ocontact points created
using dome-shaped healing abutments. In the second
group, a resilient attachment was used as a retentive
clement. More compli@tions were reported in the first
group such as piting of the surface of the healing
abutment, screw loosening and framework racture.
The authors, nevertheless, conduded that ISRPDS
[ARFD improwed patient satisfacion, maintained the
stability of the peri-implant soft and hard tissucs
within normal limits.

Ohkubo eral. (41) reporied a pilot. randomized
study in which five partially cdentulous patients
{Kenniedy Class 1) were evaluated bor masticatory
miwements, ooclusal forces and patent comfort fol-
lowing placcment of ISREFD. The healing abutments
were placed to provide support to the RPD, and then
the healing caps were used insicad of healing abut-
ments to simulate a CRPD situation. The study showed
no signifimnt diferences between both designs in
terms of masticatory movements, whereas the oocdusal
force and contact area were greater and more distally
located in the ISEPD. In addition, patients showed
significant imprivement when implanis were used for
SUPPOTL.

Fayne et al (42) reported the results of one treat-
ment oenter, which was part of a multicenter ran-
domized clinical trial that evaluated the prosthetic
maintenanoe of ISEFD/TARPD. Twenty-four patients
were randomly allo@ted to control (CEFD opposing
maxllary complete denture) or test {implant-tooth -
borne RPD opposing maxillary complete denture). The
patients had healing @ps in stage 1 {ISRFD) and then
patrices in stage II (LARPD). The prosthetic mainic-
nance was cvaluated afier 12 months and included
lonsening of healing caps in 84% of the patients in the
test group {(Stage ). Matrix activation or deactivation,
adjustment of wrought wire clasp and tracture of
denture base were observed in 58-3% of the test group

{Stage IT).

Discussion

This systematic review lollowed the recent guidelines of
FRISMA in searching for the best avaiable evidence for
using implants in assisting Ssupporting RPFD in Kenne dy
laszs [ mandibular arches. The prosthetic rehabilitation
of mandibular bilateral distal extension pardally cden-
tulous patients by the use of ISEPD/IARFD was largely
desaibed in the form of dini@l @se reports (34, 36—
318). In addition, three retrospoctive studies (35, 39, 40)
and two randomized trials (41, 42) were identified.
However, the majority of the selected studics were
poorly reported and failed to mention details such as
follow-up period, implant size and length. The level of
cvidenoe of the available literature was generally low as
twn studies (41, 42) were dassified as NHMRC level TI-
1l and seven studics as WHMEC lewel IV {34-40).
Moreowver. a quantitative systematic review or meta-
analysis was not conducted be@use of lack of sutficient
number of randomized or non-randomized controlled
trials in the literature.

Implants have been inoorporated in the RPFD design
to provide support by using healing caps or retention
by carrying retentive means {i.c. attachments). The
former was assodated with oomplimtons such as
pitting of the surface or soew loosening. which @an
be overmmme by polishing the abutment head and
relining as well as the use of antirotational features o
awvnid abutment loosening. Attachments can be gener-
ally @mtegorized into two types: studs or hars. The type
of resiliemt attachment usuwally used in TARFD is
cxtracoronal resilient atachment (ERA ). o-ring system
or a similar attachment system (13). Locator abutments
have also been recommended (43) because of their
availability in different heights in addition to their
resiliency and retention. Lo@tor abutment can also be
casily repaired and replaced which enhance their
durability {44). Cho {45) studied the load transfer
characteristics of IARPD and showed that the use of
resilient attachment with distal implants reduoed the
stress  ooncentration around implants and abutment
tonth. In contrast, toh ef o, (46) used a photoelastic
midel of mandibular bilateral distal-cxtension implant-
tonth-borne RPD and found that both bealing abut-
ments and hall attachments provided support to the
FFD with no difference in stress oonoentration. How-
cver, there & currently no available evidenor to sugge st
e design over the other in terms of retention and

SuUpport.
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With regard to implant location, distally placed
implants were wsed to transform Kennedy Class 1 in
the mandible to a more favourable arch configuration,
namely Kennedy Class 01 Finite clement analysis
(FEA) has, however, showed more tendency to dis-
placement when implants were placed in a seoond
malar position, and suggested 3 more oentral position in
the arch {i.e. first molar region) (47). On the other
hand, Ohkubo et al. (48) showed that implant place-
ment in the second molar region reduced the distal
placement and bone resorption. Likewise, Grossmann
atal. (35) recommended a second molar lncation for the
implant to enhance support and stahility, but also
sugpested placing the implant adjacent to the distal
abutment in case of inadequate posterior alveolar ridge,
possible future use for fixed implant-supported pros-
thesis or to improsve acsthetics by avoiding the uwse of a
retentive dasp. Further stdies are still needed to
evaluate the most effective position of the implant.

The optimal length and diameter of the implants
asspdated with RFD have not been determined yet. In a
hiomechanical study, Verd e al, (49) aeated six models
and used FEA to examine the dimensions of implants
incorporated in the design of RPD. The authors showed
that indreasing both the length and diameter of
implants were likely to reduce the tension values, Yet,
it is cxpected that the implants vused o support a RPD
can be shorter with smaller diameter than implants
supporting a fixed prostheses particularly in sharp
mandibular residual ridges.

Several review articles have been published on the
use of the ISRFD/IARFD and discussed is dinical
procedure, fabrication, indications, advantages and
limitations (35 43, 50). Grossmann el (35) and
Mijiritsky (50) provided a summary of the current
literature regarding the use of implants in conjunction
of both maxillary and mandibular RPFD. The former also
presented an evaluation of retrospective cse series
along with the review., Chikunow et @l {43) described
the dinical procedures and fabrication of TARPD.
Resilient attachments were seleaed through the use
of locator abutments, and the implants were plaoed
anterior to the mental foramina (in the premaolar site).
The authors reported the indicatons and contraindica-
tons as well as the advantages of using such prosthetic
design. The current systematic review is different from
previous studies in two aspecs: first, only studies that
reported on mandibular bilateral distal extension par-
tally edentulows sitwations were induded. Second, all

types of gudies induding case reports were summarized
in this review.

The numerous difficulties associated with the CRFD
are well established, particularly the inability to achieve
both a satisfaciory paticnt and oral comfort as defined
by the absence of chewing difficulties and oompromised
acsthetics (51). Mevertheless, CRPD will remain an
coonomically adequate and non-invasive treatment
option, pardcularly in non-industrialized oountries,
where the patient's economic status has a profound
cfiect on the prosthodontic choioe (17). On the other
hand, an implant-zupported fixed prosthesizs is an
adequate alternative and a well-documented treatment
madality for the distal-extension edentulons situation
{52, 53). However, it & beyond the finandal capabilities
of some patients (54). The concept of shortened denital
arch (SDA) i another treatment option that necds o be
oonsidersd in treatment planning of partially edentu-
lowes patients. The SDA approach provides an affordable
treatment modality that may provide an acceptable oral
function and improves both oral hygiene and patent
satisfaction. When compared with CRPD, SDA showed
a long-term oral comfort and functionality (55). New-
ertheless, the number of teeth needed to satisty
paticnts’ funaional demands should be individoally
evaluated. In addidon, more rescarch is needed before
SvA concept is widely acoepied and practised in the
prosthodontic community (56, 57).

Alhough the use of an ISEPD/TARPD lacks research-
hased evidence, i can be ommsidered, within the
limitation of the current review, a possible treatment
option to improve stability, acsthetics and preserve the
remaining soft and hard tissucs, In addition, ISEFDS
IARPD maintains the integrity of the vertical dimension
of ocdusziom, thus redudng the risk of comhination
syndrome and moves the center of the ooclusal force
distally. Providing a distal occhizal support has been
sugeested to minimize the onset of temporomandibular
joint (TMI) syndrome and reduce the denture masee-
ment during chewing.

Conclusions

Posteriorly placed oral implants can modify the Een-
nedy classification of parmially edentulous arches by
oonverting Class 1 {tooth- and tissue-supported) to Class
o1 (tooth- and implant-supported).  ISEFDCTARPD
sEEms o overoome the numerous problems associated
with CRPD in addidon to achicwing a higher level of
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patient satisfaction. However, there i still no evidenoe -
based research that validated the use of such treatment
madality in managing bilateral distal-extension partial
cdentulism, or supported the use of implanis with
healing abuiment or resilient attachment as means of
providing support and retention to the RFD. Long-term
randomized controlled studies are needed.
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Appendix 2

A SIMPLE METHOD TO TRANSFER THE SELECTED
PATH OF INSERTION OF A REMOVABLE PARTIAL
DENTURE INTRAORALLY

“ Vincent Bennani, DDS, PhD,* and Reza Shahmiri, CDT®

University of Otago School of Dentistry, Dunedin, New Zealand

The treatment of choice for a par-
tially edentulous patient is placement
of a fixed partial denture supported
by either teeth or implants.' However,
when implants are contraindicated or
when the remaining abutment teeth
cannot support a fixed prosthesis, a
removable partial denture (RPD) may
be an alternative.? In designing an
RPD, selecting the most appropriate
path of insertion to promote ease of
placement, esthetics, retention, sta-
bility, and support is a challenging as-
pect for many clinicians.? Despite the
fact that several different techniques
for transferring the path of inser-
tion intraorally have been described,
this crucial step remains technically
demanding.**

This article describes 2 method
for making an index to transfer the
selected path of insertion from the di-
agnostic cast intrzorally. This simple
technique assists the dentist to more
ideally modify the contours of each
abutment tooth.

PROCEDURE

1. Select the appropriate path of
insertion on the diagnostic cast.

2. Fabricate a silicone index (Presi-
dent heavy body; Colténe/Whaledent,
Inc, Cuyahoga Falls, Ohio) on the di-
agnostic cast, on the remaining teeth,
excluding the abutment teeth. Do not
cover any soft tissue with the index.

3. When the silicone is polymer-
zed, use a permanent marker to mark
the selected path of insertion on the

[l Buccal view of silicone index on diagnostic cast. Note
line identifying preselected path of insertion.

[ Buccal clinical view. Note orientation of bur parallel to

preselected path of insertion to ease teeth modification.

buccal and lingual aspect of the index
(Fig. 1)

4. Remove the index from the cast
and trim it with a scalpel to provide
an intimate fit intraorally.

5. Align the bur parallel to the
mark on the silicone index, and make
modifications on the abutment teeth

following the preselected path of in-
sertion (Fig. 2).

REFERENCES

1. Phoenix RD, Cagna DR, Defreest CF, Stew-
ard KL. Stewart’s cinical removable partial
prosthodontics. 3¥ ed. Chicago: Quintes
sence; 2003.p. 18
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Introduction

The placement of two distal implants has been recommended to transform Kennedy class | to a
Kennedy class Il situation. Different types of attachment were used in implant-assisted
removable partial denture (IARPD). However, there is currently no available evidence to

suggest the most effective attachment system®; The aim of this study was to assess the stress
and strain behaviour of ball attachment systems with two different matrix designs (titanium vs.
elliptical) incorporated into an existing removable partial denture using a three dimensional
finite element analysis (FEA).

Material and Methods

A Faro Arm (Faro Technologies Inc, USA) was used to extract the geometrical data of a
replicated partially edentulous human mandible. Standard plus regular neck (4.8 x 12 mm)
Straumann® implant and attachment with two different matrix designs, tooth roots and
periodontal ligaments were modeled using a combination of reverse engineering processes in
Rapidform XOR2 and solid modeling processes in a FEA program Solidworks 2008
(Solidworks Corporation, Concord, MA, USA) (Figure 1, a & b).

Two models were generated:
1. Model A, An IARPD with ball attachment system with titanium matrix (Figure 1, c).
2. Model B, An IARPD with ball attachment system with elliptical matrix (Figure 1, d).

The Models were loaded with a vertical force of 120 N. ANSYS Workbench 11.0 (Swanson
Analysis, Huston, PA, USA) was used to analyze the stress and strain patterns.

Figure 1(a): All components in the same Figure 1(b): All body parts and components
orientation are assembled
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R 2 A

Figure 1(c): Model B with elliptical matrix Figure 1(d): Model A with titanium matrix

Results

* Model A: maximum stress was concentrated around the neck of ball attachment (male part)
(Figure 2),

» Model B: maximum stress was located on the lamella retention insert (female part) (Figure 3).
* In addition, more strain values were observed at the outer surface of titanium matrix (Figure

4).

Detais of ‘Equivalent Stress 3° 9
- Scope
Geometry | 1Body
- Definition
Type |Equivalent (vonMses) Stress
Display Trme | End Trme
- Results
Momom | 1.6306e 4005 Pa
Maxmum | 7.73586+007 P8

Figure 2: Model A: Stress concentration on the neck of ball attachment
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Detads of Equivalent Stress 3° 9
- Scope
Geomey 3 Bodes
- Definition
Type Equivalent (von-Mses) Stress
Duplay Teve £ Time
= Resuits
[T 291697
Maemum 16,2755 +008 Pa
Mreum OcorsOn T8I
Maxomum Oceurs On 81
+ Information

0.m
5.6171e005m
Ti_Bal A
Ti_Insest_A2

0.m
3,3214¢005m
Ti_Bal B

.81

Figure 4: Higher strain value were observed on Ti matrix (Model A)

Discussion

Ball attachments has been used to provide retention and support of IARPD? as well as reducing
stress concentration around implants and abutment teeth. However, acrylic fracture of IARPD
bases was one of the most commonly reported complications®. In this study, FEA was used to
evaluate the stress-strain patterns of two matrix designs incorporated into the same acrylic base.
Elliptical matrix showed a more favourable stress-strain behaviour compared to the titanium
matrix. The maximum stress concentration of the elliptical matrix was located on the lamella
retention insert, which acted as a stress breaker. Hence, the stress transfer to the ball attachment
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and underlying structure was reduced. Additionally, less strain values were observed at the
outer surface of the attachment which was embedded into the acrylic base. Nevertheless, there
is still currently no available clinical evidence to suggest one design over the other in terms of
retention and support®.

Conclusions

Within the limitation of this study, the embedded elliptical matrix in acrylic may achieve a
more favourable stress/strain distribution during functional loading compared to the titanium
matrix. Further long-term  randomized controlled  studies  are needed.
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4218 Mandibular Kennedy Class | Implant-Assisted
RPD: Different Loading Condition

Saturday, July 17, 2010: 3:30 p.m. - 4:45 p.m.
Location: Exhibit Hall (CCIB)

R. SHAHMIRI, J. AARTS, V. BENNANI, and M. SWAIN, University of Otago, Dunedin,
New Zealand

Objectives: The placement of two implants on distal of Kennedy class I RPD can
provide extra support and retention and will result in, improvement of chewing
efficiency and biting forces. However, increasing bite force can jeopardize to
prostheses if inappropriate occlusal scheme was selected. Objective of this study is to
compare two occlusal scheme Kennedy class I implant-assisted RPD: group function
vs. generalized balanced occlusion. Methods: A model of partially edentulous
mandible (Kennedy class I) was constructed with missing of two molar and second
premolar. Conventional RPD manufactured according to design of Kennedy class I
RPD with Implant were incorporated into RPD. Straumann® Implants were placed on
second molar regions. Strain gauges were used to measure strain on framework and
acrylic structures. The Implant-assisted RPD was loaded to 120N Uni-laterally and Bi-
laterally in three different areas and data extracted from universal testing machine's
software and transferred to Excel to identify maximum strain value in each region.
Results: same tension and compression behavior were observed in all conditions of bi-
lateral loading between framework and acrylic structure of implant-assisted RPD. In
contrast, an opposite strain behavior was observed between Framework and acrylic
structure with uni-lateral loading. Conclusion: with limitation of this study it is
suggested that generalized balanced occlusion scheme can minimize destructive

strain in structure of mandibular Kennedy class I implant-assisted RPD.
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Abstract:

Objectives:

The study aimed at evaluating the effects of different tapering angles of an immediately
loaded wide-diameter implant on the stress/strain distribution in bone and implant
following implant insertion in either healed or fresh molar extraction sockets.
Methods:
A total of 10 finite element (FE) implant-bone models, including 8.1 mm diameter implant,
superstructure and mandibular molar segment, were created to investigate the
biomechanical behaviour of different implant taper angles in both immediate and delayed
placement conditions. The degrees of implant taper ranged from 2° to 14° and the contact
conditions between the immediately loaded implants and bone were set with frictional
coefficients (1) of 0.3 in the healed models and 0.1 in the extracted models. Vertical and
lateral loading forces of 189.5 N were applied in all models.
Results:
Regardless of the degree of implant tapering, immediate loading of wide-diameter implants
placed in molar extraction sockets generated higher stress/strain levels than implants
placed in healed sockets. In all models, the von-Mises stresses and strains at the implant
surfaces, cortical and cancellous bone have increased with increasing the taper angle of the
implant body, except for the buccal cancellous bone in the healed models. The maximum
von-Mises strains were highly concentrated on the buccal cortical struts in the extracted
models and around the implant neck in the healed models. The maximum von-Mises
stresses on the implant threads were more concentrated in the non-tapered coronal part of
the 11° and 14° tapered implants particularly in the healed models, while the stresses were
more evenly dissipated along the implant threads in other models.
Conclusions:
Under immediate loading conditions, the present study indicates that minimally tapered
implants generated the most favourable stress and strain distribution patterns in both
extracted and healed molar sites.
Powered by Editorial Manager® and Preprint Manager® from Aries
Systems Corporation
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The evaluation of optimal taper of immediately loaded wide-diameter

implants: A finite element analysis

Introduction

Over the last decade, the primary stability of implants was tremendously improved through
modifying the surgical protocol, implant surface characteristics and design. The ability to
achieve and maintain a high primary stability has caused a paradigm shift in the way
implants were traditionally placed and loaded. Shortening the treatment time have
introduced new terms in the oral implant vocabulary. Terms such as “Immediate” or
“Early” placement and loading were used to describe the different treatment modalities
that attempted to meet the patients’ demands for a shorter period of intervention.1-4 One of
the most popular protocols is the one that combines the immediate implant placement with
immediate restoration/loading (the “bimodal” approach, Fig 1).3 The immediate placement
was defined as placing the implant in fresh extraction socket on the same day of surgery, 1
while the immediate restoration/loading referred to placing the implant restoration within
the first 48 hours following implant placement.s The bimodal approach offered the shortest
treatment time, optimal soft tissue outcomes, and high short-term success rates.s-11
However, meta-analytic studies showed a higher failure risk associated with immediate
placement/loading of single implants compared with the conventional protocol and advised
practitioners to remain cautious in embracing the “immediate” concept.23

Implant design is one of the factors that may influence the biomechanical behaviour of an
oral implant and hence its primary implant.i2 The earliest traditional implant was
cylindrically parallel in design. The paralleled shape was, however, not applicable in all
clinical situations.

Therefore, other implant designs and thread geometries were introduced to achieve a better
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stability in different anatomical and bone conditions. The tapered (root-analogue) implant
was initially marketed by Friatec Corporation to be inserted immediately into an extraction
socket.13,14 The tapered implant design has a wide diameter coronally and a tapered implant
body resembling the shape of an extraction socket. Such design may enhance the
immediate placement by offering an implant surface that engages the walls of the tapered
socket and minimizes the need for bone graft. In addition, tapered implants can be placed
in nonextraction sites where wide-diameter implants offer a more favourable distribution
of loading forces.1s Moreover, it has been suggested that tapered implants may improve
aesthetics, allow implant insertion between two adjacent teeth,i6 and avoid the risk of
perforation due to anatomical concavities.17

The tapered design was modelled to enhance the primary implant stability in poor bone
quality by transferring the compressive forces to the cortical bone, as the cortical bone is
expected to handle higher stress/strain values than cancellous bone.1s19 Likewise, wide
implants have also been reported to improve the primary stability by increasing the surface
area of contact between the bone and the implant.2o However, the surgical technique of
placing tapered wide implant can be sensitive and mainly influenced by the degree of
implant taper and bone density as excessive compression of bone can be created during
implant insertion. Such compressive forces, if exceeded the physiological limits of bone,
can lead to osseous necrosis and compromised stability.21,22

The tapering angle can be one of the basic design features that differentiate between the
increasing number of commercially available tapered implants in the market. From a
biomechanical point of view, the optimal design for immediate loading is the one that has a
tapering angle that can enhance the primary stability by allowing an even bone
compaction, favourable magnitude and distribution of strains along the cortical and

cancellous bone levels, and uniform stresses at the implant surface, without any
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detrimental compressive or wedging effects. It is now well accepted that a certain level of
intraosseous strain can enhance early osteogenesis at the bone-implant interface.23-2s Thus,
an implant configuration that can achieve the desired level of microstrains may have a
profound influence on the early phase of periimplant osteogenesis, which is crucial for the
long-term success of immediately loaded implants. In implant biomechanics, finite element
(FE) method has been extensively used to simulate clinical scenarios that would be more
complicated to examine using other methods. The majority of the previous FE studies have
extensively evaluated implant design parameters in a fully osseointegrated implant
model.2s-2s However, the biomechanical role of these parameters in immediate/early
placement and loading scenarios has not been adequately studied in the literature. The aim
of this study was therefore to analyse, using a non-linear FE approach, the influence of the
implant tapering angle on the strain values in the cortical and cancellous bone and the
stress distribution in immediately loaded wide-diameter implants placed in the molar sites

under two different placement protocols (healed ridges versus extraction sockets).

Materials and Methods

FE model design

Three-dimensional models of posterior mandibular segment with wide-diameter implant
and superstructure were created using a personal computer (AMD Athlon 64 x2 processor)
and a computer aided design program (SolidWorks 2009, SolidWorks Corporation,
Concord, MA). The dimensions of the mandibular bone segment were 27 mm in height
and 12 mm in buccolingual width, and consisted of a spongy centre of cancellous bone
surrounded by a 2 mm layer of cortical bone.29 A molar extraction socket was modelled to
simulate the immediate placement protocol. The socket dimensions were based on the

anatomy and geometry of the roots of mandibular molars. The bone-implant models were
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created according to tapering angle of the implant body (2°, 5°, 8°, 11°, and 14°) and the
type of implant insertion (healed versus extraction site). Roman numbers (I-V) were used
to describe the different tapering angles (Fig. 2) and either “h” or “€” was used to designate
a healed or extraction site respectively. Thus, a total of 10 different implant models were
available for analysis. Each implant had an 8.1 mm diameter, a length of 11 mm, and a
thread pitch of 0.8 mm. For simplicity, a 5-mm high abutment was assembled to the
implant as one piece unit and all-ceramic provisional crown was modelled over the
titanium abutment. A rigid bond was assumed along the prosthesis-abutment interface and

the thickness of the cement was excluded from the model.30-32

Material properties and interface conditions

The material properties of the bone, implant and prosthetic crown (Table 1) were presumed
to be linear, elastic, homogenous and isotropic.3334 A non-linear face-to-face contact model
with coefficient of friction (n) of 0.3 was used to simulate the contact condition in the
healed ridges between the surface of immediately loaded implant and bone prior to osseous
integration.ss3s A lower coefficient of friction (n) of 0.1 was selected in the extracted
models to account for the blood interface which acts as a lubricant between the
immediately loaded implant and bone. The frictional contact elements were used to allow

for contact pressure and shear movement.s7

Constraints and loads

The analysis was performed using FE software (SolidWorks Simulation version 2009 for

windows). A loading force of 189.5Nss was applied vertically and obliquely (45 degrees)
to every node of the cusp to simulate immediate masticatory condition in the molar region.
The direction of the load applied in all the models is shown in Fig. 3. An automatic mesh

was generated and the models consisted of 42274 to 62087 elements and 9665 to 13263
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nodes, depending on the implant taper and placement protocol. The boundary conditions
were applied by constraining the three degrees of freedom at each node located at the
mesial and distal aspects of the bone segment. The maximum von-Mises stress at the
implant and the maximum displacement in bone were reported. All the stress/strain

distribution patterns were illustrated using contour maps.

Results

The influence of the tapering design of an immediately loaded oral implant inserted in
either a healed or extracted molar models was evaluated by calculating the maximum von-
Mises stresses at the implant and the maximum von-Mises strains on the adjacent bone.
The maximum von- Mises stress/strain values at the implant, cortical and cancellous levels
are summarized in Table 2.

The tapered implants generated more stress/strain values at the implant, cortical and
cancellous bone in the simulated extracted sites than the healed sites. At each tapering
angle, the maximum von-Mises stress values at the immediately loaded implants in the
extracted models were almost doubled compared to those in the healed models. Moreover,
the increase in the implant taper angle resulted in higher stress values in both the extraction
and non-extraction models. Hence, the lowest stress value was recorded in the 2° tapered
implant in the healed model (9.9 MPa; Fig. 4, a), while the highest stress value was
recorded in the most tapered implant in the extracted model (35.3 MPa; Fig. 4, b). At the
abutment-implant interface, the maximum von-Mises stress values were considerably high
when the taper angle was more than 8°. In the healed model, the peak values of von-Mises
stresses occurred at the first three threads of the tapered implants in models IV and V,
while the stress values were more evenly distributed along the implant threads in other

models. In the cortical bone, the maximum von-Mises strains were generated at the cortical
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bone around the implant neck in the healed model V (0.0003679¢; Fig. 5, a) and at the
cortical buccal strut adjacent to the implant neck in the extracted model V (0.003383¢; Fig.
5, b). In the cancellous bone, the healed models showed a different behaviour in the strain
distribution, as the highest von-Mises strain value occurred in the buccal side of the
cancellous bone around the least tapered implant (0.001654¢; Fig. 6, a), while the strain
distribution in the cancellous bone in the extracted models followed the stress/strain
patterns along the implant surface and the cortical bone, with the highest von-Mises strain
value being generated around the apical part of the most tapered implant (0.007120¢; Fig.
6, b).

In the healed models, reducing the tapering angle from 14° to 2° decreased both the
maximum von-Mises stress at the oral implant and the maximum von-Mises strain at the
cortical bone around the implant by 50.7% and 32.2% respectively. Alternatively, the
value of maximum von- Mises strain at the cancellous bone decreased by 54.2% by
increasing the tapering angle to 14° (Fig. 7, a). In the extracted models, the reduction in
maximum von-Mises stress at the implant was less with only 39.1% reduction as the
implant taper angle decreased to 2°, whereas the strain values along cortical and cancellous
bone were reduced by 68.9% and 55.2% respectively (Fig. 7, b). Thus, the degree of
implant tapering may have more influence on the strain patterns along the simulated
extracted sockets than the healed sites. The plotting of the maximum von-Mises stress
values at the implant threads for each model showed that the maximum values were more
located in the coronal parallel-sided part of the implant. The first three threads of the
tapered implants in the healed models IV and V showed a considerably higher stress values
than the rest of the implant threads (Fig. 8, a). A similar pattern was observed in the
extracted models. However, the difference between the stress values along the threads was

small with more gradual change between the coronal and apical (Fig. 8, b).

125



Discussion

The current FE study estimated the influence of different tapering angles on the
stress/strain profiles of immediately loaded wide-diameter implants and the simulated bone
models that represented either a healed or a fresh molar extraction socket. FE analysis was
carried out to examine the optimal implant tapering angle that can provide a beneficial and
uniform stress/strain distribution at the bone-implant interface. The von-Misses values
were used in

calculating the stresses and strains in both the bone and the implant models, which is often
the most commonly reported in FE studies as it summarizes the overall stress profile at a
point.39,40

This study demonstrated that increasing the degree of implant taper can result in higher
stress/strain values in an immediate loading scenario in both healed and extracted molar
models.

The only exception was the cancellous bone in the healed sites in which increasing the
implant taper angle reduced the strain values. As the implant tapering increased in the
healed models, the area of maximum von-Mises stress is more concentrated at the parallel
coronal part of the implant particularly at the implant-abutment interface and the strain
values are more coronally shifted towards the adjacent cortical bone. It is worth to note
that the anatomical shape of the extracted molar sockets may not allow uniform contact
between the tapered implant body and the bony socket walls. Thus, the maximum contacts
were observed at the most coronal part and around the apical part of the oral implant. This
explains the stress/strain distribution patterns atthe implant, cortical and cancellous regions

in the extracted models.
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The results of the current analysis suggest that a tapering angle of 2° can provide a
significantly lower strain level at the cortical and cancellous bone in the extraction site
indicating a better biomechanical behaviour of minimally tapered implants inserted in
molar extraction sockets (Fig. 7, a), while in the healed socket, a tapering angle of 8° can
result in more favourable strain distribution in both cortical and cancellous bone (Fig. 7, b).
The high stress/strain patterns caused by use of high tapered implants can be attributed to
the increased wedging effect that may ultimately lead to micro-cracks and bone damage.41
The use of a relatively small tapered angle (< 108°) may direct the maximum stress levels
away from the abutment-implant interface, which is the most susceptible area to loading as
excessive loading forces can cause joint opening, and thus jeopardizing implant survival
regardless of the implant diameter.42

Although an optimal implant taper angle under immediate loading condition has not been
proposed in the literature, Previous FE studiesz27,43 have investigated the effect of implant
taper in models where complete osseointegration and fully bonded bone-implant interface
were assumed.

Petrie and Williamsz27 created 16 FE models to examine the influence of three implant
parameters (implant diameter, length and taper). The implant tapering angles employed in
the models ranged from 0-14°. The authors predicted that wide, long and non-tapered
implants can provide the most favourable strain patterns at the peri-implant crestal bone.
Siegele and Soltesz 43 evaluated four implant shapes (cylindrical, tapered, screw and
conical). The FE analysis suggested that conical or tapered implant design produced higher
crestal stresses than the cylindrical one. Likewise, this study showed that implants with
small tapered angles have also offered a favourable stress distribution along the implant
threads and reduced displacement of the surrounding bone in an immediate placement

loading scenario. It has been suggested that wide implants increase the contacted surfaces
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between implant and adjacent bone and thus minimize the micromovements and enhance
the implant stability.

Nevertheless, wide-diameter tapered implants are not necessarily the optimal choice in
certain anatomical sites such as molar extraction sockets, where bone may be damaged due
to the high degree of compression that take place on the buccal strut during insertion and
subsequent immediate loading. This is evident in the high insertion torque generated as
tapered implants engage the cortical bone layer. The resultant compressive forces may lead

to osseous necrosis and bone resorption limited to the cortical bone layer.21,22

The FE analyses have been extensively used to assist both researchers and clinicians in
modifying implant designs and solving complicated problems. However, there are several
limitations of the FE study that need to be acknowledged: (1) Homogenous and isotropic
material properties were assumed. (2) The complicated geometry of implant and bone was
difficult to be accurately modelled. Hence an arbitrary model was created based on actual
dimensions of mandibular bone cross-section. (3) The study was limited to one tapering
design in which the implant had a coronal non-tapered part and an apical tapered part with
different tapering angles. There was no attempt to study an opposite geometry of a
coronally tapered implant with parallel-sided apical part. (4) The effect of implant tapering
angle in immediate protocols was analysed independently of other factors (i.e. bone
quality, implant length and diameter). Nevertheless it provided more insight analysis on a
particular design parameter in an immediate loading model. (5) A time-dependent modelsa
of immediate loading was not considered. The current FE analysis, however, offered
several advantages including the use of three-dimensional FE models instead of two-
dimensional models to represent two common modalities of implant placement (extracted

versus healed sites) and the adoption of non-linear contact analysis to simulate the
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complicated relationship between the prepared osteotomy and the oral implant under

immediate loading.

Conclusions

Despite the limitations due to the assumptions used in the FE models, the following

clinically relevant conclusions can still be drawn from this analysis:

- The von-Mises strains caused by immediate loading of immediately placed wide tapered
implants were mainly concentrated in the cortical buccal strut around the implant neck

where bone is at high risk of resorption.

- An approximately 8° and less tapered implants may provide the most favourable choice
in the healed molar sites in terms of minimizing stresses around the implant neck and

strains in the peri-implant alveolar bone.

- An implant taper angle of 2° allowed the maximum anatomical contact between the
implant threads and the molar extraction socket walls and showed the lowest stress and

strain levels among all tapered implant designs.

- In immediate implant placement, tapered implant was designed to duplicate the shape of
natural single rooted anterior tooth. However, a strongly tapered implant may not be
biomechanically advantageous in multi-rooted extraction socket even when a wide
diameter is considered. Therefore, it would seem advisable to avoid the use of strongly
tapered implants for immediate placement/loading in molar sites.

- Further studies are still needed to evaluate other implant geometries that allow even and
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minimal stress/strain distribution along the implant surface and adjacent bone in different

implant placement and loading protocols.
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Table 1 Mechanical parameters of materials used in the finite element model****

Cortical bone 13800 0.30
Cancellous bone 1380 0.30
Titanmm 110000 0.35
Lithmm disilicate glass ceramic 01000 023
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Table 2 Maomum von-Mises stress/strain values on the implant and surrounding bone in

the fimite element model

Healed mite
Maodel I-h 9.9 0.0002457 0.001654
Model IT-h 10.6 0.0002607 0.001346
Maodel ITI-h 1.7 0.0002610 0.0009558
Model IV-h 160 0.0003558 0.0008971

Maodel V-h 20.1 0.0003679 0.0007445

MI—E 215 0.001052 0.003190
é]!u!hhlll—e 23 0.001371 0.003291
%Mﬂh 82 0.002203 0.004237
 ModelIVe | 336 0.002715 0.004677

ModelVee 353 : 0003383 ! 0007120
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Fiz. 1 Tume frame of different implant placement and loading protocols’
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Fig. 2 Geometry of the tapered implant models (I-V)

1 I m v Vv
(2° taper) (57 taper) (8° taper) (11° taper) (14° taper)

Fig. 3 Implant-bone model under loading force of 189.5 N
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Fig. 4 von-Mises stress distribution on wide- diamete r implants at d ifferent implant tapering angles
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Fig. 5 von-Mises strain distdbution on the cortical bone around the implant neck at different implant tapering angles

(a) Healed models
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(b)) Extacted models
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Fig. 6 von-Mises strain distdbution on the cancellous bone at different imp lant tapering angles
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() Exwacted models
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Fig. 7 The percentage decreme i the stress) steain profile cavsed by different tapered im plant d esigns
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Fig. 8 Influence of implant taper angle on the von-Mises stmss disteibution along the ol b plant threads

(a) Healed models
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(b Extracted models
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6v1

Micro-strain value of all strain gauges

G6- G7- G5- G11- G4- G12-BLI G3-BLI G9-MDI G2-MDI G10-BLI G1-BLI
G8-BL BL MD MD MDI MDI
Bi-U- -25.4 11.5 -21 -28.8 72.8 34.6 138.2 83.1 6.2 4.2 281.5 74
Acrylic
-24.9 3.2 -14.5 -10.3 37.6 138.3 72.2 2.7 5 245.1 51.6
-22.6 6.6 -13.1 -20.4 75.9 35.7 140.7 75.5 3.8 10.5 247.9 50.8
-27.7 12.1 -23.6 -6.4 69.6 28.4 142.6 74.9 -3.3 4.6 248.8 49.6
Ave -25.2 8.4 -22.6 -16.5 74.5 28.1 140 61.7 2.4 5.3 255.8 45.4
SD 2.09 4.23 6.87 10.1 4.36 3.98 2.11 4.68 4.04 2.76 15.19 11.7
Bi-M-
Acrylic
152.7 88.8 -2.4 -13.3 55.5 12.2 80 50.6 31.4 42.3 176.5 23.5
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041

150.7 89.3

142.3 88

147.9 87.7

Ave 148.4 88.5

SD 4.51 0.73
Bi-P-
Acrylic
228.2 129.3
229.3 127.4
227.1 127.7
230 127

-1.5

-1.9

0.39

4.5

5.7

6.5

9.1

-14.4

-12.1

-12.8

-13.2

2.51

-18.1

-13.9

-13.3

-13.5

59.1

61.1

59.4

58.8

4.52

42.3

48.5

43.4

50.1

14.1

15.7

14.5

14.1

39

9.6

12.1

7.5

77.3

75.9

74.6

77

2.31

52.4

49.5

51.5

51.4

52.7

50.1

51.4

51.2

97

47.7

54.2

46

51.3

28.3

34.4

30.8

31.2
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12.6

15.8

15.6

13.2

43.5

47.5

41.3

43.7

1.13

20.6

21.2

22.8

18.9

175.1

172.6

173.5

174.4

2.72

129.5

132.3

132.4

134.4

27.9

25.7

25

25.5

1.83

29.5

27.6

30

28.6



161

Ave

SD

Bi-U-
Metal

Ave

SD

228.7

1.27

57.3

62.7

57

61.5

59.6

2.9

127.9

1.01

107.9

110.6

107.5

111.8

109.5

2.09

6.5

1.95

13.4

13.7

10.3

14.4

13

1.82

-14.7

2.28

-47

-46.2

-44.6

-46.7

-46.1

1.07

46.1

3.81

0.2

0.4

0.4

0.5

0.4

0.11

9.05

2.32

1.88

51.2

1.22

-59.9

-57.6

-65.2

-60.7

2.78

49.8

3.67

23

23.3

24.5

22.2

23.5

0.98

14.3

1.64

1.7

0.7

3.3

1.7

1.16

20.9

1.61

1.8

132.2

2.01

16.3

18.1

15.4

26.5

3.9

1.92

28.6

1.06

10

10.9

9.7

0.91



[45)

Bi-M-
Metal

Ave

SD

66.8

68.8

74.4

71

70.3

2.82

88.1

91.6

92.1

93.4

91.3

1.96

5.9

7.6

6.7

6.6

0.68

-31.4

-29.9

-26.9

-28.3

-29.1

1.69

0.3

0.1

0.2

0.2

0.11

1.3

1.9

2.1

2.2

-72.1

-71.8

-68.9

-74.9

-79.1

2.12

26.6

31.5

25.8

25

27.2

2.53

4.5 25
6 31.5
3.1 25.8
4.2 25
4.5 26
1.04 47

15.1

14.8

14.1

15

14.8

0.39

15.8

17.5

11.9

12.8

14.5

2.25



€ql

92.9

90.2

95.5

91.2

Ave 92.5

SD 2.32

Uni-U-
Acrylic

132.2

132.3

138.6

131

133.5

3.43

58

59.6

12.6

10.9

12

9.9

11.4

1.2

-32.1

-36.7

-29.9

-33.2

2.89

-12.6

0.9

1.6

1.8

0.95

-1.6

-1.1

1.88

35.3

39.1

-75.6

-76.7

-74.8

-79.1

-76.6

1.87

13.4

16.5

18.5

15.9

16.1

2.1

93.6

91.5

-1.5

0.4

1.4

-0.03

1.23

-22.9

-20.9

-24.5

-25.9

-23.6

2.15

50

46

4.6

4.8

4.2

4.7

0.34

2.9

4.2

1.1

3.1

2.8

1.28

53.4

53.2



yal

60.3

58.8
Ave 59.1
SD 0.99
Uni-M-
Acrylic
234
233.1
232.9
238.4

-8.13

3.22

-36.7

-36.6

-29.1

37.8

37.6

37.4

1.58

16.3

20.4

22.7

24.6

91.2

90.3

91.6

1.4

95.3

97.1

98.2

99.6

46.8

42.5

46.3

3.08

71.8

75.3

79

79.9

50.9

51

52.1

1.36

33.4

38

37.9

41.2



qdal

Ave

SD

Uni-P-

Acrylic

Ave

SD

234.6

2.58

-1.7

-1.1

0.42

-34.6

3.68

-50.8

-47.1

-43.4

-43.1

-46.1

3.62

21

3.57

14.5

11

15

13.5

13.6

1.59

97.6

1.82

88.7

86.1

89.8

86.2

87.7

1.85

76.5

3.71

0.9

0.4

0.3

0.65

0.35

37.6

3.21

46.6

43.2

49.4

47.1

46.5

2.56



941

Uni-U-
Metal

Ave

SD

Uni-M-
Metal

-17.8

-24.1

-18.8

-18.7

-19.9

2.87

14.9

12.3

17.7

16.5

15.4

2.33

6.5 -11.9
4 -12
3.6 -10.3
1.7 -7.3
4 -10.4
1.97 2.19

-1.2

1.1

0.7

1.38

1.69



LS1

-47.6

-45.4

-48.8

-46.4

Ave -47.1

SD 1.47

Uni-P-

Metal

-55.5

-56.7

-56.3

32.4

33.9

30.5

32.8

32.4

1.42

37.8

44.8

47.8

5.8

7.6

7.2

4.4

6.3

1.45

9.3

9.4

10.3

-22.2

-19.7

-23.2

-21.5

1.51

-32.4

-33.9

-32.6

7.8

6.2

7.4

6.6

0.73

11.1

11.9

11

0.57

-1.7



8491

Ave

SD

-57.5

-56.5

0.83

43.4

43.4

4.9

9.2

9.05

0.51

-29.7

-32.1

1.76

12.4

11.6

0.67

-1.1

1.02



