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Abstract Background/purpose: Implant assisted removable partial dentures (IARPDs)
improved biomechanical behavior of removable partial dentures (RPDs), but information of
the effect of attachment type and implant position is limited. This study aimed to investigate
the effect of implant position and attachment type on the stress distribution of IARPDs.
Material and methods: Four implants, 10 mm in length and 4.1 mm in diameter, were bilater-
ally placed close to first premolar and second molar regions of a mandibular Kennedy class I
model having artificial dentition from canine to canine, vertical to the occlusal plane. Five
IARPDs were fabricated to accommodate locator and magnetic attachments. Strain gauges
were placed on the model surface to measure the strain around implants during loading. Uni-
lateral vertical loading was applied to the right first molar area with magnitude of 120 N and
crosshead speed of 10 mm/min. Measurements were recorded under following conditions: pre-
molar IARPDs with locator or magnetic attachments, molar IARPDs with locator or magnetic at-
tachments. Two-way multiple analysis of variance was performed to compare the maximum
principal strain (MPS) around the implants with a significance level of 0.05.
Results: Implant position had significant effect on the MPS of IARPD on loading and nonloading
sides while attachment type only significant on nonloading side. Molar implants showed larger
MPS than premolar implants with both locator and magnetic attachments during unilateral
loading.
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Conclusion: The stress distribution of the IARPD is significantly affected by implant position
wherein anteriorly placed implants exhibit lower MPS than relatively posteriorly placed im-
plants.
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Implant-assisted removable partial dentures (IARPDs),
which can convert a Kennedy class I or II partially edentu-
lous arch to a Kennedy class III rehabilitation, have become
a well-known treatment option in recent years.1e4 The
vertical and lateral displacement of the IARPD is limited,
resulting in a reduction in bone resorption under the distal
free-end denture base. However, the location of the
implant along the distal edentulous residual ridge has been
controversial in both clinical and in vitro studies, as this
location may play a crucial role in the stress distribution of
IARDPs and influence the clinical outcomes of treatment
modality.5e7

IARPDs are connected to supporting implants via
attachment systems. Splinted attachments (for example,
bar attachments) and nonsplinted (stud) attachments (for
example, balls, locators) and magnetic attachments, with
different biomechanical characteristics are commonly
used. The incorporation of different attachments may also
improve denture retention and quality of stress distribu-
tion, and enhance esthetics by avoiding buccal retentive
clasps.8 In the past decade, the resiliency of stud attach-
ments has greatly improved, resulting in less strain on im-
plants.9,10 Locator attachments are available in several
vertical heights and possess numerous advantages such as
resilience, retention, durability, easy replacement, and
angulation compensation.11e14 Magnetic attachments have
been used as retention systems for both natural teeth and
dental implants for many years15,16 as they may reduce
lateral forces, which have a negative effect on the sup-
porting teeth or implants.17,18

Several in vitro studies have investigated the stress dis-
tribution of IARPDs in terms of implant size, denture sup-
porting area, mucosal thickness, and loading conditions.
Model studies by Ohkubo et al.6 and Sato et al.19 showed
that implant placement in the distal edentulous ridge
(molar area) prevents displacement of the IARPD. Placing
the implant at the first molar region improves the biome-
chanical behavior of the IARPD and reduces the stress
exerted on the soft tissue under the distal extension of the
IARPD.7,8 Despite the advantages of distal implant place-
ment, in some clinical cases, implants are placed in the
premolar region because of the inadequate volume of the
alveolar ridge. In addition, a model study by Matsudate
et al.,20 reported that the placement of a supporting
implant near the abutment tooth (premolar area) pre-
vented vertical movement of the denture and transferred
less force to the abutment tooth. Therefore, placing an
implant along the distal alveolar ridge has several advan-
tages in terms of the stress distribution of IARPDs,
1698
regardless of implant position. Previous studies have eval-
uated the stress around the implant and abutment teeth
with IARPD.2,3,20 However, the effect of different types of
attachment on the stress distribution of IARPD supported by
different implant locations was not investigated. There-
fore, this in vitro study investigated the effect of attach-
ment type and the association between implant location
and attachment type on the stress distribution of IARPDs.

The application of measuring devices in in vivo experi-
mental studies on IARPD load distribution is difficult
because of ethical issues, lack of compatible equipment,
and the complexities of oral function.20 Therefore, in vitro
analysis of load distribution to implants and surrounding
structures using finite element analysis (FEA) or strain
gauges on an experimental model has become a widely
accepted option. The results yielded by these two ap-
proaches have been shown to be highly correlated.
Although several differences exist between FEA and strain
gauges, these two methods have mutual agreement and
compatibility in determining the quality of induced strains
under the applied load.21

The aim of this study was to investigate the effect of
implant position and type of attachment system on the
stress distribution of IARPDs by using strain gauges. The
null hypothesis was that the IARPD stress distribution was
not influenced by implant position and type of attachment
system.

Materials and methods

Fabrication of testing model and IARPDs

This in vitro study was performed on a mandibular bilateral
distal extension model (Kennedy class I) with artificial
dentition from canine to canine. The model was con-
structed with heat-polymerized acrylic resin (Acron, GC,
Tokyo, Japan) using a commercially available partially
edentulous model (Nissin E1-550; Nissin Dental Products,
Kyoto, Japan). A uniform 2-mm thickness of resin was
removed from distal edentulous ridge area of the model
and replaced with silicone impression material (Exahiflex;
GC) to simulate the ridge mucosa. Four implants of length
10 mm and diameter 4.1 mm (BL Tapered SLA, Straumann,
Basel, Switzerland) were placed, one each close to the first
premolar and second molar regions on both sides of the
model, perpendicular to the occlusal plane (Fig. 1a). The
implants were retained using rapid self-polymerizing acrylic
resin (Unifast III Trad: GC). Five conventional
cobalt-chrome RPDs with the same design (a lingual bar
along with occlusal rests and wire clasps on the canines)
were fabricated to accommodate two different types of
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Figure 1 (a) Experimental model with implants. (b) IARPD with locator attachment. (c) IARPD with magnetic attachment. IARPD,
implant-assisted removable partial denture.

Journal of Dental Sciences 17 (2022) 1697e1703
attachments, namely locator attachments (blue; Zest An-
chors, Carlsbad, CA, USA; Fig. 1b) and magnetic attach-
ments (IFD30BR 1911102; Aichi Steel, Aichi, Japan; Fig. 1c).
The matrices, metal housings for the locator attachments
and magnets for magnetic attachments, were retained in
the dentures using rapid self-polymerizing acrylic resin
(Unifast III Trad: GC). An acrylic occlusal rim was then
constructed and attached to the metal framework using
heat-polymerized acrylic resin (Acron, GC) according to the
manufacturer’s instructions.

Strain gauge attachment and measurement of the
strain applied to the implant

Uniaxial strain gauges were used in this study. The acrylic
surfaces around each implant were flattened and smoothed
with fine sandpaper and wipe with alcohol pad for strain
gauge bonding. The fine lead wires of the strain gauges
(KFRS-02-120-C1-13L3M3R; Kyowa Electronic Instruments,
Tokyo, Japan) were then attached to the flattened and
smoothed surface of the experimental model using a strain
gauge instantaneous adhesive (CC-33A; Kyowa Electronic
Instruments). These wires were placed at the mesial,
distal, buccal, and lingual sides of each implant (Fig. 2) and
were used to measure the maximum principal strain (MPS)
around the implants during loading. The other end of each
strain gauge was connected to the sensor interface board
(PCD 300A; Kyowa Electronic Instruments), which con-
verted the electrosignals to microstrain by using software
(DAS 200A, ver. 2.22, Kyowa Electronic Instruments).
Before the strain gauge measurement, a cyclic load ranging
Figure 2 Strain gauges attached to mesial, buccal, distal,
and lingual sides of implants.
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from 10 N to 60 N was applied five times on the occlusal
surface of the dentures, to age the strain gauges to prevent
hysteresis, which is lagging or retardation of the electric
signal when forces acting upon the denture are changed.22

A vertical load of 120 N was applied using a universal testing
machine (Instron 5544; Instron, Tokyo, Japan) at a cross-
head speed of 10 mm/min (Fig. 3). The 120 N load repre-
sents the standard bite force of a patient with an IARPD3,23

and the load that the resin model could withstand without
deformation. The central region of the right first molar was
selected as the loading point and notched with a diamond
bur to prevent slipping of the loading pin. The IARPD
(n Z 5) stress distribution was measured five times under
each of the following conditions, with a 5-min recovery
time for heat dissipation:

a) Premolar IARPD with locator attachment.
b) Molar IARPD with locator attachment.
c) Premolar IARPD with magnetic attachment; and
d) Molar IAPRD with magnetic attachment.

The unused implants were made inactive by eliminating
contact with the impression surface of the denture.20
Statistical analysis

Statistical analysis was performed using IBM SPSS software
(version 25.0; IBM Corp., Armonk, NY, USA) and significance
level of 0.05. Two-way multiple analysis of variance
(MANOVA) was performed to compare the strain around
the implants on the loading and nonloading sides under
different experimental conditions.
Figure 3 Vertical loading of experimental model with uni-
versal testing machine.



Figure 4 Mean strain and standard error (SE) on loading side
under unilateral loading, with significance level of 0.05.

Table 2 Results of two-way multiple analysis of variance
(tests of between-subjects effects) for implant position,
attachment type, and interaction of implant position and
attachment type at a significance level of 0.05.

Source Dependent Variable F P value

Implant position LS 154.167 <0.001
NLS 130.323 <0.001

Attachment type LS 2.912 0.089
NLS 10.639 0.001

Implant positiona

Attachment type
LS 68.199 <0.001
NLS 42.791 <0.001

LS Z loading side, NLS Z nonloading side.
a Interaction between implant position and attachment type.
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Results

Table 1 shows the results of the two-way MANOVA for the
effect of independent variables (implant position and
attachment type) on dependent variables (strain on the
loading and nonloading sides). Statistically significant dif-
ferences were found in the effects of implant position
(P < 0.001), attachment type (P Z 0.002), and the inter-
action between implant position and attachment type on
the dependent variables (P < 0.001). The statistical sig-
nificance in the interaction indicated that the influence of
the attachment type on strain was not the same for pre-
molar and molar implant positions.

Fig. 4 shows the mean strain and standard error (SE) on
the loading side in unilateral loading under different
experimental conditions. On the loading side, the stress
distribution of the IARPD was significantly influenced by
implant position (P < 0.001; Table 2), but not by attach-
ment type (P Z 0.089; Table 2). The largest strain was
observed in the molar IARPD with the magnetic attach-
ment (236.15mε, SE Z 9.14) followed by the molar IARPD
with the locator attachment (145.07mε, SE Z 9.14), pre-
molar IARPD with the locator attachment (107.07mε,
SE Z 9.14) and, finally, premolar IARPD with the magnetic
attachment (47.2mε, SE Z 9.14). However, the MPS for the
molar IARPDs on the nonloading side (Fig. 5) was signifi-
cantly smaller than that for premolar IAPRDs with both
locator and magnetic attachments. On the nonloading
side, the stress distribution of the IARPD was significantly
influenced by implant position (P < 0.001; Table 2) and
attachment type (P Z 0.001; Table 2). The smallest strain
on the nonloading side was found in the molar IARPD with
the locator attachment (4.15mε, SE Z 2.94), which
recorded the second largest strain on the loading side. The
largest strain on the nonloading side was recorded in the
premolar IARPD with locator attachment (57.01mε,
SE Z 2.94) followed by the premolar IARPD with magnetic
attachment (28.15mε, SEZ 2.94) and the molar IARPD with
magnetic attachment (13.8mε, SE Z 2.94). The influence
of the interaction of implant position and attachment type
was statistically significant on the loading (P < 0.001;
Table 2) and nonloading sides (P < 0.001; Table 2) in
Table 1 Results of two-way multiple analysis of variance
(Wilk’s Lambda Test) for implant position, attachment type,
and interaction of implant position and attachment type at
a significance level of 0.05.

Effect Value F Hypothesis
df

Error
df

P
value

Implant
position

0.607 127.847 2.000 395.000 <0.001

Attachment
type

0.969 6.222 2.000 395.000 0.002

Implant
positiona

Attachment
type

0.761 62.053 2.000 395.000 <0.001

df Z degrees of freedom.
a Interaction between implant position and attachment type.
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unilateral loading, as analyzed by two-way MANOVA. This
indicated that the MPS of the IARPD was significantly
influenced by attachment type supported by different
implant positions on both the loading and nonloading sides
in unilateral loading.

Fig. 6 shows the magnitude and direction of the MPS
under different experimental conditions; the MPS was
distolingually distributed on the loading side under all
experimental conditions. In contrast, the MPS distribution
on the nonloading side was slightly different for each
experimental condition. The data shown in Fig. 6 were not
statistically analyzed. On the nonloading side, the MPS
distribution of the molar IARPD with the locator attach-
ment (Fig. 6B) was in the distolingual direction, whereas
the MPS distributions of the other experimental conditions
(Fig. 6A, C, D) were mesiolingually distributed. In the
premolar IARPD (Fig. 6A, C), the MPS of the locator
attachment was greater than that of the magnetic
attachment on the loading side. This indicated that the
MPS was concentrated on the loading side in the locator
attachment, whereas the magnetic attachment could
distribute the MPS to the loading and nonloading sides.



Figure 5 Mean strain and standard error (SE) on nonloading
side under unilateral loading, with significance level of 0.05.

Figure 6 Magnitude and direction of MPS in each experimental co
IARPD with locator attachment. (C) Premolar IARPD with magnetic a
implant-assisted removable partial denture; MPS, maximum princi
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Nevertheless, in molar IARPDs (Fig. 6B, D), the MPS of the
magnetic attachment was larger than that of the locator
attachment on the loading side, and slight differences
existed in the MPS on the nonloading side.

Discussion

The optimal implant position and attachment system for
IARPDs with distal extensions remain unknown.1 In this
study, the implant position, attachment type, and their
interrelationship were investigated. The results showed
that the attachment type did not have a significant effect
on the MPS of IARPD on the loading side. However, implant
position and the interaction between the implant position
and attachment type had a significant effect on IARPD
stress distribution. Therefore, the null hypothesis that
IARPD stress distribution was not influenced by implant
position and attachment system type was rejected.

Previous in vitro studies with Kennedy class I and II
conditions have indicated that a posteriorly placed implant
reduces the pressure on the alveolar ridge and restricts
denture movement more than an implant positioned
ndition. (A) Premolar IARPD with locator attachment. (B) Molar
ttachment. (D) Molar IARPD with magnetic attachment. IARPD,
pal strain.
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anteriorly.7,8,24,25 However, in some cases, implants need
to be placed anteriorly in the distal edentulous ridge near
the terminal abutment tooth because of severe atrophy of
the posterior residual ridge. Therefore, studies on the
stress distribution of IARPDs with anteriorly placed implants
are necessary. Moreover, selection of the attachment sys-
tem, which provides retention and stability to the denture,
should be considered an important factor for treatment
success.26,27

While the optimal forces transmitted to the implant and
surrounding tissues are not yet well defined, the minimiza-
tion of these forces is important to prevent implant failure. In
the present in vitro study, vertical loading tests were per-
formed under a 120 N load applied at the first molar region,
where maximum bite forces are often exerted.23,28,29 The
molar IARPD showeda largerMPSaround the implant than the
premolar IARPDwith both locator andmagnetic attachments
on the loading side. In the molar IARPD, the MPS was mainly
concentrated on the implant and surrounding tissues of the
loading side, which may have caused excessive loading on
one side of the ridge. In contrast, the MPS was also distrib-
uted to the nonloading side in premolar IARPDs with both
locator and magnetic attachments. This result is similar to
that of Matsudate et al.,20 who demonstrated that amesially
placed implant generates a smaller MPS around the implant.
The distance between the implant and abutment tooth may
influence this result. Implant placement closer to the abut-
ment tooth can decrease the stress applied to the peri-
implant tissue, as the abutment tooth and implant can
share the loading force and distribute it to the surrounding
tissues of the implant.28 Nevertheless, in premolar IARPDs,
the implant acts as a fulcrum upon which the denture base
rotates, thus generating a lateral force on the abutment
tooth and implant. Consequently, microfracture of the peri-
implant bone tissue and implant failure may occur.20

Therefore, attention should be given to the condition of
the abutment teeth and surrounding tissues when placing
implants on the distal part of the alveolar ridge in the uni-
lateral loading condition.

Although the influence of the type of attachment sys-
tem was not statistically significant on the loading side, a
significant difference was found on the nonloading side.
Locator and magnetic attachments, regarded as typical
attachments for IARPDs, were used in the present study.
Compared with the magnetic attachment, the locator
attachment showed a smaller MPS around the implant on
the loading side, with lesser MPS transferred to the non-
loading side in the molar IARPDs. This could be due to the
structural property of the locator attachment, as it con-
tains a resilient nylon insert that can absorb the strain
from the loading, thus improving the stress distribution to
the peri-implant area.17,30 In contrast, the magnetic
attachment has direct contact with the keeper without
any intervening space, and this may be responsible for the
distribution of MPS to the peri-implant area,31 particularly
under unilateral vertical loading. Due to its flat and simple
configuration, the magnetic attachment showed a more
even stress distribution than the locator attachment in
the premolar IARPD. According to Gillings and Samant,15

most magnetic attachment systems have a self-limiting
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potential, as they detach from the abutment when sub-
jected to an excessive lateral force.

Strain gauges were used in this in vitro study because
they provide a quantitative analysis of the strain around
the implants. This technique is one of the most common
methods for strain analysis in dental research, as it has
advantages over other methods.32e34 In the present study,
the strain gauges were attached to the mesial, buccal,
distal, and lingual sides of the implant to provide an ac-
curate and definitive measurement of a wide area
around the implant and monitor the impact of the
load to the peri-implant area.35 The results of this study
provide supportive evidence for the use of IARPDs in
mandibular Kennedy class I cases. Selection of the
attachment system, as well as considering its interaction
with the implant position, can provide a basis for better
stress distribution with IARPDs under unilateral vertical
loading.

Although the experimental model simulated clinical
conditions, the results of this study may not accurately
reflect values obtained in vivo. First, strain gauges could
only measure surface strain at specific points and in pre-
determined directions. Second, implant osseointegration
and the biomechanical condition of the abutment teeth
were not considered. Finally, this study only assessed the
strain of unilateral loading on a single IARPD and Kennedy
class I model. Oblique loading, off-axis loading, and
different loading points were not investigated. Therefore,
additional in vitro investigations of IARPDs on models with
different missing teeth, as well as clinical trials conducted
among patients, are warranted.
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