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Purpose: An increasing number of clinical reports describe the use of dental implants as abutments in
implant-assisted removable partial dentures (IARPD). We used three-dimensional finite element analysis
to evaluate IARPD as a unilateral mandibular distal extension denture. Specifically, the mechanical effects
of implant position and abutment height on the abutment tooth, denture, and denture-supporting tissue
were assessed.

Methods: The models analyzed were defects of the left mandibular second premolar and first and sec-
ond molars prosthetically treated with an IARPD using one implant for each tooth position. There were
two abutment heights: one equal to that of the mucosa and another that was elevated 2 mm above the
mucosa. Six models were constructed.

Results: For mucosal-level abutments, movement of the abutment tooth was lower for implants posi-
tioned distal to the abutment tooth than for those positioned medial to the abutment tooth. For elevated
abutments, movement of the abutment tooth was lower for implants positioned medial to the abutment
tooth than for those positioned distal to the abutment tooth.

Conclusions: The mechanical effects on abutment teeth at the same implant position differed in relation
to implant abutment height.

© 2019 The Authors. Published by Elsevier Ltd on behalf of Japan Prosthodontic Society.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

An increasing number of reports describe the clinical use of
dental implants as abutments in implant-assisted removable par-
tial dentures (IARPD) [1-5]. Because fewer implants are required
for the edentulous space, IARPD are less invasive and cheaper than
fixed implant bridges [3,4]. In addition, IARPD minimize denture
movement because they enhance implant support and diversify the
fulcrum line [1-5]. Previous studies reported that increased im-
plant support decreased denture movement [6-8|; however, few
studies have used finite element analysis to examine IARPD effec-
tiveness with respect to mechanical characteristics. In particular,
the biomechanical effects of implant position and the bracing ef-
fect on tissues surrounding the implant in free-end dentures are
not well understood.
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In this study, we used three-dimensional finite element anal-
ysis to evaluate prosthetic treatment with IARPD as a unilateral
mandibular distal extension denture. Specifically, to clarify crite-
ria for selection of implant position and optimal abutment height
in patients requiring IARPD, we assessed the mechanical effects
of implant position and abutment height on abutment teeth, den-
tures, and denture-supporting tissue.

2. Materials and methods
2.1. Analytic models

Defects in left mandibular second premolars and first and sec-
ond molars were analyzed in models of prosthetic treatment with
IARPD using one implant (Fig. 1). The components of the ana-
lytic model were the teeth (dentin), cancellous bone, cortical bone,
mucosa, periodontal ligament, metal crown, denture base, metal
flame, implant, and abutment. One implant was positioned at the
site of the second premolar or first or second molar. Six models
were analyzed: three (5-0, 6-0, 7-0) used mucosal-level abutments
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Table 1
Properties of materials used.

Model

Young's modulus (MPa)  Poisson’s ratio

Teeth (dentin)

Cancellous bone

Cortical bone

Mucosa

Periodontal ligament (1st load)
Periodontal ligament (2nd load)

Metal crown (gold-silver-palladium alloy)
Denture base (acrylic resin)

Flame work (Co-Cr alloy)

Implant, abutment (titanium)

1.37 x 10* 0.3
7.80 x 103 0.3
2.28 x 10* 0.3
4.50 x 1072 0.49
4.90 x 102 0.49
0.30 x 10! 0.49
8.13 x 10* 0.3
2.38 x 10° 0.3
2.18 x 10° 0.3
1.17 x 10° 0.3

The properties of the periodontal ligament and mucosa approximate previously reported
pressure-displacement values. To reproduce biphasic tooth movement, two types of peri-
odontal ligament (with differing properties) were used.

Partial denture
(denture base, metal flame)

Teeth (dentin), Metal crown )

Periodontal ligament

Mucosa
Cancellous bone

Cortical Bone

Fig. 1. Analytic model (Base model). The analytic model comprised defects of the
left mandibular second premolar and first and second molars, which were prosthet-
ically treated with [ARPD. The implant is not positioned in this basic model.

(ML abutments) and three (5-2, 6-2, 7-2) used abutments 2 mm
higher than the mucosal-level abutments (H abutments) (Fig. 2).
The analytic model was constructed by processing computed to-
mography (Asteion Super 4 Edition, Toshiba, Tokyo, Japan) images
of a skull replicative model (P10-SB1, Nissin, Kyoto, Japan) with
CAD software (Rhinoceros Ver 1.0, Robert McNeel & Associates,
Seattle, WA, USA), 3D direct modeler (Space Claim Direct Modeler,
Space Claim Co., Canonsburg, PA, USA), and finite element software
(ANSYS Rel. 18.2, ANSYS Inc., Canonsburg, PA, USA). Cortical bone,
cancellous bone, and mucosa were modeled in accordance with
previously reported data [9-11].

A screw-type implant body was used (platform diameter,
41 mm; implant diameter, 3.75 mm; length, 10.0 mm with refer-
ence to the Branemark System; MKIII RP, Nobel Biocare Services
AG, Zurich, Switzerland). The implant was placed perpendicularly
to the tentative occlusal plane. The central axes of the implant and
abutment were aligned, and the implant platform height was set to
correspond with the top of the cortical bone. The bone contact rate
between the implant and cortical bone was 100%. The framework
design for the retainer was an RPI clasp for the left first premolar,
a mesial rest for the right primary premolar, and an Akers clasp
for the right first molar; the major connector was a lingual bar. A
rectangular coordinate system was used, where the XY plane is the
frontal plane, the YZ plane is the sagittal plane, and the XZ plane
is the horizontal plane. The occlusal plane was parallel to the XZ
plane.

2.2. Material properties

The properties of the materials are shown in Table 1 [12-
21]. The material properties of the periodontal ligament and mu-

cosa approximate previously reported pressure-displacement val-
ues [12,14,16]. To reproduce biphasic movement of teeth, two dif-
ferent types of periodontal ligament were used.

2.3. Loading and boundary conditions

Loading and boundary conditions are constrained by occlusal
contact and loading of the mandible by masticatory muscles dur-
ing biting in the intercuspal position, that is, the load defines mus-
cle activity as a contraction vector of each muscle [22]. The in-
volved muscles are the masseter muscles (shallow and deep), me-
dial pterygoid muscles, temporalis muscles (anterior, middle, and
posterior), lateral pterygoid muscles (upper and lower), and the an-
terior belly of the digastric muscles (Fig. 3, Table 2) [22].

2.4. Analysis

Mechanical analysis was done by using isotropic structural non-
linear static analysis, with finite element analysis software (AN-
SYS Mechanical Rel.18.2 ANSYS, Inc., Canonsburg, USA). Contact ele-
ments that reproduced discontinuities between model components
were also used between the denture base and mucosa, between
the metal frame and teeth, between two teeth, and between the
denture base and abutment. The analytic models were tetrahedral
meshes constructed with the mesh tool in the ANSYS software pro-
gram. The models comprised 278,792 elements and 506,036 nodes
for the 5-0 model, 278,654 elements and 505,986 nodes for the 6-
0 model, 277,007 elements and 503,768 nodes for the 7-0 model,
279,283 elements and 507,106 nodes for the 5-2 model, 280,492
elements and 509,088 nodes for the 6-2 model, and 280,144 ele-
ments and 508,162 nodes for the 7-2 model.

2.5. Variables evaluated

The variables evaluated were displacement of the left mandibu-
lar first premolar and denture base and minimum principal stress
of the cortical bone around the implant neck. The distance and di-
rection of displacement of the right mandibular first premolar and
denture base were measured in relation to the cortical bone of
the tooth and denture base. The measurement points for the right
mandibular first premolar were the tip of the buccal cusp and root
apex (Fig. 4). In addition, 16 points on the inner surface of the den-
ture base were analyzed (Fig. 4). Stress on cortical bone around the
implant was evaluated by using contour images of minimum prin-
cipal stress distribution and minimum principal stress values.
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Fig. 2. Analytic model (implant-positioned model). The implant was positioned at the site of the second premolar or first or second molar. Six models were constructed:
three (5-0, 6-0, 7-0) with the abutment at the height of the mucosa and three with the abutment extending 2 mm above the mucosa (5-2, 6-2, 7-2).

Table 2
Loading force.

Node numbers  Loading force (N)

Masseter muscle Shallow part
Deep part

Medial pterygoid muscle

Temporal muscle Anterior part
Middle part
Posterior part

Lateral pterygoid muscle  Superior head
Inferior head

Digastric muscle Anterior belly

14 190.4
5 81.6
11 132.8
9 154.8
12 91.8
9 72.6
3 16.9
3 18.1
1 11.2

Mechanical analysis at the intercuspal position was possible because, by constraining
the occlusal contact point and loading the putative muscles of the mandible, the models
were able to closely simulate the forces in the human body.

Muscle vector : <

Constraint points : @

Fig. 3. Loading and boundary conditions. Loading and boundary conditions were
constrained by occlusal contact and loading of the mandible by masticatory mus-
cles during biting in the intercuspal position. The muscles involved are the mas-
seter muscles (shallow, deep), medial pterygoid muscles, temporalis muscles (ante-
rior, middle, posterior), lateral pterygoid muscles (upper, lower), and the anterior
belly of the digastric muscles.

Constraint points : @

Fig. 4. Measurement points. The measurement points were the tip of the buccal
cusp and root apex of the right mandibular first premolar and 16 points on the
inner surface of the denture base.
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Fig. 5. Displacement and direction vectors. The displacement and direction vectors for each measurement point are shown in occlusal and labial views of the denture base.
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Fig. 6. Displacement distance of denture base. The graph shows the sums of the
displacement distances at the measurement points of the denture base.

3. Results
3.1. Displacement

3.1.1. Denture base

The displacement and direction vector for each measurement
point in occlusal and labial views of the denture base are shown
in Fig. 5. The sums of the displacement distances at the measure-
ment points in the denture base are shown in Fig. 6. Distolingual
subsidence of the denture base was observed in all models (Fig. 5).
Displacement was greater for H abutments (5-2, 6-2, 7-2) than for
ML abutments (5-0, 6-0, 7-0) (Fig. 6).

3.1.2. Abutment teeth

Fig. 7 shows vector graphical occlusal and buccal views of the
tip of the buccal cusp and root apex. The sums of the displace-
ment distances at the tip of the buccal cusp and root apex of the
left mandibular first premolar are shown in Fig. 8. Tooth axes were
markedly distally inclined in models 5-2, 6-2, and 7-2 and slightly
buccally inclined in models 5-0, 6-0, and 7-0 (Fig. 7). Displacement

distance was lower for models 5-2, 6-2, and 7-2 than for models
5-0, 6-0, and 7-0 (Fig. 8). In models 5-0, 6-0, and 7-0, displacement
was lower when the implant was placed in the distal position;
however, in models 5-2, 6-2, and 7-2, displacement was greater
when the implant was placed in the distal position (Fig. 8).

3.2. Minimum principal stress

Fig. 9 shows contour images of minimum principal stress in
cortical bone. Minimum principal stress values were originally cal-
culated as negative numbers but are presented as positive num-
bers (in MPa) in the images, after simple positive-negative conver-
sion. Maximum minimum principal stress values in cortical bone
are shown in Fig. 10. In all models, minimum principal stress was
concentrated at the distal point of the implant neck (Fig. 9). Stress
was greater and more widely distributed in models 5-2, 6-2, and
7-2 than in models 5-0, 6-0, and 7-0 (Fig. 9). Minimum principal
stress values were higher for models 5-2, 6-2, and 7-2 than for
models 5-0, 6-0, and 7-0 (Fig. 10). In models 5-0, 6-0, and 7-0,
minimum principal stress values were higher when the implant
was located distally; however, in models 5-2, 6-2, and 7-2, min-
imum principal stress values were lower when the implant was
located distally (Fig. 10).

4. Discussion
4.1. Analysis models

This study did not use conventional partial dentures without
implants as negative controls, because previous clinical reports
[1-5] and analyses of mechanics [6-8] reported that denture
movement was more limited for partial implant overdentures than
for conventional partial dentures. We therefore chose to investigate
implant position and the height of the implant abutment.

In biomechanical analysis using finite element analysis, the ex-
tent of the similarity between the analytical model and human
body greatly affects reliability. In dental research, many mechan-
ical studies that use finite element analysis utilize constraints at
the lower part of the analytic model and loads from the direction
of the occlusal surface [6-8]. However, during occlusal contact—as
the mandible is pulled up by multiple muscles—occlusal force acts
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0.05 mm

Fig. 7. Displacement and direction vectors for left mandibular first premolars. The figure shows occlusal and buccal vector graphical images of the tip of the buccal cusp and

root apex.
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Fig. 8. Displacement distance for the left mandibular first premolar. The graph
shows the sum of displacement distances at the tip of the buccal cusp and root
apex of the left mandibular first premolar.

on the tooth. In this study, mechanical analysis at the intercuspal
position was possible because, by constraining the occlusal contact
point and loading the putative muscles of the mandible, the mod-
els were able to closely simulate the forces in the human body
[19].

4.2. Denture movement

In IARPD, the morphology of the implant abutment affects den-
ture movement. In particular, H abutments exhibited no change in
the direction of denture movement, which was not the case for ML
abutments with the same implant positions; however, the distance
of denture movement was lower. This finding is likely attributable
to suppression of denture movement in the sinking direction, re-
gardless of the height of the implant abutment. In contrast, H abut-
ments were associated with less horizontal movement. In addition,
positioning the implant distal to the tooth abutment reduced den-
ture movement, regardless of abutment height, perhaps because an

5-2 6-2 7-2

Fig. 9. Contour images of minimum principal stress in cortical bone. Values for
minimum principal stress were originally calculated as negative numbers but are
presented as positive numbers (in MPa), after simple positive-negative conversion.

increase in the distance between the abutment teeth and implant
improves the stability of dental prostheses.

4.3. Movement of abutment teeth

In IARPD, the morphology of the implant abutment affects
movement of the abutment tooth. In particular, abutment move-
ment was lower for H abutments than for ML abutments, for the
same implant position. For ML abutments, abutment teeth moved
less when the implant was positioned distal to the abutment tooth
than when it was positioned medial to the abutment tooth. How-
ever, for H abutments, abutment teeth moved less when the im-
plant was positioned medial to the abutment tooth. In ML abut-

09.007

Please cite this article as: T. Ohyama, S. Nakabayashi and H. Yasuda et al., Mechanical analysis of the effects of implant position and
abutment height on implant-assisted removable partial dentures, Journal of Prosthodontic Research, https://doi.org/10.1016/j.jpor.2019.



https://doi.org/10.1016/j.jpor.2019.09.007

JID: JPOR [m5G;October 26, 2019;9:45]
6 T. Ohyama, S. Nakabayashi and H. Yasuda et al./Journal of Prosthodontic Research xxx (xxxx) Xxx
(MPa) Finally, minimum principal stress values were lower when the
implant neck was located distally.
100 T

Minimum principal stress

20

0

5-0 6-0 7-0 5-2 6-2 7-2
Fig. 10. Minimum principal stress. The graph shows maximum values for minimum
principal stress in cortical bone. Values for minimum principal stress were orig-

inally calculated as negative numbers but are presented as positive numbers (in
MPa), after simple positive-negative conversion.

ments, abutment tooth movement was synchronized with den-
ture movement. However, in H abutments, movement of abutment
teeth was better suppressed by bracing when the implant abut-
ment and abutment teeth were closer. Positioning an implant close
to the abutment tooth is aesthetically desirable, as a retention arm
does not need to be applied to the abutment tooth [23]. How-
ever, the present results suggest that, with respect to bracing by
the abutment of an implant, the implant should be placed close to
the abutment tooth, as this is aesthetically preferable and protects
the abutment tooth.

4.4. Minimum principal stress on the implant neck

The minimum principal stress distribution around the implant
neck changed in relation to the morphology of the abutment of the
implant in IARPD. Minimum principal stress values at the implant
neck were lower for H abutments than for ML abutments, for the
same implant positions. Minimum principal stress values for dis-
tal implants were lower for H abutments than for ML abutments
(Fig. 10), because the bracing effect of higher abutments directly
suppressed abutment tooth movement. In addition, minimum prin-
cipal stress was higher when the implant was closer to the abut-
ment tooth, and more affected by abutment movement, than when
it was located distally.

5. Conclusion

When using IARPD for prosthetic mandibular unilateral distal
extension, implant abutment morphology affects the movement of
the denture and abutment tooth and the distribution of minimum
principal stress on cortical bone near the implant neck.

Denture movement was more limited for higher abutments
than for mucosal-level abutments, for implants at the same po-
sition. For mucosal-level abutments, movement of the abutment
tooth was less for implants distal to the abutment tooth than for
those medial to the abutment tooth. The mechanical effects on
abutment teeth at the same implant position differed in relation
to implant abutment height.

Abutment tooth movement was more limited when implants
were positioned medial to abutment teeth than when they were
positioned distal to abutment teeth.
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