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Abstract

Purpose This study aimed to evaluate the mechanical performance of mandibular implant-assisted removable partial dentures
(IARPDs) on abutment teeth, supporting implants, and the mucosa. A risk assessment of patient discomfort and complica-
tions was also conducted to provide a design reference for clinical use.

Methods Mandibular IARPDs with distal extension were analyzed using the finite element method. The mechanical perfor-
mance of IARPDs was evaluated for varying numbers of missing teeth, crown-to-root ratios of abutment teeth, and locations
of occlusal rests.

Results When an implant was placed at the distal end, the peak von Mises stress in the cortical bone surrounding the abut-
ment tooth was 14.8% lower than that when at the mesial end. Simultaneously, the peak von Mises stress was reduced by
76.7% over the mucosa and increased by 206.7% in the cortical bone surrounding the implant. The use of distal occlusal
rests increased the peak von Mises stresses in the cortical bone surrounding the abutment tooth by 8.4% compared to that
when using mesial occlusal rests. When the crown-to-root ratio of the abutment tooth increased from 1 to 1.5, the peak von
Mises stress in the cortical bone surrounding the abutment tooth increased by 168.7%.

Conclusion An IARPD with a distal implant can reduce the risk of post-op complications. When the crown-to-root ratio of
the abutment tooth is adequate, the distal occlusal rest can be used for IARPDs of distal free ends.

Keywords Implant-assisted removable partial denture - Finite element method - Implant position - Crown-to-root ratio -
Occlusal rest

1 Introduction

Patients with partial edentulism can be rehabilitated with
various treatment options. Clasp-retained removable partial
dentures (RPDs) are less expensive than other treatment
options and have been widely used clinically. Although
wearing RPDs can solve the dietary problems of patients
with missing teeth and improve their quality of life, they may
increase the risk of dental caries and periodontal diseases
[1]. When one wears an RPD, the soft tissue and underly-

< Chi-Lun Lin
linc @ncku.edu.tw

School of Dentistry & Institute of Oral Medicine, College
of Medicine, National Cheng Kung University, Tainan,
Taiwan, ROC

Division of Prosthodontics, Department of Stomatology,
National Cheng Kung University Hospital, College

of Medicine, National Cheng Kung University, Tainan,
Taiwan, ROC

Department of Mechanical Engineering, National Cheng
Kung University, Tainan, Taiwan, ROC

Medical Device Innovation Center, National Cheng Kung
University, Tainan, Taiwan, ROC

Department of Biomedical Engineering, HungKuang
University, Taichung, Taiwan

@ Springer

ing bone of the edentulous area may suffer from discom-
fort. Regular follow-up and denture adjustment are usually
required for long-term RPD wearers; otherwise, improper
force on the alveolar ridge can eventually lead to bone
resorption eventually [2]. Owing to these inconveniences,
most patients with partial edentulism are not favored to wear
RPDs.

IARPDs are combinations of dental implants and RPDs.
This treatment option prevents the use of the alveolar ridge
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as a support and reduces the risk of bone resorption due to
improper force on the alveolar bone [3]. However, fractures
of denture components and breakage or loosening of dental
implants have been reported [4]. Bone resorption in the resid-
ual ridge and peri-implant mucositis were also recorded using
IARPDs [5]. The survival rate of implants after ten years was
92%, and 25 of 41 patients had dental prosthesis restorations
[6]. Further investigation is required to reduce late implant
failure and repeated maintenance appointments. Therefore,
risk assessment using IARPD:s is critical.

To measure and analyze the pressure and displacement of
a mandibular Kennedy classification I TARPD, Ohkubo et al.
[7] installed five sensors on a physical model and inserted
the implants in the bilateral second molar areas. The results
showed that the implant support helped prevent the displace-
ment of IARPDs with distal extension and decreased the pres-
sure on the soft tissues. Matsudate et al. [8] fabricated a uni-
lateral mandibular simulation model with a distally extended
edentulous area. Piezoelectric force transducers were inserted
into the root of the abutment tooth and implants, and a pres-
sure-sensitive tactile sensor film was placed on the artificial
mucosa to measure loads. A vertical load of 100 N was applied
to the first molar. In the experiment, measurements were made
with the conventional RPD, IARPD with a mesial implant, and
IARPD with a distal implant. Consequently, the distal implant
greatly reduced the load on the residual ridge. However, the
load on the abutment teeth of the IARPD with a distal implant
was greater than that of the conventional RPD. Ohyama et al.
[9] assessed the mechanical effects of implant position and
abutment height on abutment teeth, dentures, and residual
ridges. The use of distal implants and increasing the height
of abutment teeth can reduce the displacement of the denture
base and abutment teeth.

Although previous studies have revealed the influence of
implant position on the stress behavior of TARPDs, many
factors still affect the load on the abutment tooth, implant,
and residual ridge. These factors include the partially eden-
tulous configuration, quality of the alveolar bone, crown-
to-root ratio of the abutment tooth, viscoelasticity of the
mucosa, and the type of attachments on the implant [8].
To extend the knowledge for designing IARPDs, this study
aimed to evaluate the implant position of Kennedy classifi-
cation II TARPDs by analyzing different numbers of missing
teeth, locations of occlusal rests, and crown-root ratios of
abutment teeth.

2 Materials and Methods
2.1 Geometric Modeling

In the present study, mandibular IARPDs for restoring
Kennedy classification II edentulism were evaluated. All

TIARPD models were designed with a single implant sup-
port to simulate clinical conditions. First, DICOM images of
a human mandible were obtained from a patient (approved
by the IRB of National Cheng Kung University, Taiwan,
No.: A-ER-110-003) using cone-beam computed tomogra-
phy (Planmeca ProMax® 3D Max, Helsinki, Finland). The
images were post-processed using the computer software
Mimics 16.0 (Materialise NV, Leuven, Belgium) to seg-
ment and reconstruct all parts, including teeth, periodontal
ligaments, mucosa, cancellous bone, and cortical bone. To
ensure reliable mesh generation in the finite element mod-
eling, surface smoothing was applied to the reconstructed
parts using the Geomagic Studio 12 software (3D Systems,
Rock Hill, SC, USA).

A mandibular TARPD was digitally designed a mandibu-
lar IARPD on the reconstructed mandible. Three cases with
missing teeth (n=2, 3, and 4) were investigated. For each
case, two crown-to-root ratios of the abutment tooth, 1:1
(regular) and 1.5:1 (high), were studied. The model with a
high crown-to-root ratio was a modification of the regular
model by trimming down the bone level surrounding the
abutment tooth to simulate insufficient periodontal support.
All six (two crown-to-root ratios by three cases of missing
teeth) configurations were handed over to the dental techni-
cian again to design the dental prosthesis with two types
(distal and mesial) of occlusal rests for each, as shown in
Fig. 1. The labeled numbers shown in Fig. 1a indicate the
possible implant positions in the three cases of the miss-
ing teeth. In a design configuration, a single implant was
inserted into each of the possible implant positions, and the
size of implant was 5 mm in diameter and 11.5 mm long in
all cases.

2.2 Finite Element Analysis (FEA)

The pre-processing of the finite element model was per-
formed in HyperMesh 13.0 (Altair Engineering Inc., Troy,
Michigan, USA). The boundaries and contact pairs between
the parts were defined to ensure that the mesh of each con-
tact surface was closed and continuous. The 4-node tetra-
hedral elements (C3D4) were used, and the mesh size from
2.0 to 0.5 mm was determined by conducting a convergence
analysis. The convergence analysis calculated the difference
in the minimum strain by reducing the mesh size until it was
less than 1%. Based on the result, 0.65 mm was used as the
global mesh size, and the meshes in the region of interests
were further refined. The mesh size of the peripheral liga-
ment was set as 0.2 mm, and the mesh size of the implant,
rubber and cap buckle was set as 0.1 mm. The numbers of
the elements and nodes of the whole model were 3,503,833
and 741,766. The mesh model (Fig. 2) was exported as an
input file and imported into the Abaqus/CAE 2017 (Dassault
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Fig. 1 Geometric models of

all design configurations to be
evaluated. a Numbers of miss-
ing teeth, b crown-to-root ratios,
and c locations of occlusal rest
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Fig.2 The mesh model for FEA

Systems, Johnston, RI, USA). for subsequent finite element
analysis.

The finite element model incorporates mucosa, peri-
odontal ligament, teeth, cortical bone, cancellous bone,
titanium, and the denture material Pekkton® ivory. By
using the PEKK material, which is ready for dental mill-
ing, we ensured that the contour of the denture remained
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the same as the finite element model using the CAD/CAM
technology. The material properties of each part are listed
in Table 1 [10-12, 17-20]. The nodes of the cortical bone
located 20 mm above the occlusal plane were fixed as the
boundary conditions. An occlusal load of 200 N was applied
at the second molar of the IARPD at an angle of 30-degree
between the load and the long axis of the tooth, and the load
was directed toward the buccal side and perpendicular to
the tangent of the dentition (Fig. 2). The contact between
the implant and mandible was set as a tie condition, and the
other interfaces were assigned proper frictional conditions.
The friction coefficients were 0.1, 0.01, and 0.36 for the
interface between the occlusal rest and tooth, between the
prosthesis base and mucosa, and between the implant and
cap, respectively [10].

2.3 Biomechanical Evaluation

The peak values of the von Mises stresses of the mucosa,
cortical bone at the peri-implant area, and cortical bone sur-
rounding the abutment tooth were evaluated under different
implant positions in all design configurations. The contact
pressure between the mucosa and IARPD, which covered
the left posterior edentulous area of the mandible, was also
examined. We calculated the surface area with a pressure
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higher than the threshold of 234 kPa, which could lead to
mucosal pain [13]. Strains greater than 2500 pe (tension) or
smaller than —4000 pe (compression) [14, 15] in the cortical
bone were also observed. The risk of bone loss and implant
failure can be high when the bone is repeatedly subjected to
strains over these thresholds.

2.4 InVitro Verification Experiment

An in vitro experiment was conducted on three missing teeth
with mesial occlusal rest, and the implant (Anker SBS5011)
was inserted at the position of the first molar. The experi-
mental model was fabricated using a 3D printer (Stratasys
J750, Eden Prairie, MN, USA). The cortical and cancellous
bones were simplified into a single part. The printing mate-
rials selected were Vero Dent Plus MED 690 for bone and
Tango Plus FLX 930 for mucosa. The entire assembly of
bone and mucosa materials was printed using the same man-
ufacturing process. The abutment tooth was fabricated using
zirconia and inserted into the reserved socket of the printed
model. The other teeth were simultaneously printed with the
same materials as the bone. To simulate the damping effect
of periodontal ligaments, polyvinyl siloxane material was

Fig.3 Experimental model. A: mandibular bone, B: other teeth, C:
hole for model fixation, D: implant position, E: mucosa, F: abutment
tooth, G: anchor for positioner, and H: positioner for inserting abut-
ment tooth

Fig.4 Observation points in
DIC (left) and FEA (right)

injected into the socket and then a positioner was used to
hold the inserted abutment tooth until the polyvinyl siloxane
material set. The final model is illustrated in Fig. 3.

During the mechanical test, a ball-shaped antagonist com-
pressed the second molar at a rate of 1 mm/min, until the
force reached 200 N. Digital image correlation (DIC) was
used to record the displacement of the IARPDs at five loca-
tions (No. 1-5, from mesial side to distal side) at the same
vertical level, which were the centers of the three artificial
teeth (the second premolar, first molar, and second molar)
and two proximal contact areas between the artificial teeth.
Ncorr [16], an open source 2D DIC MATLAB program, was
used to perform the analyses. The DIC measurements were
compared with the displacements calculated at the same five
locations using FEA (Fig. 4).

3 Results
3.1 InVitro Verification

Comparing the five observation points in the FEA and
the verification experiment, the displacements of the five
measuring points along the direction of the x- and y-axes
showed similar trends. However, there was a slight discrep-
ancy between the FEA and the experiment values: approxi-
mately 0.08 mm along the x-axis and 0.25-0.3 mm along the
y-axis, as shown in Fig. 5. This discrepancy resulted from
the gap between the denture and mucosa in the experimental
model, which caused inconsistent displacement results of
the IARPD.

3.2 Stress Analysis

The stress response of the peri-implant bone area, mucosa,
and surrounding abutment tooth was evaluated at different
implant placement positions. The IARPD was designed with
a mesial occlusal rest and a regular crown-to-root ratio. As
the implant was placed more distally, the peak von Mises
stress in the peri-implant bone area increased significantly.
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Fig.5 Displacements measured in FEA and verification experiment

In contrast, the stress in the bone surrounding the abutment
tooth and mucosa decreased. Overall, the stresses are much
larger in the peri-implant bone area than in the bone sur-
rounding the abutment tooth and mucosa, as shown in Fig. 6.

Next, the effect of rest location was analyzed using
IARPD models with a regular crown-to-root ratio. Regard-
less of the number of missing teeth, the difference in the
peak values of von Mises stresses of the peri-implant corti-
cal bone between the two types of occlusal rests was small
(within 8.9%) (Fig. 7a). Using the IARPD with the distal
occlusal rest for four missing teeth incurred larger stresses
in the cortical bone surrounding the abutment tooth, whereas
this difference became insignificant for those with two
or three missing teeth (Fig. 7b). Regarding stress in the
mucosa, the mesial occlusal rest outperformed the distal
rest when the implant was placed at the first premolar area
for the IARPD for four missing teeth and when the implant
was placed at the second premolar area for the IARPD for
three missing teeth. The distal occlusal rest performed better
only when the implant was placed in the second premolar
area for IARPD in four missing teeth. In the other cases,
both types of occlusal rest were similar in terms of mucosal
stress (Fig. 7c¢).

As the mesial occlusal rest is more commonly used,
it was employed in this study as the base design to study
the effect of crown-to-root ratio. When the crown-to-root
ratio increased, the peak value of the von Mises stress of
the cortical bone in the peri-implant area increased (avg.
28.4% increase, see Fig. 8a). The effect was more significant
for the bone stress surrounding the abutment tooth for the
IARPD for the four missing teeth (avg. 161.9% increase).
but was insignificant for the IARPD for two or three miss-
ing teeth (Fig. 8b). The two crown-to-root ratios did not
have a clear impact on stress in the mucosa (differences were
within 0.6 MPa), regardless of the number of missing teeth
(Fig. 8c).
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missing teeth

3.3 Mucosa Contact Pressure

The effect of the location of occlusal rests and implant posi-
tion was evaluated using models of regular crown-to-root
ratio. As shown in Fig. 9, when an implant was placed at
the second molar, the contact pressure over the mucosa was
significantly lower in all configurations. The effect of the
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Fig.7 Peak von Mises stress corresponding to the two types of rest with different implant positions observed in peri-implant (a), surrounding

the abutment tooth (b), and mucosa (c) regions

remaining location can be observed in two cases. One was
placed in the IARPDs for four missing teeth when an implant
was placed at the position of the first premolar, and the other
was placed in the JARPDs for three missing teeth when an
implant was placed at the position of the first molar.

3.4 Cortical Bone Strain

The maximum and minimum principal strains of peri-
implant cortical bone were investigated for IARPD with
a regular crown-to-root ratio and mesial occlusal rest.
Larger strains were observed when the implant was placed

more distally. When the implant was placed in the second
molar, both the maximum and minimum principal strains
exceeded the threshold, as shown in Fig. 10.

3.5 Risk of Pain Assessment

After calculating the total area (%) of the mucosa-denture
interface with a contact pressure larger than the threshold
(234 kPa), the most distal implants showed better results
(16.8%) than the most mesial implants (41.4%), as shown
in Fig. 11.
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4 Discussion

The present study evaluated the effect of implant position for
IARPDs of Kennedy Classification II edentulism. Although
discrepancy was found in measured displacements between
FEA and verification experiment, their trends match each
other. By my observation, this discrepancy was attributed to
a gap between the printed denture and mucosa, which may
be resulted from polishing and finishing process. Despite the
gap effect, the numerical results were still in vitro validated.

The level of stress was evaluated in three regions: the
peri-implant area, surrounding the abutment tooth, and
mucosa, which are relevant to clinical complications.
Regardless of the number of missing teeth, the effect of
the implant position on stress was similar. The stress level

@ Springer

increased as the implant position moved from the mesial end
to the distal end. Placing an implant more mesially, that is
closer to the abutment tooth, enables the load on the abut-
ment tooth to be transmitted to the implant. Consequently,
the stress in the cortical bone surrounding the abutment
tooth decreased.

Although placing an implant more distally increases
the cortical bone stress in the peri-implant region, it could
reduce the level of stress in the cortical bone surrounding the
abutment tooth and mucosa. This finding is consistent with
those in the literature [8]. In the present study, a load was
applied to the second molar to simulate heavier chewing.
Under this loading condition, when the implant was placed
more distally and closer to the point of load, the bone stress
surrounding the implant increased. It should be noted that
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increased stress may cause secondary damage to the bone,
especially when the quality of the alveolar bone in the pos-
terior region is poor.

The locations of occlusal rest had no significant effect on
the stress of the cortical bone and mucosa for the two- and
three-unit IARPDs. Relatively higher stresses were observed
when using the distal occlusal rest for JARPD for the four
missing teeth. This was because the mesial occlusal rest can
better transfer the load to the abutment tooth. In addition,
the mesial occlusal rest of the IARPDs used in the present
study extended from the mesial side to the distal side using
a crossbar. The abutment tooth was enveloped more com-
pletely, which could have increased the force on the abut-
ment tooth. Therefore, mesial occlusal rest should be care-
fully used, especially when the patient's abutment tooth is
periodontally unhealthy.

Increasing the crown-to-root ratio induced higher
stresses in all regions for most of the cases investigated
in this study. A tooth with a higher crown-to-root ratio
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Fig. 11 Percentage of mucosal surface area where stress threshold of
pain is exceeded

would have peripheral supporting bones at a lower level,
which increases the moment arm. Therefore, higher bend-
ing stresses could occur at the abutment tooth and its sur-
rounding bone area and could be further aggregated when
the number of remaining teeth was low. When the number
of missing teeth is reduced, the abutment tooth changes
from the canine tooth to the premolars, which reduces the
effect of the crown-to-root ratio on the stress response.
The mesial implant group had a larger area in which the
contact pressure was greater than the pressure pain thresh-
old, which can be attributed to the loading location. The
occlusal force was applied at the second molar, and the ful-
crum is at the top of the implant, and it resulted in larger
contact pressure on the contact area between the load point
and the implant position. Among them, the mesial implant
was farther from the load point, which led to a larger area
of high contact pressure below the load point. Therefore,

[ 4 missing teeth
I3 missing teeth
32 missing teeth

4 5 6 7
Implant position

Fig. 10 Maximum (a) and minimum (b) principal strains of peri-implant cortical bone
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Table 1 Material properties

R Part
used in FEA

Young’s modulus (MPa) Poisson’s ratio

Mucosa (Tango Plus FLX930)
Periodontal ligament

Cap (Ti)

Rubber

Teeth

Cortical bone, Cancellous bone (Vero Dent Plus

MED 690)
Implant (Ti)

Denture material (Pekkton® ivory)

0.548 [11] 0.49
10 [19] 0.49
110,000 [10] 0.3
5120] 0.49
210,000 [12] 0.3
2372.3 [18] 0.3
110,000 [10] 0.3
5100 [17] 0.3

when using mesial implants, the condition of the patient's
mucosa should be considered to avoid discomfort.

A distal implant can effectively reduce mucosal discom-
fort. However, the results of the principal strain on the peri-
implant cortical bone showed that the strain on the peri-
implant cortical bone exceeded the bone resorption threshold
when the implant was inserted at the first and second molars.
Therefore, when the quality of the patient's alveolar bone
is insufficient, the use of distal implants should be avoided
to reduce the risk of bone resorption and ensure long-term
success and prognosis.

The present study was limited to investigate the effect of
implant insertion for Kennedy Classification II RPDs only.
Howeyver, the effect of modification area was not considered.
Moreover, RPDs for Kennedy Classification I edentulism
which has distal free ends at both sides were not consid-
ered. Also implants of the same size were assumed for each
case, the sizing effect of implants was not evaluated. To bet-
ter design IARPDs clinically, further investigation is still
required.

5 Conclusion

In the present study, the finite element method and a verifi-
cation experiment were used to analyze the biomechanical
behavior of IARPDs. The mechanical performance of the
IARPDs on the abutment tooth, implant, and mucosa was
investigated, as well as the risk assessment of patient dis-
comfort and complications. Several important findings of
this study can be used as references for clinical treatment
design. Within the limitations of this study, the following
conclusions were drawn:

(a) Placing implants more distally can reduce the stress
on the abutment tooth and mucosal discomfort but
increases the risk of peri-implant bone resorption.

(b) When the quality of alveolar bone in the posterior area
is poor, the implant should not be inserted. In this case,
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mesial placement of an implant might be a better option
to reduce bone resorption.

(c) An IARPD with a distal occlusal rest and a distal
implant can be used, while the crown-to-root ratio is
adequate.

(d) In Kennedy classification II partial edentulism, the
number of missing teeth has little effect on the stress
behavior of the [ARPD.
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