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A B S T R A C T

Purpose: To investigate the strains around mini-dental implants (MDIs) and retromolar edentulous areas
when using different numbers of MDIs in order to retain mandibular overdentures.
Materials and methods: Four different prosthetic situations were fabricated on an edentulous mandibular
model including a complete denture (CD), and three overdentures, retained by four, three or two MDIs in
the interforaminal region with retentive attachments. A static load of 200 N was applied on the posterior
teeth of the dentures under bilateral or unilateral loading conditions. The strains at the mesial and distal
of the MDIs and the retromolar edentulous ridges were measured using twelve strain gauges.
Comparisons of the mean microstrains among all strain gauges in all situations were analyzed.
Results: The strain distribution determined during bilateral loading experienced a symmetrical
distribution; while during unilateral loading, the recorded strains tended to change from compressive
strains on the loaded side to tensile strains. Overall, the number of MDIs was found to be passively
correlated to the generated compressive strain. The highest strains were recorded in the four MDIs
followed by three, two MDIs retained overdenture and CD situations, respectively. The highest strain was
found around the terminal MDI.
Conclusions: The use of a low number of MDIs tends to produce low strain values in the retromolar
denture-bearing area and around the terminal MDIs during posterior loadings. However, when using a
high number of MDIs, the overdenture tends to have more stability during function.
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1. Introduction

In some patients whose alveolar ridge morphology does not
allow regular-sized implant placement without additional bone
augmentation procedures, the mini-dental implant (MDI) may be
an alternative form of treatment. These implants have been used to
assist in the retention of overdentures in patients with atrophic
ridges [1–4]. MDIs were able to retain the mandibular over-
dentures and showed that they can improve the quality of life of
the patient, the degree of satisfaction of the patient, and the
chewing ability of the denture-wearing patient [1,3].
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Nevertheless, there are some concerns for patients who use
MDIs. For example, some findings from the in vitro studies and the
finite element analyses (FEA) have illustrated that stress values
affecting the crestal cortical bone are reciprocal to the dental
implant diameter and MDIs are prone to create a high level of strain
in the bone around the MDIs as a result of the small diameter of the
implant [5–9].

Although there are still concerns with regard to the negative
biomechanical behavior of MDIs, the use of MDIs to retain
overdentures has been continuously increasing [4,10]. In the
edentulous mandible, four MDIs at the interforaminal region have
been used for immediate loading with overdentures [1,3,11,12],
whereas some authors have described an alternative method of
retaining mandibular overdentures with only two MDIs [10,13,14].
Nevertheless, there has been limited available information
regarding the number of MDIs and the amount of load transmitted
to the alveolar ridge in MDIs-retained mandibular overdentures.
served.
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Fig. 1. MDI compartments. MDI body (a), retentive screw (b), MDI body with retentive screw (c) and MDI with Equator retentive attachment (d).
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This study was conducted to extend the overall understanding
of the MDI number with regard to strain distribution. The
objectives of this study are to observe the changes and relation-
ships of the strains around the MDIs and the retromolar edentulous
areas when using different MDI numbers to retain the mandibular
overdenture.

2. Materials and methods

2.1. Specimen preparation

In this study, five MDIs, 2.75 mm in diameter and 12 mm in
length, (PW+, Nakhon Pathom, Thailand) were used (Fig. 1). This
MDI system consisted of two parts: the body and the retentive
screw. The retentive screw head is designed to perform as a patrix
of the retentive component, which will be joined in the matrix of
the retentive attachment (Equator, Rhein83, Bologna, Italy).

Subsequently, each of the MDIs was coated with one millimeter
of thickness of self-curing acrylic resin (Vertex Regular Crystal
Clear, Vertex Dental B.V., Zeist, the Netherlands). After that, uni-
axial strain gauges (KFG – 1N- 120- C1- 11N50C2; Kyowa Electronic
Instruments, Tokyo, Japan) were attached in a vertical direction of
the mesial and distal sections of the MDIs using a Cyano-acrylate
based adhesives (CC-33A strain gage cement, Kyowa Electronic
Instruments, Tokyo, Japan) (Fig. 2). MDIs locations were marked
and drilled in the midline, lateral incisor, and canine regions of a
simulated self-curing acrylic resin edentulous mandible model
(Vertex Regular Crystal Clear, Vertex Dental B.V., Zeist, the
Netherlands). All MDIs with attached strain gauges were placed
parallel to one another using a surveying device (AF350 surveying
and mulling device, Koblach, Austria). The distance between the
center of the midline MDI and the lateral incisor MDIs was 5 mm,
the distance between the centers of the lateral incisor MDIS was
10 mm, and the distance between the centers of the lateral incisor
and the canine MDIs was 10 mm (Fig. 3).

All of the MDIs were then embedded into the model with the
same materials until the same shape of the model was achieved.
Please cite this article in press as: P. Warin, et al., Effects of different nu
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After that, the other two uni-axial strain gauges were oriented and
attached in a bucco-lingual direction at the retromolar edentulous
ridge of the simulated model. Therefore, a total of twelve strain
gauges were used in this study. Each strain gauge has been labeled
with an abbreviation (Fig. 4).

After the MDIs and strain gauges had been completely installed,
the gingival tissue was simulated by being relined on the simulated
model with polyether impression material (Impregum, 3M ESPE,
St. Paul, Minn, USA) involving a uniform 2-mm-thick layer in the
anterior edentulous area, and a 4-mm-thick layer in the retromolar
area [15].

2.2. Overdenture fabrication

In this study, we used one mandibular complete denture as an
experimental specimen by simulating four situations as follows:
CD, 2-MDI, 3-MDI, and 4-MDI retained mandibular overdenture
(Fig. 3).

With regard to MDIs retained mandibular overdenture fabrica-
tion, the five retentive screws of MDIs were put into all MDIs with
an insertion torque of 20 N at the same time. The overdenture pick-
up method were fabricated using self-cure acrylic resin (Rebase II,
Tokuyama Dental Co. Tokyo, Japan) following the manufacturer’s
instructions. When tested in each situation, the retentive screws of
the MDIs were removed or added, depending on the experimental
group. Additionally, the denture base was adjusted to the
untouched non-associated MDIs before being tested.

2.3. Loading application and strain measurement

In this study, 200 Newton (N) axial static loading was applied to
the experimental overdenture through the use of a Universal
Testing Machine1 (UTM, Instron 5566; Norwood, MA, USA) for 15 s
with the crosshead speed being set at 0.05 mm per minute [16].
This load level was selected as being within the range of normal
occlusal mastication for implant overdenture patients that had
been previously identified in literature [17,18].
mbers of mini-dental implants on alveolar ridge strain distribution
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Fig. 2. Strain gauges installation. Strain gauges attached at mesial and distal side of the clear acrylic resin block (right), Proximal views of MDI with attached strain gauge (left).
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The load application consisted of two conditions: bilateral
loading and unilateral loading (Fig. 5). Regarding the process of
bilateral loading, the load was delivered through a metal bar
positioned between the right and left central occlusal fossa of the
first molar to provide reproducibility. For the unilateral loading
process, the load was delivered through a metal rod on the right
side of the overdenture at the central fossa of the first molar. This
procedure has been modified from Elsyad et al. [19]. Consequently,
the right side was considered the loading side, whereas the left side
was considered the non-loading side.

Ten measurements were applied under the same conditions in
all situations and all conditions. Each period of loading allowed for
at least five minutes of recovery time [18]. The strain values
obtained from the uniaxial strain gauges were collected using a
data acquisition system (NI PXIe-1023, National Instruments,
Austin, TX, USA). The strain values acquired from the input module
were analyzed by associated software (LabVIEW Signal Express
3.0; National Instruments, Austin, TX, USA).
Please cite this article in press as: P. Warin, et al., Effects of different nu
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2.4. Statistical analysis

The Shapiro–Wilk test was used to assess the normality of the
microstrain. An independent sample t test was used to make
comparisons between the bilateral and loading unilateral con-
ditions. With regard to the group comparisons, the one-way
ANOVA test was used followed by multiple comparison analysis
using the post hoc test (Tukey). Spearman’s rho test was used to
evaluate the correlation between the mean microstrain values in
each location and the MDI number. All data were analyzed using
statistic analytical software (SPSS version 21.0, SPSS Inc., Chicago,
IL, USA). A P- value of <0.05 was considered statistically significant.

3. Results

The data were parametric and normally distributed. The
recorded mean microstrains and standard deviations recorded
during the bilateral and unilateral loading conditions for all
mbers of mini-dental implants on alveolar ridge strain distribution
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Fig. 3. Experimental situations and strain gauges in the simulated mandular model. CD = complete denture, 2-MDI = two-mini-dental implant retained overdenture, 3-
MDI = three-mini-dental implant retained overdenture, 4-MDI = four-mini-dental implant retained overdenture.

Fig. 4. Illustration of MDIs and strain gauge positions in the simulated mandibular model. Canine MDIs (blue), incisal MDIs (yellow), midline MDI(green), strain gauge
positions; mesial and distal of left canine MDI (33M and 33D), mesial and distal of right canine MDI 43M and 43D), mesial and distal of left incisal MDI 42M and 42D), mesial
and distal of right incisal MDI 32M and 32D), right and left midline MDI IR and IL), right and left retromolar denturebearing area RR and RL).
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Fig. 5. Loading applications, bilateral (left) and unlateral loading conditions (right).

Table 1
Comparisons of mean microstrains between situations during bilateral loading.

Location CD 2-MDI 3-MDI 4-MDI One way ANOVA test

x (me) �SD x (me) �SD x (me) �SD x (me) �SD F value P value

RR �5.89 1.71 �34.16 4.52 �31.95 5.36 �49.50 4.41 128.11 0.00*

43D �16.82 5.58 �41.33 2.28 �62.89 9.11 �66.56 6.50 91.17 0.00*

43M �10.98 1.21 �17.42 2.51 �33.50 8.31 �44.01 4.18 67.2 0.00*

42D �7.66 4.61 �18.43 3.46 �19.87 8.22 �51.56 5.82 74.43 0.00*

42M �4.49 3.09 �10.12 5.6 �17.87 4.95 �57.30 6.12 155.27 0.00*

IR �1.90 2.84 �0.57 8.22 �39.97 10.09 �56.68 6.79 98.42 0.00*

x = mean, me = microstrain, SD = standard deviation, + = tensile strain, � = compressive strain.
* One-way ANOVA, P value is considered significant at 0.005.

Table 2
Comparison of mean microstrains between situations during unilateral loading.

Location CD 2-MDI 3-MDI 4-MDI One way ANOVA test

x (me) �SD x (me) �SD x (me) �SD x (me) �SD F value P value

RR �6.86 6.31 �26.25B* 4.94 �27.3 5.34 �46.09 9.85 37.88 0.00**

43D �12.03 9.33 �80.03U* 11.04 �109.52U* 8.4 �223.68U* 18.83 344.03 0.00**

43M �10.78 8.14 �41.59U* 4.46 �46.93U* 5.53 �40.29 8.18 40.69 0.00**

42D �2.67 5.68 �39.32U* 8.77 �26.49U* 6.94 �83.66U* 6.64 160.49 0.00**

42M �2.37 7.37 �37.96U* 3.67 �36.39U* 5.46 �102.17U* 6.99 332.13 0.00**

IR 2.64 9.02 �40.81U* 7.75 �44.64U* 5.62 �66.86U* 8.71 95.10 0.00**

IL 5.15U* 10.63 �6.6B* 4.70 �13.34 B* 6.84 �14.75B* 6.16 10.51 0.00**

32M 3.36B* 9.86 �10.43B* 5.73 �12.16B* 8.05 �24.25B* 9.12 12.88 0.00**

32D 1.89B* 10.19 �7.39B* 6.16 �9.83B* 7.12 �17.39B* 7.29 7.20 0.00**

33M �15.7U* 7.59 8.86B* 13.57 16.75B* 8.62 38.49B* 6.94 38.47 0.00**

33D �14.09B* 7.13 22.02B* 4.77 16.09B* 5.07 -22.02B* 7.83 82.87 0.00**

RL �4.67B* 4.14 1.87B* 3.74 9.26B* 6.37 -4.8B* 7.53 9.69 0.00**

x = mean, me = microstrain, SD = standard deviation, + = tensile strain, � = compressive strain, B = mean microstrain values during bilateral loading that were higher
than those were during unilateral loading, U = mean microstrain values during unilateral loading that were higher than those were during bilateral loading.
* = t test, P value is considered significant at 0.05% level of significance.
** = One-way ANOVA, P value is considered significant at 0.05.
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situations are presented in Tables 1 and 2, respectively. A
compressive strain was represented by the minus symbol (�),
whereas a tensile strain was represented by the plus symbol (+) in
front of the strain values.

Mean microstrains recorded during the bilateral and unilateral
loading applications in each situation were significantly different
in almost all locations (t-test, P < 0.05) (Table 2). The MDI number
was positively correlated to the compressive strain in almost all
locations and the correlation coefficient values ranged from 0.051
to 0.944 (Spearman’s rho test, P < 0.05) (Table 3).

In terms of the bilateral loading conditions (Table 1 and Fig. 6),
all situations showed the compressive strain in all of the locations
and the symmetrical distribution in nature. Therefore, only the
mean microstrains on the right side were observed. The mean
microstrains in all locations were significantly different in all
situations (one-ANOVA, P < 0.05). In general, the highest
Please cite this article in press as: P. Warin, et al., Effects of different nu
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compressive strains in all locations were recorded in the 4-MDI
group followed by the 3-MDI, 2-MDI and CD situations, respec-
tively.

With regard to the unilateral loading conditions (Table 2 and
Figs. 7 and 8), mean microstrains in all locations were found to be
significantly different in all situations (one-ANOVA, P < 0.05). With
respect to the MDIs situations, the 4-MDI groups generally showed
compressive strains except for 33M, which showed tensile strains.
On the other hand, in the 2-MDI and 3-MDI groups, compressive
strains on the loading side were observed, whereas on the non-
loading side, the recorded strains tended to change from
compressive strains to tensile strains. At the left canine MDI
(33) in the 4-MDI group, the distal side showed compressive
strains, while the mesial side showed tensile strains. However, at
the same location in the 2-MDI and 3-MDI groups, the recorded
strains were identified as tensile strains on both the mesial and
mbers of mini-dental implants on alveolar ridge strain distribution
017), http://dx.doi.org/10.1016/j.jpor.2017.05.002
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Fig. 6. Multiple comparisons between four different situations in right side strain gauge.
*P value is considered significant at 0.05.

Fig. 7. Multiple comparisons between four different situations in loading side strain gauge locations during unilateral loading. *P value is considered significant at 0.05.

Table 3
Relationships between mean microstrains and implant number in each location
during bilateral and loading conditions.

Location Bilateral loading Unilateral loading

Correlation P value Correlation P value
Coefficient Sig. (2-tailed) Coefficient Sig. (2-tailed)

RR 0.626 0.002* 0.742 0.000*

43D 0.790 0.000* 0.944 0.000*

43M 0.896 0.000* �0.029 0.901
42D 0.722 0.000* 0.510 0.018*

42M 0.876 0.000* 0.684 0.001*

IR 0.905 0.000* 0.761 0.000*

IL 0.703 0.000* 0.520 0.016*

32M 0.896 0.000* 0.616 0.003*

32D 0.876 0.000* 0.549 0.010*

33M 0.925 0.000* �0.761 0.000*

33D 0.886 0.000* 0.848 0.000*
RL 0.867 0.000* 0.327 0.147

*Spearman’s rho test, P value is considered significant at 0.05.
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distal sides. The highest compressive strain was found at 43D and
the highest tensile strain was found at 33M in the 4-MDI group.

4. Discussion

A change in the number of MDIs to retain the mandibular
overdenture has an effect on the strain distribution both around
Please cite this article in press as: P. Warin, et al., Effects of different nu
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the dental implant and the retromolar edentulous ridges. An
increase in the number of MDIs increased the strain proximal to the
MDIs and on the retromolar edentulous area beneath the
overdentures.

4.1. Effects of different loading applications on strain distribution

Generally, in this study, the characteristics of strain during
bilateral loading were identified as compressive strain and
symmetrical distribution, while the strain distribution patterns
during unilateral loading were asymmetrical.

With regard to unilateral loading, the strains on the loading side
tended to be identified as compressive strains, whereas the strains
on the non-loading side tended to be tensile strains. This could be
attributed to the realization that when bilateral forces are
generated on the occlusal of the posterior teeth of the dentures,
the denture base might then be rotated in a pitching pattern
around the fulcrum. The force of pressure would then be
transferred to the supporting structures, so the compressive strain
was present around both the MDIs and in the retromolar
edentulous area. When a unilateral force was applied, the anti-
rotational moment would be created to prevent the displacement
of the denture base from the gingiva in the same way as what
occurred in the movement of a removable partial denture during
single side chewing [20]. Therefore, the strain distributions
between bilateral and unilateral loading were different.
mbers of mini-dental implants on alveolar ridge strain distribution
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Fig. 8. Multiple comparisons between four different situations in non-loading side strain gauge locations during unilateral loading. *P value is considered significant at 0.05.
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4.2. Differences of strain distribution in CD and MDI-retained
overdentures

During bilateral loading, all of the mean microstrains found to
be presented in the MDI situations were significantly higher than
those in the CD group. This finding is in accordance with that of the
study of Chen et al. in 2015, which found that the implants in the
retained overdenture group showed a more significant increase in
stress on retromolar mucosa than those in the CD group. This
phenomenon is an effect of the implant at the anterior part of the
mandible which would reduce the contact surface area between
the denture and the oral mucosa; consequently, the recorded levels
of strain in all IODs situations were higher than the recorded levels
of strain in the CD group [21]. Additionally, Jacobs et al. observed a
greater level of posterior residual ridge resorption among over-
denture wearers as compared to CD wearers [22].

4.3. Effect of MDI number and strain distribution around MDI

In our study, the microstrain values around the MDIs increased
as the MDI number increased. This finding was in accordance with
Fatalla et al. [23] in that the maximum stress concentrations
occurred in an overdenture that was supported by four MDIs, while
minimum von Mises stress values were observed in an overdenture
supported by three MDIs. However, the study of Fatalla et al. only
focused on the level of stress at the attachment level and did not
consider the level of stress around the MDIs. Moreover, that study
did not simulate the two MDIs retained overdentures as we had in
our study. Furthermore, Liu et al. explained that with increased
implant numbers, more of the loading force was shared by the
implant, resulting in increased peak strain values in the bone
around the dental implants [24].

The highest strain values occurred at the terminal MDIs,
especially at the distal of the canine MDI on the loading side during
unilateral loading regardless of the loading conditions and the MDI
situations. This may occur as a result of the concentration of the
force. When a single posterior load is applied, the high stress value
will be recorded at the nearest implant to the loading side [9,25].

In this study, during unilateral loading on the non-loading side
in 2-MDI and 3-MDI situations, the recorded strains tended to
change from compressive strains to tensile strains, while the 4-
MDI group generally showed compressive strains at almost all
locations. These findings may be a consequence of the fact that the
4-MDI group displayed the highest retentive forces, and as a result,
Please cite this article in press as: P. Warin, et al., Effects of different nu
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the dentures were still found to be stable even though the high
unilateral force was applied. Therefore, the compressive strains
were generally recorded in the 4-MDI group. Scherer et al. found
that in the system that provided a higher level of retention, the
stability of the system would be further generated [26].

According to the results, the 2-MDI and 3-MDIs groups showed
tensile strains in some observed locations; however, the tensile
strains were recorded in only one location in the 4- MDI group.
These tensile strains probably resulted from an effort to prevent
the denture from being dislodged from the ridges. These findings
can imply that the 2-MDI and 3-MDI retained overdentures tended
to display more rotational movement than the 4-MDI retained
overdentures. Recently, Liu et al., indicated that when a lower
number of implants were used, the overdenture tends to rotate
more around the fulcrum line [24]. An excessive amount of rotation
of the denture around the attachments during masticatory
function causes a loss of retention [27].

Furthermore, the one year survival rate of the 2-MDIs retained
overdenture was lower than the survival rate of the 4-MDI retained
overdenture [28]. Although, in our study, the 4-MDIs retained
overdenture showed the highest levels of strain around the MDI
under all loading conditions, a randomized clinical study [29]
showed that there was no difference in marginal bone loss
between 2-and 4-MDIs retained overdentures after a one-year
follow-up period. This may imply that the generated strains in 4-
MDIs are within the physiologic limits of the bone.

4.4. Effects of MDI number and strain distribution on retromolar
edentulous area

Additionally, this current study found that the microstrain on
the retromolar dentulous areas increased as the MDI number
increased. This finding may in fact be the effect of an increased
level of retention of the overdenture due to an increase in the
flexible retentive attachments [30,31]. In fact, the level of retention
and the freedom of rotation are closely related. A high level of
retention of the IOD does not allow the denture base to rotate
easily and is then consequently less likely to become displaced
[21,32]. When the denture displacement is limited, all the forces
will concentrate only at the denture contact area. Consequently,
high recorded strain levels in the supporting areas increased
[23,32,33]. These are the reasons why the microstrains both in and
around the MDIs and retromolar edentulous areas in this study
increased.
mbers of mini-dental implants on alveolar ridge strain distribution
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4.5. Relation of MDI number and the strain characteristics

In general, MDI numbers were positively correlated to the
compressive strain at almost all locations. This finding implies that
when the number of MDI increased, the denture tended to be
pressed to the supporting structures or have more stability. Thus,
the compressive strains were generated. Interestingly, the 33M
location was negatively correlated with the compressive strain
during unilateral loading. In other words, the strain in that location
tended to be the tensile strain. This indicates that the terminal
implant on the non-loading side plays a crucial role in resisting the
bending forces. To prevent the pull-out force that may cause micro
movements, which will bring about the MDI disintegration,
patients should be advised to chew with both occlusal sides of
the denture after immediate MDIs placement.

Finally, regarding the optimal number of MDIs that should be
used for the high levels of stability and retention during the
function of the high number of the MDIs used, 4-MDIs seem to be
optimal. On the other hand, a reduction in the number of MDIs
from four to two will reduce the amount of strain around the MDIs
and in the retromolar edentulous area. In the event that the tissue
support area is sufficient, the use of two MDIs used in retaining the
mandibular overdentures is acceptable with regard to the strain
distribution on the bone under the mandibular overdenture.
However, a regular system of maintenance is crucial in preventing
the occurrence of any subsequent complications after overdenture
insertion due to a loss of retention.

To our knowledge, this study is the first study that has
presented fundamental information about the effects of MDI
number on strain distribution that was generated on the
supporting areas beneath the overdenture. In this study, the axial
strains in some locations around the MDI and on the retromolar
area of the simulated mandible have been recorded. To further
expand on the amount of information acquired on strain
distribution, finite element analysis should be carried out to
further support the results.

5. Conclusion

Within the limitations of this study, the following can be
concluded: A reduction in the number of MDIs from four to two
will reduce the amount of strain around the MDIs, as well as in the
retromolar edentulous area. The 4-MDI retained mandibular
overdenture tends to display the highest level of stability during
function.

Acknowledgments

The authors would like to express their sincere thanks to Dr.
Thanapat Sastraruji, Researcher, Dental Research Center, Faculty of
Dentistry, Thailand and Dr. M. Kevin O Carroll, Professor Emeritus
of the University of Mississippi School of Dentistry, Oxford, USA,
and the Faculty Consultant at Chiang Mai University, Faculty of
Dentistry, Thailand for their statistical analysis and advice on
manuscript preparation, respectively.

References

[1] Griffitts TM, Collins CP, Collins PC. Mini dental implants: an adjunct for
retention, stability, and comfort for the edentulous patient. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod 2005;100:e81–4.

[2] Shatkin TE, Shatkin S, Oppenheimer BD, Oppenheimer AJ. Mini dental implants
for long-term fixed and removable prosthetics: a retrospective analysis of
2514 implants placed over a five-year period. Compend Contin Educ Dent
2007;28:92–101.

[3] Preoteasa E, Imre M, Preoteasa CT. A 3-year follow-up study of overdentures
retained by mini-dental implants. Int J Oral Maxillofac Implants
2014;29:1170–6.
Please cite this article in press as: P. Warin, et al., Effects of different nu
under mandibular implant-retained overdentures, J Prosthodont Res (2
[4] Mundt T, Schwahn C, Stark T, Biffar R. Clinical response of edentulous people
treated with mini dental implants in nine dental practices. Gerodontology
2015;32:179–87.

[5] Baggi L, Cappelloni I, Di Girolamo M, Maceri F, Vairo G. The influence of implant
diameter and length on stress distribution of osseointegrated implants related
to crestal bone geometry: a three-dimensional finite element analysis. J
Prosthet Dent 2008;100:422–31.

[6] Ding X, Zhu X-H, Liao S-H, Zhang X-H, Chen H. Implant-bone interface
stress distribution in immediately loaded implants of different diameters:
a three-dimensional finite element analysis. J Prosthodont 2009;18:
393–402.

[7] Kheiralla LS, Younis JF. Peri-implant biomechanical responses to standard,
short-wide, and mini implants supporting single crowns under axial and off-
axial loading (an in vitro study). J Oral Implantol 2014;40:42–52.

[8] Allum SR, Tomlinson RA, Joshi R. The impact of loads on standard diameter,
small diameter and mini implants: a comparative laboratory study. Clin Oral
Implants Res 2008;19:553–9.

[9] Chang S-H, Huang S-R, Huang S-F, Lin C-L. Mechanical response comparison in
an implant overdenture retained by ball attachments on conventional regular
and mini dental implants: a finite element analysis. Comput Methods Biomech
Biomed Eng 2016;19:911–21.

[10] Catalán A, Martínez A, Marchesani F, González U. Mandibular overdentures
retained by two mini-implants: a seven-year retention and satisfaction study. J
Prosthodont 2016;25:364–70.

[11] Flanagan D, Mascolo A. The mini dental implant in fixed and removable
prosthetics: a review. J Oral Implantol 2011;37:123–32.

[12] Scepanovic M, Calvo-Guirado JL, Markovic A, Delgardo-Ruiz R, Todorovic A,
Milicic B, et al. A 1-year prospective cohort study on mandibular overdentures
retained by mini dental implants. Eur J Oral Implantol 2012;5:367–79.

[13] Tomasi C, Idmyr B-O, Wennström JL. Patient satisfaction with mini-implant
stabilised full dentures. A 1-year prospective study. J Oral Rehabil 2013;40
(July):526–34.

[14] Sfeir E, Nassif N, Moukarzel C. Use of mini dental implants in ectodermal
dysplasia children: follow-up of three cases. Eur J Paediatr Dent 2014;15
(2 Suppl):207–12.

[15] Dong J, Ikebe K, Gonda T, Nokubi T. Influence of abutment height on strain in a
mandibular overdenture. J Oral Rehabil 2006;33:594–9.

[16] Rungsiyakull P, Rungsiyakull C, Appleyard R, Li Q, Swain M, Klineberg I. Loading
of a single implant in simulated bone. Int J Prosthodont 2011;24:140–3.

[17] Baca E, Yengin E, Gökçen-Röhlig B, Sato S. In vivo evaluation of occlusalcontact
area and maximum bite force in patients with various types of implant-
supported prostheses. Acta Odontol Scand 2013;71:1181–7.

[18] Jofré J, Hamada T, Nishimura M, Klattenhoff C. The effect of maximum bite
force on marginal bone loss of mini-implants supporting a mandibular
overdenture: a randomized controlled trial. Clin Oral Implants Res
2010;21:243–9.

[19] Elsyad MA, Al-Mahdy YF, Salloum MG, Elsaih EA. The effect of cantilevered bar
length on strain around two implants supporting a mandibular overdenture.
Int J Oral Maxillofac Implants 2013;28:e143–50.

[20] Carr AB, Brown DT. Biomechanics of removable partial dentures. In: Brown
ABCT, editor. McCracken’s removable partial prosthodontics. 12th ed. Saint
Louis: Mosby; 2011. p. 21–8.

[21] Chen J, Ahmad R, Suenaga H, Li W, Swain M, Li Q. A comparative study on
complete and implant retained denture treatments – a biomechanics
perspective. J Biomech 2015;48:512–9.

[22] Jacobs R, Schotte A, van Steenberghe D, Quirynen M, Naert I. Posterior jaw bone
resorption in osseointegrated implant-supported overdentures. Clin Oral
Implants Res 1992;3:63–70.

[23] Fatalla AA, Song K, Du T, Cao Y. A three-dimensional finite element analysis for
overdenture attachments supported by teeth and/or mini dental implants. J
Prosthodont 2012;21:604–13.

[24] Liu J, Pan S, Dong J, Mo Z, Fan Y, Feng H. Influence of implant number on
the biomechanical behaviour of mandibular implant-retained/supported
overdentures: a three-dimensional finite element analysis. J Dent
2013;41:241–9.

[25] Lin C-L, Chang S-H, Chang W-J, Kuo Y-C. Factorial analysis of variables
influencing mechanical characteristics of a single tooth implant placed in the
maxilla using finite element analysis and the statistics-based Taguchi method.
Eur J Oral Sci 2007;115:408–16.

[26] Scherer MD, McGlumphy EA, Seghi RR, Campagni WV. Comparison of
retention and stability of implant-retained overdentures based upon implant
number and distribution. Int J Oral Maxillofac Implants 2013;28:
1619–28.

[27] Breeding LC, Dixon DL, Schmitt S. The effect of simulated function on the
retention of bar-clip retained removable prostheses. J Prosthet Dent
1996;75:570–3.

[28] de Souza RF, Ribeiro AB, Della Vecchia MP, Costa L, Cunha TR, Reis C, et al. Mini
vs standard implants for mandibular overdentures: a randomized trial. Journal
of Dental Research 2015;94:1376–84.

[29] Aunmeungtong W, Kumchai T, Strietzel FP, Reichart PA, Khongkhunthian P.
Comparative clinical study of conventional dental implants and mini dental
implants for mandibular overdentures: a randomized clinical trial. Clin
Implant Dent Relat Res 2017;19:328–40.

[30] Fatalla AA, Song K, Du T, Cao Y. An in vitro investigation into retention strength
and fatigue resistance of various designs of tooth/implant supported
overdentures. J Huazhong Univ Sci Technol Med Sci 2012;32:124–9.
mbers of mini-dental implants on alveolar ridge strain distribution
017), http://dx.doi.org/10.1016/j.jpor.2017.05.002

http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0005
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0005
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0005
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0010
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0010
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0010
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0010
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0015
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0015
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0015
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0020
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0020
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0020
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0025
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0025
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0025
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0025
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0030
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0030
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0030
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0030
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0035
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0035
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0035
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0040
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0040
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0040
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0045
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0045
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0045
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0045
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0050
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0050
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0050
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0055
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0055
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0060
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0060
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0060
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0065
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0065
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0065
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0070
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0070
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0070
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0075
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0075
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0080
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0080
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0085
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0085
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0085
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0090
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0090
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0090
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0090
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0095
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0095
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0095
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0100
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0100
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0100
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0105
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0105
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0105
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0110
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0110
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0110
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0115
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0115
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0115
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0120
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0120
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0120
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0120
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0125
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0125
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0125
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0125
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0130
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0130
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0130
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0130
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0135
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0135
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0135
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0140
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0140
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0140
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0145
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0145
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0145
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0145
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0150
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0150
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0150
http://dx.doi.org/10.1016/j.jpor.2017.05.002


P. Warin et al. / journal of prosthodontic research xxx (2017) xxx–xxx 9

G Model
JPOR 403 No. of Pages 9
[31] Uludag B, Polat S. Retention characteristics of different attachment systems of
mandibular overdentures retained by two or three implants. Int J Oral
Maxillofac Implants 2012;27:1509–13.

[32] Chen I-C, Brudvik JS, Mancl LA, Rubenstein JE, Chitswe K, Raigrodski AJ.
Freedom of rotation of selected overdenture attachments: an in vitro study. J
Prosthet Dent 2011;106:78–86.
Please cite this article in press as: P. Warin, et al., Effects of different nu
under mandibular implant-retained overdentures, J Prosthodont Res (2
[33] Daas M, Dubois G, Bonnet AS, Lipinski P, Rignon-Bret C. A complete finite
element model of a mandibular implant-retained overdenture with two
implants: comparison between rigid and resilient attachment configurations.
Med Eng Phys 2008;30:218–25.
mbers of mini-dental implants on alveolar ridge strain distribution
017), http://dx.doi.org/10.1016/j.jpor.2017.05.002

http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0155
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0155
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0155
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0160
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0160
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0160
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0165
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0165
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0165
http://refhub.elsevier.com/S1883-1958(17)30046-4/sbref0165
http://dx.doi.org/10.1016/j.jpor.2017.05.002

	Effects of different numbers of mini-dental implants on alveolar ridge strain distribution under mandibular implant-retain...
	1 Introduction
	2 Materials and methods
	2.1 Specimen preparation
	2.2 Overdenture fabrication
	2.3 Loading application and strain measurement
	2.4 Statistical analysis

	3 Results
	4 Discussion
	4.1 Effects of different loading applications on strain distribution
	4.2 Differences of strain distribution in CD and MDI-retained overdentures
	4.3 Effect of MDI number and strain distribution around MDI
	4.4 Effects of MDI number and strain distribution on retromolar edentulous area
	4.5 Relation of MDI number and the strain characteristics

	5 Conclusion
	Acknowledgments
	References


