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Stress-strain distribution at bone-implant 
interface of two splinted overdenture systems 
using 3D finite element analysis
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PURPOSE. This study was accomplished to assess the biomechanical state of different retaining methods of bar 

implant-overdenture. MATERIALS AND METHODS. Two 3D finite element models were designed. The first 

model included implant overdenture retained by Hader-clip attachment, while the second model included two 

extracoronal resilient attachment (ERA) studs added distally to Hader splint bar. A non-linear frictional contact 

type was assumed between overdentures and mucosa to represent sliding and rotational movements among 

different attachment components. A 200 N was applied at the molar region unilaterally and perpendicular to the 

occlusal plane. Additionally, the mandible was restrained at their ramus ends. The maximum equivalent stress 

and strain (von Mises) were recorded and analyzed at the bone-implant interface level. RESULTS. The values of 

von Mises stress and strain of the first model at bone-implant interface were higher than their counterparts of the 

second model. Stress concentration and high value of strain were recognized surrounding implant of the 

unloaded side in both models. CONCLUSION. There were different patterns of stress-strain distribution at bone-

implant interface between the studied attachment designs. Hader bar-clip attachment showed better 

biomechanical behavior than adding ERA studs distal to hader bar. [ J Adv Prosthodont 2013;5:333-40]
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INTRODUCTION

Implant retained overdenture offers a convenient treatment 
for edentulous patient. There are different types of  attach-
ment used to retain implant-overdenture such as studs, bars 
or combination form. Recently, the profession had a chance 
to study both the acceptance and the success of  implant-
retained overdentures versus fixed appliances. Overdentures 
are not only an acceptable restoration, but also the restora-
tion of  choice in many instances.1,2

For several years, both bar and solitary stud systems 
were used as attachment systems with different designs and 
applications. Some clinicians preferred using stud systems 
due to their simplicity and suitability in many clinical condi-
tions.3,4 The use of  extracoronal resilient attachment 
(ERA), as implant overdenture attachment, is well docu-
mented in conventional dentistry. ERA has also broad 
applications for removable partial dentures and tooth-sup-
ported overdentures. Their specific restorative design, by 
exchanging position of  male and female potions, acts to 
affect the load distribution to the supporting implants. 
Moreover, it enables less supporting implants needed, which 
is economic for many patients.3-7

Many researchers used to treat their patients by implant 
overdentures retained and/or supported by many attach-
ment systems. These attachments act through splinted or 
solitary designs. Solitary systems, such as ERA and Zest 
Anchors, act at minimal interarch restorative space, beneath 
incisal or occlusal surface of  the prosthesis, than any splint-
ed anchorage designs. Although non-paralleled implants 
may deteriorate retention of  solitary stud systems, solitary 
systems are hygienic, cheap and their technique is more 
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convenient.8 Furthermore, if  bar systems were used, they 
act to inhibit displacing forces in both vertical and oblique 
directions. They also tend to behave as one unit and so they 
are more retentive and stable than solitary abutments.9-11

There is no accessible clinical method to study stress-
strain distribution of  implant overdentures at implant-bone 
interface. However, researchers were able to study stress 
analysis using strain gauge only at the abutment level.12,13 
On	 the	 other	 hand,	 photoelasticity	 and	 the	 finite	 element	
analysis (FEA) are powerful simulation methods used in 
dentistry. They have enabled better understanding of  stress 
transmission and distribution at implant-bone interface.14-16 

Authors used FEA broadly to study the influence of  
different attachment on the bone integrity of  implant-over-
denture.17-22 Vafaei et al.23 examined the effect of  overden-
ture attachment design on the strain distributions and val-
ues of  both bone and implants. Results from the bar design 
showed smaller strain magnitudes in both laterotrusive and 
protrusive motions. Thus, they claimed that, bar design was 
considered superior than the single standing implants with 
attachment. Furthermore, Tabata et al.9 compared the stress- 
strain analysis of  splinted versus non-splinted implant over-
denture. They found that the use of  single standing 
implants with attachment induced more stress in bony tis-
sues than the bar-clip system. 

Federick and Caputo24 conducted a photoelastic study 
to compare different attachment designs including splinted 
and non-splinted ERA system. They concluded that ERA 
implant abutment provided the most equitable force trans-
fer, as evidenced by more uniform stress transmission from 
implants to bones. Additionally, Daas et al.25 performed 3D 
finite element analysis in implant-overdenture based on 
non-linear material setup. The results clarified the favorable 
role of  attachment resiliency in reducing stress concentra-
tion around implants. 

Moreover, Liu et al.26 and Osman et al.27 conducted stud-
ies on implant-retained overdentures to reveal stress-strain 
analysis in their design. They assumed movement and slid-
ing between overdenture and attachment units during load 
applications considering frictional contact to simulate such 
motions.

In an attempt to get the benefits of  the Hader bar sys-
tem and keep the advantages of  the ERA system, a com-
bined bar-ERA was designed and mechanically tested. 
Although, this design could influence the stress-strain con-
dition of  the implant-overdenture especially at the bone-
implant interface area. Therefore, the aim of  the present 
study was to assess the influence of  using different attach-
ment system on stress-strain distribution of  two splinted-
implant overdentures. The first overdenture was retained by 
Hader bar clip whereas the second overdenture was retained 
by two ERA studs placed distal to Hader bar bilaterally. The 
maximum equivalent stress and strain values and their dis-
tribution were studied at the bone-implant interface level 
using non-linear contact 3D finite element analysis method. 

MATERIALS AND METHODS

3D model of  an edentulous mandible was created using 
SolidWorks software (SolidWorks Corporation, Concord, 
MA, USA) and nurbs modeling software MOI software 
(MOI v 2, Triple squid software design, USA). The actual 
dimensions, cross section and configuration of  the 3D 
model were copied from cross-sectional and horizontal cut 
images of  a previously CT-scanned edentulous patient (GE 
Medical System/Bright Speed S, USA). Modeling process 
was started by selecting six properly distributed cross-sec-
tional images bilaterally (two at molar area, two at canine 
area and two at incisor area). These images were used to 
create sketches where bone border was traced. After trac-
ing, loft operation was performed to create the bone vol-
ume guided by the arch outline as seen from the horizontal 
view. After creating 3D model of  the cancellous bone, the 
compact bone was produced as a shell of  variable thick-
nesses between 1-2 mm around cancellous bone. Mucosa 
was also modeled as a layer of  2 mm thickness covering 
compact bone. In addition, two simplified implant fixtures 
with their attached bar abutments were designed to simulate 
dimensions (3.3 mm × 13 mm) and shape of  the actual 
implant (Brånemark System Mk III; Nobel Biocare AB, 
Göteborg, Sweden). Two implants were virtually placed in 
canine area bilaterally using (SolidWorks). There are two 
attachment systems designed for twostudy models:

▪		Model	 1:	 First	 attachment	 system	 included	 Hader	 bar	
connecting both implants and upon which a simplified 
overdenture model was attached through Hader clip, 
Fig. 1A.

▪		Model	2:	Second	attachment	system	included	Hader	bar	
splinting implants with two ERA attachment added 
bilaterally on the distal side, Fig. 1B.
The finite element method was selected as a stress-

strain analysis method that enables accurate, feasible and 
satisfactory results for many dental applications. Finite ele-
ment is a numerical stress-strain analysis method used to 
analyze the assemblies of  the studied designs. Therefore, 
Ansys software (ANSYS Workbench v 14 package; ANSYS, 
Inc., Canonsburg, PA, USA) was the software of  choice to 
perform the study using its graphic user interface (Ansys 
workbench) and static structural was the type of  the analy-
sis selected. The software is classified into five modules 
(design modeler, engineering data, model setup, model solu-
tion and results). Thus, the two assemblies were transferred 
from SolidWorks to Ansys Modeler module of  the finite 
element software. All parts were divided into small compo-
nents representing element with a process called meshing. 
Meshing process was performed using 3D tetrahedron ele-
ment type with four-node element shape, Fig. 2. The total 
numbers of  elements and nodes are listed in Table 1.

The different material properties were assigned to each 
part according to Table 1. All material properties were 
assumed linear, homogenous and isotropic to facilitate cal-
culation process and reduce solving time. Accordingly, two 
values (Young’s modulus and Poisson’s ratio) were assigned 
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for each part, Table 2.10,14,18,20,27

The contact behavior among different parts of  the mod-
els was set so that it is bonded by surface-to-surface con-
tact. In order to allow sliding and movement between over-
denture and mucosal surface, a non-linear frictional contact 
type was assumed. The coefficient of  sliding friction 
between the overdenture surface and mucosal surface was 
set to 0.334.26 In addition, a no-penetration sliding (friction 
coefficient = 0.3) contact was defined for attachment com-
ponents.27

The models were constrained at their rami ends bilater-
ally with zero degree of  freedom at these areas, rather than 
using inferior border, to permit mandibular flection and so 
simulating the real behavior, Fig. 3. A 200 N unilateral static 
load was applied perpendicular to the occlusal plane (occlu-
sal surface of  the overdenture) in the molar area of  the left 
side of  both studied designs, Fig. 3.17

The stress-strain distribution of  the von Mises stress 
and strain were computed and analyzed at the bone-implant 
interface from both sides (implants and bone) of  both 
models. The values of  the maximum equivalent stress and 
strain were then recorded and charted and interpreted.

Table 1.  The total number of elements and nodes of the 
two models

No. of elements No. of nodes

Model 1 690102 1051849

Model 2 699924 1068582

A B

Fig. 1.  (A) Hader bar connecting implant abutments with attached clip to represent model 1. (B) Two ERA studs and 
clips added to distal ends of abutments to represent model 2.

Table 2.  Material properties of different components 
used in the study (including Young’s modulus and 
Poisson’s ratio)

Young’s modulus (GPa) Poisson’s ratio

Implant 113.8 0.342

Compact bone 20 0.3

Cancellous bone 2 0.4

Mucosa 3.4 x 10-3 0.45

Attachment 3 0.28

Bar 218 0.33

Acrylic resin 3 0.35

Fig. 2.  The full assembly after meshing with tetrahedron 
element type.

Fig. 3.  Boundary condition after adding force and 
constrains.
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RESULTS

The von Mises stress and strain values and their distribu-
tion were generated by the finite element software accord-
ing to a stress and strain map with a color scale (lowest 
stress values = dark blue; highest stress values = red). In 
addition, quantitative analysis was performed using mea-
surements of  both the stress values (in megapascals) and 
the strain values in regions of  bone-implant interface of  
each group. These values were converted into graphs to 
facilitate data interpretation.

The values of  maximum equivalent stress of  bone at 
the implant-bone interface around both fixtures in loaded 
side (F1) and unloaded side (F2) were recorded. The stress-

strain distribution was studied on the bony surfaces at the 
bone-implant interface of  both implants (F1 and F2). The 
maximum value recorded for bone around F1 at bone-
implant interface was (6.4221 MPa). This value of  maxi-
mum equivalent stress was recognized at the crestal bone 
tissues especially from lingual side, Fig. 4A. In addition, var-
ious areas of  stress concentrations were also seen at the 
buccal plate coronally and lingual plate of  bone apically.

The bone around implant F2 showed a maximum value 
of  equivalent stress equal (5.2119 MPa). This area of  stress 
concentrations was seen also at crestal bone from the lin-
gual side, Fig. 4B. Certain areas of  stress could also be 
noticed at outer plate of  bone bucally and lingually. 

Regarding implants surfaces, the implant of  the loaded 
side exhibited a maximum value of  equivalent stress (2.4974 
MPa). On the other hand, a higher value of  stress concen-
trations (5.3193 MPa) was recorded on the surface of  the 
second implant at lingual side of  the first thread, Fig. 4C. 

Upon analyzing stress concentration in bone around 
implants of  the second model, an area of  stress concentra-
tion (8.1509 MPa) was noticed at the level of  the first 
thread of  the F1 implant both buccally and lingually. Other 
areas of  variable values of  stress were also seen at the 
crestal bone and cortical bone shell of  the apical lingual 
plate, Fig. 4D.

The bone around F2 showed a highest value of  stress 
(8.1757 MPa) which could be recognized at the level of  the 
first thread either buccally and lingually. Another area of  
stress could also be seen surrounding implant neck at the 
crestal bone and lingual cutback of  implant body, Fig. 4E.

The maximum equivalent stress on the implants surface 
was (18.624 MPa) for the implant at the loaded side F1. 
The other implant F2 showed stress equal (31.77 MPa), as 
seen in the cutback area of  F2 body, Fig. 4F.

 The maximum value of  the stress was recorded sur-
rounding F2 bone of  the second model, followed by the 
contralateral side bone, then bone surrounding F1 of  the 
first model and finally the bone surrounding implant F2. 
Implants also showed a highest value of  stress for F2 of  
the second model, followed by F1 of  the same model, then 
F2 of  the first model and the least value for F1 of  the first 
model, Fig. 5. 

Fig. 4.  (A), (B), (C): showing von Mises stresses of the first 
model at bone cross section surrounding first implant, 
second implant and implant surfaces, respectively, (D), 
(E), (F): showing von Mises stresses of the second model 
at bone cross section surrounding first implant, second 
implant and implant surfaces, respectively.

A                                              D

                                           B                                              E

C                                              F

Fig. 5.  Chart of maximum equivalent stress of bone 
surrounding implants and surfaces of each implant.
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Fig. 7.  Maximum equivalent strains of bone around both 
implants and surfaces of each implant in both Model 1 
and 2.
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Fig. 6.  (A), (B), (C): showing von Mises strains of the first 
model at bone cross section surrounding first implant, 
second implant and implant surfaces, respectively, (D), 
(E), (F): showing von Mises strains of the second model at 
bone cross section surrounding first implant, second 
implant and implant surfaces, respectively.
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Maximum equivalent strains in different models struc-
tures were collected and studied. The strain distribution 
could also be followed using the color scale that represents 
different levels of  strain values.

The bone around implant F1 revealed a strain value 
equal (5.7761 × 10-4) which could be noticed at the lingual 
side of  the crestal bone. Generally, there were several 
strained areas of  lower values could also be seen around 
many threads and the cortical plate of  bone lingually, Fig. 
6A. The maximum equivalent strain recorded for bone 
around implant F2 was (4.9748 × 10-4). This value repre-
sented by strain collected at the lingual side of  the crestal 
bone. There were also several strain areas both buccally and 

lingually and also around implant threads, Fig. 6B. 
The implant F2 showed a strain value equal (5.5527 

× 10-5) which could be recognized clearly at the implant 
first pitch. However, areas of  lower strain values were also 
seen around several threads and implant’s neck. On the oth-
er hand, the implant F1 exhibited strain value (2.6225 
× 10-5) as seen at the implant first thread, Fig. 6C.

Generally, maximum equivalent stress values were rec-
ognized in the bone around F1 and F2 at the level of  the 
first implant thread and at apical third near the implant cut-
back with values equal to (5.8824 × 10-4) and (6.507 × 10-4) 
respectively, Fig. 6D and Fig. 6E. 

Implants strains values were (2.2015 × 10 -4) and 
(3.5987 × 10-3) for implants F1 and F2 respectively. However, 
the maximum value recorded for F1 was recognized near 
the implant collar, the maximum value for implant F2 was 
seen at the implant cutback area apically, Fig. 6F.

The highest values for maximum equivalent strain in 
Model 2 were recorded at implant F2 followed by bone sur-
rounding it, then bone around F1 and finally implant F1. 
Regarding Model 1, the highest values for maximum equiv-
alent strain in bone-implant interface was recorded around 
F1 bone, followed by bone around F2, then implant F2 and 
finally implants F1 as seen in Fig. 7. 

DISCUSSION 

Once overdenture was suggested as a treatment for implant 
patients, researchers studied many attachments to select the 
most suitable system.10-15 Accordingly, Misch28 suggested 
many attachment designs when selecting implant overden-
ture as a line of  treatment. The remaining bone volume, 
number and position of  implants, and expected prosthesis 
movements influence the criteria of  the selected attach-
ment. Consequently, they added that number and distribu-
tions of  these attachments might also affect the integrity of  
the design. 

Regarding the present study, although hader bar-clip 
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system prevents independent implant movements, splinting 
may produce a favorable effect on stress-strain distribution. 
When the hader bar-clip system was selected for implant 
overdenture patient, the expected movement from this 
design was true hinge movement around single axis of  rota-
tion.2,29 This hinge limits movement into two directions. 
Whereas this overdenture is implant-retained, it is consid-
ered tissue-supported. As a result, posterior residual ridge 
bears the majority of  force and sacrifice bone anteriorly.28-30 
In	addition,	mucosa	resiliency	has	an	influence	on	prosthe-
sis movement amplitude. This might coincides with the 
present study to explain bar-clip model findings. Bar-clip 
model generally exhibited favorable stress-strain distribu-
tion at the bone-implant interface. It was clearly recognized 
that both values of  maximum equivalent stress and strain 
were lower than their counterpart of  the other model. This 
was in agreement with Tabata et al.,9 as they showed a better 
stress distribution of  the bar design over both mucosa and 
cortical bone. In addition, Bergendal and Engquist31 
showed, in a prospective clinical study, that the implant loss 
using bar-retained overdentures was less than any other 
attachment type used in their study.

Generally, in model one, the crestal bone and the coro-
nal part of  the implant were the areas of  stress concentra-
tion and high strain response. These findings matched the 
overall investigations regarding crestal bone both clinically 
and using FEA.32,33 These authors focused their investiga-
tion on the crestal bone as area of  frequent bone resorp-
tion and apparent stress concentration as seen for bar-
retained implant overdenture. 

On the other hand, the ERA-bar attachment showed 
higher values for both stress and strain than model 1 at the 
bone-implant interface. Unfortunately, adding ERA distal 
to the bar showed a stressful condition to the implant- 
overdenture and stimulated stress at the unloaded side. 
These finding was in agreement with Ochiai et al.15 study 
during simulating the laterotrusive movement. On the other 
hand, Celik and Uludag5 reported lower stress values for 
bar era combination compared with conventional bar-clip 
attachment system. The ERA-bar attachment looks to 
behave another approach upon applying the force. By add-
ing two era attachment as a mean of  retention distal to 
splinted implants, the system became more complicated. 
The use of  distal attachments on bar-clip system creates a 
fulcrum line at this portion. The prosthesis rotates in the 
sagittal plane around the fulcrum axis and due to the elastic 
modulus of  the resilient matrices which fits the attach-
ments; the stress magnitude on the implants was reduced.22 

The actual overdenture movement may be completely 
different from their attachments when they are indepen-
dent. In addition, prosthesis movement could be changed 
from one to six directions using the same type of  attach-
ments.28,34 Furthermore, when the applied force was only 
assigned to bolus side, as assumed in the present study, the 
position of  the fulcrum line might be changed. The ful-
crum line is the line at which the displacement was zero. 
Moreover, in class I lever the resistance, found on the other 

side of  the fulcrum, is opposite to the force direction.28,34-37 

Accordingly, when the force was applied unilaterally in the 
ERA model, the ERA attachment might act to suppress 
overdenture movements distal to the first implant, despite 
of  their resiliency.28,36 Thus, the ERA attachment near to 
the applied force tends to stop the movement and the 
movement there will be zero. At this level, the ERA near to 
the applied force became the fulcrum and hence the force 
was interacted with the resistance at the opposite side of  
the fulcrum. As a result, the resistance was assumed to dis-
place the ERA matrix from the resistance side and so the 
apical part of  the bone around the second implant may 
interact in an opposite direction and revealed a high stress 
value (8.1757 MPa). This hypothesis could clarify the stress 
concentrations seen in the apical third of  the second 
implant near the cutback area. Alternatively, stress concen-
tration was seen near collar area of  the bar-clip model.

The contact management could influence the results of  
this study. The contact between implants and bone linear 
bonded contact was assumed representing 100% osseointe-
grations as expecting from delayed loading protocol.9,10,14,16 
Although, sliding and movements between mucosa and 
denture and also between different attachment components 
were set to non-linear frictional contact to simulate differ-
ent movements expected.26,27

There were certain simplifications rather than limita-
tions were assumed. Regarding modeling of  the mandibular 
bone, both coronoid and condyloid processes were neglect-
ed from design. The restrains were assumed at the rami 
ends and not from proposed muscle attachments.25 The 
applied force was static and not dynamic to simulate chew-
ing cycle.38

CONCLUSION

Within the limitation of  this study the following conclu-
sions could be drawn:

▪		There	are	different	patterns	of 	stress-strain	distribution	
at bone-implant interface between the studied attach-
ment designs. The Hader bar-clip system exhibited bet-
ter stress-strain distributions than adding ERA attach-
ment distal to splint-bar system. 

▪		Although	Hader	bar-clip	limited	the	overdenture	move-
ment to rotate around single axis, it showed less value 
for von Mises stress and strain than the other design.

▪		When	two	ERA	attachments	were	added	distal	to	splint-
bar system, they did not exhibit any preference than 
ordinary bar-clip system. On contrary, they act to over-
load bone-implant interface especially at the implant of  
the unloaded side.  
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Analysis of occlusal contact and guidance pattern during maximal intercuspal position and protrusive movement
Jiyeon Kim, DMD, MSD, Kang-Hyun Kim, DMD, Kwantae Noh, DMD, MSD, PhD, Hyeong-Seob Kim, DMD, MSD, PhD, Yi-Hyung Woo, DMD, 
MSD, PhD, Ahran Pae*, DMD, MSD, PhD
Department of Prosthodontics, School of Dentistry, Kyung Hee University, Seoul, Korea

Purpose: The importance of occlusal contacts of the natural dentition for durability of teeth, mandibular stabilization, and 

restorative dentistry is well known. The purpose of this study is to analyze the occlusal contact and guidance pattern of Koreans 

by evaluating the static occlusion on maximal intercuspal position and measuring dynamic occlusion during straight protrusion. 

Materials and methods: The occlusal contacts at maximal interincisal position and the occlusal guidance pattern during straight 

protrusion of 29 subjects were recorded with shimstock foil (Whaledent, Langenau, Germany), T-Scan III (Tekscan Inc., Boston, 

MA, USA), polyvinylsiloxane registration material (Genie Bite, Sultan Healthcare, Hackensack, NJ, USA) and compared. 

Occlusal registration procedures were repeated 3 times. The position was fixed to an upright position and the head position was 

fixed with the Frankfurt horizontal plane paralleling the horizontal plane. Fisher's Exact Test (R-General Public License, ver. 

2.14.1) and Pearson's Test were used to assess the significance level of the differences between the experimental groups (α=.05). 

Results: When using shimstock foil, T-Scan III system, and polyvinylsiloxane registration material, most of the patients showed 

contact on anterior, premolar, and molar teeth during maximal intercuspal position. Approximately 51% of maximal intercuspal 

position showed anterior contact using shimstock foil. When examining the protrusive movement using shimstock foil and 

T-Scan III system, guidance pattern with the central incisor was the most common. Conclusion: During maximal intercuspal 

position, there were cases in which not all of the teeth showed occlusal contact. During mandibular protrusive movements, one 

or more maxillary central incisors frequently joined in straight protrusion and the posterior teeth were disoccluded. Therefore, 

the anterior teeth protect the posterior teeth, and vice versa. Thus, mutually protected occlusion should be applied when 

reconstructing occlusion. (J Korean Acad Prosthodont 2013;51:199-207)

Key words: Occlusal pattern; Maximal intercuspal position; Protrusive movement; Mutually protected occlusion
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