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Abstract: 

Objective: Both strain gauge analysis and finite element simulations were used to 

estimate the bone strain and micromovement at the bone–implant interface (BII) for 

platform switching and different diameters of a single immediately loaded mandibular 

implant. Methods: Four models were created including 5-mm-diameter implants 

assembled with abutments that were 5 or 4 mm in diameter on bonded (delay loading 

treatment) and contact (immediate loading treatment) BIIs; a model with an implant 

diameter of 3.75 mm was also analyzed. Vertical and lateral loads of 130 N were 

applied to all models. Results: During lateral loading, the strains were highly 

concentrated on one side of the mandible in both experimental and validation FE 

models. Bone strains were reduced by less than 10% when using platform switching 

compared to not using platform switching. However, increasing implant diameter 

decreased the surrounding bone strain significantly. The sliding and gap distances at 

the BII did not differ significantly among all the models considered. Conclusion: Bone 

strain is reduced more by increasing the diameter of an implant than by using platform 

switching in the immediately loaded implant. However, neither a wide implant nor 

platform switching reduces micromotion at the BII for enhancing implant stability.  

Keywords: implantology, treatment planning, platform switching, immediate implant 

loading, biomechanics
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Introduction 

Immediate implant loading has been defined in a consensus conference meeting1 as 

“a restoration placed in occlusion with the opposing dentition within 48 hours of 

implant placement”. Due to the advantages of the immediate restoration of chewing 

functions and esthetics, the population of using immediately loaded implant as 

edentulous restoration treatment is increasing in clinics. Although studies have found 

that the survival rate of immediately loaded implants is acceptable2,3, for single-tooth 

restoration immediately loaded implant is still considered to have a higher risk4 and 

lower success rate5. These drawbacks might be due to increased micromovement at the 

bone–implant interface (BII)6 , which leads the fibrous encapsulation around implant 

rather than full osseointegration7. This has resulted in a high reported variability 

(56–99%) in the survival of single immediately loaded implant8. In addition, some 

studies have indicated that the stress concentration is higher around the immediately 

loaded implant (contact BII)9 than around the delay-loaded implant (osseointegrated 

BII)10,11. Because one of the causes of crestal bone loss is occlusal overloading12, 

crestal bone loss might greatly influences on the esthetics and implant survival rate. 

These aspects make it worthwhile to investigate factors that could reduce the load 

burden on bone especially for single immediately loaded implants. 

 Platform switching refers to placing a smaller abutment on a larger-diameter implant 

to create a horizontal gap at the implant–abutment junction. According to Lazzara and 

Porter’s study13, radiography follow-up shows that platform switching reduces the loss 

of crestal bone height. They attributed this to the shifting inflammatory cell infiltrate 

away from crestal bone, because such infiltrate might appear within the gap of the 

implant–abutment junction. Recent studies have also investigated the biomechanical 

performance of platform switching14,15. Because platform switching changes the 
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traditional design of the abutment–implant connection, the stress/strain distributions 

from the abutment to the implant and from the implant to the bone might be influenced 

when occlusal loading occurred. However, for the immediately loaded implant the 

biomechanical effect of platform switching on stress/strain translation is still a 

controversial issue and remains to be investigated. 

Increasing the implant diameter is an efficient way to enhance the contact between 

the bone and implant. The increased surface area might improve the holding support of 

the implant and influence stress transference16 and the survival rate17–18. Although data 

from clinical and laboratory investigations of wide implants have been reported20, 21, 

only a few studies have focused on the effects of immediate loading treatment on wide 

implants11, especially in the mandible22. Implant diameter might also significantly 

influence immediate loading treatment, making it necessary to analyze the effects of 

implant diameter on the bone stress/strain and micromovement at the BII. 

The purpose of this study was to determine the bone strain and micromovement at 

the BII for platform switching and for implants with different diameters using two 

testing methods: (1) experimental strain-gauge analysis with the rapid prototyping (RP) 

technique was applied to built the experimental models to measure the strain values of 

crestal cortical bone around the implant, and (2) finite element (FE) analysis with a 

nonlinear contact-interface simulation was used to create the three-dimensional (3D) 

computer models and evaluated the peak bone strains, bone strain distributions and the 

interfacial sliding distance at BII. 

 

Materials and Methods 

A series of computed tomography (CT) images of the posterior mandible of a dry 

human skull was obtained from the premolar to the first molar (Somatom Sensation 16, 
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Siemens Medical Solutions, Forchheim, Germany). The distance between adjacent CT 

images was 1 mm. From each CT image, material boundaries were delineated using 

our in-house imaging program “CTTOOLS”, which employs various thresholds for the 

CT number and searches for maximum gradient values of the CT number. These 

gradient values were used to detect the boundary pixels between different materials. A 

depth-first search algorithm was then used to find the nearest boundary pixels and 

determine the coordinates of contour points for each material. The coordinated data 

were then fed to computer-aided design (CAD) software (SolidWorks 2007, 

Solidworks, Concord, MA, USA) to generate a 3D solid model of the posterior 

mandible. 

Rapid prototyping and impression modeling 

  A resin model of the posterior mandible was constructed by using the RP 

technique and the impression procedures. The CAD model of the outer region (cortical 

bone) of posterior mandible was exported to a stereolithography file that was loaded 

into the 3D printer of an RP machine (ZPrinter 310plus, Z Corporation, Burlington, 

MA, USA) with zb56 binder and zCast 501 powder to create the prototypes of the bone 

model (Fig. 1a)23. The detailed geometry of the cortical shell was simulated using a 

lamination thickness of 0.004 in. However, because the RP model produced by the 3D 

printer is a powdered fabrication, drilling a hole and screwing an implant into the 

model can break the structure. Therefore, the cortical shell of the posterior mandible 

needed to be duplicated again using alginate impressions from RP model with 

temporary crown of acrylic resin. Then an epoxy resin was filled in to the core of the 

model of cortical shell to produce a replica of the trabecular bone (Fig. 1a). A 

self-tapping implant (ICE® self-tapping implant, 3i Implant Innovation, Palm Beach, 

FL, USA) (Fig. 1b) was then inserted into the resin model. The difference between the 
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models of immediately loaded implant and delay loaded implant was depended on the 

interface conditions of BII. In order to simulate the interface condition of an 

immediately loaded implant, the interface between implant and bone was contacted 

only. However, for models of delay-loaded implants, cyanoacrylate cement (CC-33A, 

Kyowa, Tokyo, Japan) was used to bind the surfaces of implant and bone model to 

simulate a bonded (osseointegration) interface. The cylindrical abutment (implant 

temporary hexed cylinder, 3i Implant Innovation) was then placed on the platform of 

the implant. Five models were prepared using this procedure: three immediately 

loaded implant models (a 3.75-mm-diameter implant with a 4-mm-diameter abutment, 

and 5-mm-diameter implants with 4- and 5-mm-diameter abutments) and two 

delay-loaded implant models (5-mm-diameter implants with 4- and 5-mm-diameter 

abutments). 

The uniaxial compressive test was applied to quantify the material properties of the 

two resins. The elastic modulus was evaluated from the slope of the 

stress-versus-strain curve within the elastic region. In addition, Poisson’s ratio was 

determined by measuring two strain values from biaxial strain gauges 

(KFG-10-120-D16-23, Kyowa) attached to the surfaces of cubic specimens of the two 

resins. These material properties (Table 1) were used in the simulations of FE models. 

The modeling procedures of the FE models are described below in the Finite element 

analysis section.  

Mechanical testing 

A self-developed jig was designed with an adjustable rotational screwing device so 

that both a vertical load and a 45-degree lingual oblique force could be performed in 

the experiments. Each loading mode involved applying a force of 130 N24 to the 

cylindrical abutment using a universal testing machine (JSV-H1000, Japan 
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Instrumentation System, Nara, Japan) with a head speed of 1 mm/min. Rectangular 

rosette strain gauges (KFG-1-120-D17-11L3M3S, Kyowa) were attached to the buccal 

and lingual sides of the crestal cortical region around the implant (Fig. 3) using 

cyanoacrylate cement. Signals corresponding to the three independent strains εa, εb, 

and εc from the three gauges comprising the rosette strain gauge were sent to the data 

acquisition system (NI CompackDAQ, National Instruments, Austin, TX, USA) and 

analyzed by the associated software (LabVIEW SignalExpress, National Instruments). 

Each measurement was repeated three times. The maximum (εmax) and minimum (εmin) 

principal strains were obtained as follows: 

εmax = 1/2(εa+εc)+1/2√[(εa–εc)
2+(2εb–εa–εa)

2]                       (1) 

εmin = 1/2(εa+εc)−1/2√[(εa–εc)
2+(2εb–εa–εa)

2]                       (2) 

The Student t test was applied to evaluate the difference of the peak values of 

maximum and minimum principal strains between the models with and without 

platform switching, wide diameter of implant, and immediate implant loading. All 

analyses were conducted in SAS version 9.1 (SAS Institute Inc., Cary, NC, USA). 

 
Finite element analysis 

The implants and abutments with two diameters (3.75 and 5mm) were created in the 

CAD software. After all the models of implant components and bone were combined 

using Boolean operations, the IGES format of the solid model was imported into 

ANSYS Workbench (Swanson Analysis, Huston, PA, USA) to generate the FE model 

(Fig. 2) using 10-node tetrahedral h-elements (ANSYS SOLID187 elements).  

The material properties of the two resins, implant, and abutment are listed in Table 

116. For the models of delay-loaded implants, the nodes of the elements between the 

surface of the implant and bone was merged together as a bonded interface to simulate 

ideal osseointegration. For the models of immediately loaded implants, the contact 
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condition between the implant and bone was set with a frictional coefficient (µ) of 0.6. 

These values were then specified for the nonlinear surface-to-surface contact elements 

(ANSYS CONTA174 and TARGE170 elements) to simulate the sliding and sticking of 

frictional contact behavior at the BII. Two types of loading conditions were simulated: 

(1) a vertical force applied to the top surface of the abutment and (2) a lingual oblique 

force applied at 45 degrees to the long axis of the implant on the buccal site of the 

abutment (Fig. 2a). In both cases the applied force was 130 N. The mesial and distal 

surfaces of the mandibular bone were constrained to zero displacement in the x, y, and 

z directions as the boundary condition (Fig. 2a). 

 

Results 

Experimental testing 

Except the models of  

The difference in strain values between the models with and without platform 

switching, wide diameter of implant, and immediate implant loading was significant 

(p > 0.05) except the minimum principal (compressive) strain of the model of 5×13 

mm_B_P versus that of 5×13 mm_B (B indicates bonded interface and P represents 

platform switching). The bone strains were higher in the models with a contact BII 

(3.75××××13 mm_C, 5×13 mm_C_P, and 5×13 mm_C, where C indicates contact interface) 

than in those with a bonded BII (5×13 mm_B_P and 5×13 mm_B) (Fig. 3a and 3b). In 

addition, under lateral loading the compressive and tensile strains were highly 

concentrated on the lingual side, and the magnitude of the compressive strain was 

higher than that of the tensile strain. The difference in bone strains between the bonded 

BII implants with and without platform switching (5×13 mm_B_P versus 5×13 mm_B) 

was less than 5%. For the contacted BII, the peak compressive strains under vertical 
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and lateral loading were 7% and 8.3% lower, respectively, with platform switching 

than without platform switching (5×13 mm_C_P versus 5×13 mm_C). Compared to a 

3.75-mm-diameter implant (3.75××××13 mm_C), employing a 5-mm-diameter implant 

with a contact BII (5×13 mm_C) increased the bone strains by 90% under vertical 

loading, but decreased the bone strain by 48.3% under lateral loading.  

Finite element analysis 

For the models of 5-mm-diameter implants (Fig. 4a and 4b), compared to a bonded 

BII the contact BII increased the peak compressive and tensile strains under vertical 

loading by 28.5% and 30.8%, respectively, and the peak compressive strain under 

lateral loading by 54%. Under vertical loading, the bone strains did not differ between 

the implants with and without platform switching. Under lateral loading, the peak 

compressive strains for the bonded and contact BIIs were 9% and 5% lower, 

respectively, with platform switching than without platform switching. With a contact 

BII, the bone strains were 26.1% and 28.4% lower under vertical and lateral loading, 

respectively, in the 5-mm-diameter implant than in the 3.75-mm-diameter implant. 

Among the models with a contact BII, the sliding distance and gap distance (Fig. 4c) at 

the BII differed between the models with and without platform switching and between 

the models with and without using a wide-diameter implant by less than 3 µm under 

either vertical or lateral loading. The area with high bone strains was larger in models 

with a contact BII than in those with a bonded BII (Fig. 5). When using platform 

switching the strains were highly concentrated at the bottom of the abutment and at the 

top (the external hexagonal connection) of the implant (Fig. 5). However, the strain 

distribution of bone did not differ significantly between models with and without 

platform switching for both delay-loaded implants and immediately loaded implants 

(Fig. 5).  
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Discussion 

A wider implant and platform switching are used to enhance the support provided by 

surrounding bone and prevent crestal bone loss. Although the biomechanical 

influences of platform switching and implant diameter have been discussed in several 

articles14,15,25, most previous studies have only considered these two factors for 

delay-loaded treatment, in which the BII is osseointegrated (bonded). However, more 

dentists are using immediately loaded implants to restore single missing teeth, for 

which the biomechanical behavior of the interfacial contact at the BII on these two 

factors remains unknown. Therefore, this study used both experimental strain-gauge 

analysis and nonlinear FE contact simulation to investigate the effects of implant 

diameter and platform switching, which play different mechanical roles in influencing 

the bone surrounding an immediately loaded implant. 

In the experimental tests, the strains were measured locally by strain gauges at 

selected locations. Even though the strain gauges were located close to the bone around 

the implant, they would be unable to measure the peak value of the bone strain when 

this occurs within the bone. However, in the FE analyses the peak values of the strain 

in bone were easily selected for the comparison; nevertheless, an FE analysis produces 

only an approximate rather than the exact solution. Therefore the combined use of 

experimental testing and FE analysis—as in this study—might facilitate the 

understanding of biomechanical mechanisms underlying the properties of single 

immediately loaded implants, and the effects of implant diameter and platform 

switching.  

The strains were concentrated in the lingual side of cortical bone in both the 

experimental and FE models (Fig. 5b), especially under lateral loading. This indicates 
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that using an immediately loaded implant might induce a disproportionate strain 

distribution in bone. The delayed loading treatment produces a bonded BII 

(osseointegration), and the loads would then be dissipated evenly in both compressive 

and tension sites. However, for the immediately loaded implant the compressive and 

frictional forces can be transferred into the bone areas only where the implant surfaces 

contact. Therefore, forces mainly pass through contact sites, resulting in excessive 

strains, whereas strains are abnormally low at noncontact sites. These 

disproportionately low and high strains might result in a high risk of surrounding bone 

loss due to disuse atrophy or overloading resorption26.  

   Many studies have indicated that using platform switching can reduce crestal bone 

loss13, 27–31. From the biomechanics viewpoint, a previous study14 indicated that 

platform switching moved the stress concentration away from crestal bone. 

Nevertheless, that study only simulated the application of a vertical force at the edge of 

the abutment, and hence more quantitative evidence is needed to support this 

hypothesis. The present study analyzed both vertical and lateral loading modes in both 

immediately loaded and delay-loaded implants. Our results were similar to those of 

Schrotenboer et al. 15, in that platform switching reduced bone strains by less than 10%. 

In addition, even though platform switching changed the strain pattern at the 

connection between the implant and abutment, the strain distribution of crestal bone 

did not differ significantly between the models with and without platform switching 

(Fig. 5). Therefore, maintaining the cervical bone level platform switching—especially 

for the external hexagonal connection—did not provide obvious biomechanical 

advantage. The benefit of platform switching was also claimed by Lazzara et al.13, with 

inflammatory cell infiltrate moving inwardly at the implant–abutment gap and away 

from crestal bone to prevent the bone loss. However, more scientific evidence is 
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needed to confirm this biological benefit.  

  The reduction in crestal bone strain was greater for the 5.0-mm-diameter implant 

than for the 3.75-mm-diameter implant. For the delay-loaded implant, increasing the 

implant diameter is known to increase the osseointegrated area at the BII, which would 

reduce the stress/strain around crestal bone during occlusal loading16,25. This might 

also reduce the risk of bone loss due to overloading12. The present study found that a 

wide implant provided biomechanical benefits not only for the delay-loaded implant 

but for the immediately loaded implant. The decrease in crestal bone stress induced by 

increasing the diameter of an immediately loaded implant has also been confirmed in 

the maxilla by Huang et al.11. Therefore, based on the biomechanics of view using a 

larger diameter implant is recommended for single implant placement in the immediate 

loading treatment.  

The differences in sliding and in the gap distance at the BII were fairly small 

between models with and without platform switching and with different diameters. 

That shows that both factors did not enhance the implant stability. However, the review 

of Szmukler-Moncler et al.32 indicated that the threshold for tolerable micromotion at 

the BII might be between 50 and 150 µm. In our models the resin used to form cortical 

bone (E=2979MPa, E represents Young’s modulus) was 5 times softer than real 

cortical bone (E=15475MPa)33, but the peak values of sliding and gap distances of the 

contact interfaces in immediately loaded implants were still lower than the threshold 

value (50 µm) when there was no gap at BIIs before applying a load. The micromotion 

threshold might differ with the implant surface type and design; nevertheless, based on 

a fine implant placement (such as a press-fit with no gap at the BII), the present study 

showed that a single immediately loaded implant can facilitate osseointegration. 

Limitations of this study are the homogeneous, isotropic material properties of bone 
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model, as well as a static occlusal force used. In this study, the bone model was made 

from two resins. To the best of our knowledge, the real bone properties with 

anisotropic assumption may result in different stress/strain patterns; this requires 

further studies. Otherwise, although oblique load have been suggested to represent a 

realistic occlusal load34, the chewing movement especially a dynamic loading 

simulation still needs to be considered in the further investigation. 

 

Conclusion 

Based on the results of experimental testing and FE analysis, the following 

conclusions can be drawn: 

1. Bone strains are higher in an immediately loaded implant than in a delay-loaded 

implant. 

2. Platform switching slightly reduces the strain in crestal bone. However, increasing 

the implant diameter decreases the bone strain in both delay-loaded and 

immediately loaded implants. 

3. Micromotion at the BII does not differ between implants with standard and wide 

diameters, or between implants with and without platform switching. 
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Figure Legends 

Fig. 1. (a) Three-dimensional RP model of the cortical shell (lower object) used to 

mode resin into the model of cortical bone. The epoxy resin was poured into the core of 

the cortical bone to fabricate the model of trabecular bone (upper-right object). The 

rosette strain gauges were attached to the bone surface around the implant on both the 

buccal and lingual sides (upper-left object) (b). Self-tapping implants (D=5 mm and 

L=13 mm) with (left) and without (right) platform switching, which were inserted into 

the bone models. 

Fig. 2. (a) Vertical loading and lateral loading modes were analyzed in FE models. The 

boundary condition involved fixing the inferior surface of the mandible (arrowheads). 

(c) Implants with platform switching of sizes 3.75 × 13 mm (upper), 5 × 13 mm (lower 

left), and 5 × 13 mm (lower right). The symbols of D, M, B, and L represent distal, 

mesial, buccal, and lingual directions. 

Fig. 3. Peak strain values of the experimental models under vertical loading (a) and 

lateral loading (b). Max. P and Min. P represent the maximum and minimum principal 

strains, respectively. C, B, and P indicate contact interface, bonded interface, and 

platform switching. 

Fig. 4. Peak maximum principal, minimum principal, and von-Mises strains of cortical 

bone in FE models under vertical loading (a) and lateral loading (b). Peak sliding 

distances and gap distances (c) at the BII in FE models under vertical and lateral 

loading. 

Fig. 5. von-Mises strain distributions in the implant–abutment interface (left), implant 

body (middle), and surrounding bone (right) of delay-loaded implants (a) and 

immediately loaded implant (b) with and without platform switching under lateral 

loading. µS represents the microstrain. The column besides the figures indicated the 

different level of the strains value, and the area of red color represents high strain 
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values. The symbols of D, M, B, and L indicate distal, mesial, buccal, and lingual 

directions.
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Table 1. Young’s modulus and Poisson’s ratio used in 

FE model. 

Material 
Young’s modulus 

E (MPa) 

Poisson’s ratio 

ν 

Resin 2979 0.4 

Epoxy resin 223 0.4 

Titanium 110000 0.3 
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Fig. 1. (a) Three-dimensional RP model of the cortical shell (lower object) used to mode resin into 
the model of cortical bone. The epoxy resin was poured into the core of the cortical bone to 
fabricate the model of trabecular bone (upper-right object). The rosette strain gauges were 

attached to the bone surface around the implant on both the buccal and lingual sides (upper-left 
object) (b). Self-tapping implants (D=5 mm and L=13 mm) with (left) and without (right) platform 

switching, which were inserted into the bone models.  
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Fig. 2. (a) Vertical loading and lateral loading modes were analyzed in FE models. The boundary 
condition involved fixing the inferior surface of the mandible (arrowheads). (c) Implants with 

platform switching of sizes 3.75 ×13 mm (upper), 5×13 mm (lower left), and 5×13 mm (lower 
right). The symbols of D, M, B, and L represent distal, mesial, buccal, and lingual directions.  
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Fig. 3. Peak strain values of the experimental models under vertical loading (a) and lateral loading 
(b). Max. P and Min. P represent the maximum and minimum principal strains, respectively. C, B, 

and P indicate contact interface, bonded interface, and platform switching.  
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Fig. 4. Peak maximum principal, minimum principal, and von-Mises strains of cortical bone in FE 
models under vertical loading (a) and lateral loading (b). Peak sliding distances and gap distances 

(c) at the BII in FE models under vertical and lateral loading.  
74x156mm (350 x 350 DPI)  
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Fig. 5. von-Mises strain distributions in the implant–abutment interface (left), implant body 
(middle), and surrounding bone (right) of delay-loaded implants (a) and immediately loaded implant 
(b) with and without platform switching under lateral loading. µS represents the microstrain. The 

column besides the figures indicated the different level of the strains value, and the area of red 
color represents high strain values. The symbols of D, M, B, and L indicate distal, mesial, buccal, 

and lingual directions.  
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