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Purpose: The aim of this study was to evaluate the influence of implant macrodesign when using different 

types of collar and thread designs on stress/strain distributions in a maxillary bone site. Materials and 

Methods: Six groups were obtained from the combination of two collar designs (smooth and microthread) 

and three thread shapes (square, trapezoidal, and triangular) in external hexagon implants (4 × 10 mm) 

supporting a single zirconia crown in the maxillary first molar region. A 200-N axial occlusal load was applied 

to the crown, and measurements were made of the von Mises stress (σvM) for the implant, and tensile stress 

(σmax), shear stress (τmax), and strain (εmax) for the surrounding bone using tridimensional finite element 

analysis. The main effects of each level of the two factors investigated (collar and thread designs) were 

evaluated by one-way analysis of variance (ANOVA) at a 5% significance level. Results: Collar design was the 

main factor of influence on von Mises stress in the implant and stresses/strain in the cortical bone, while 

thread design was the main factor of influence on stresses in the trabecular bone (P < .05). The optimal 

collar design was able to produce more favorable stress/strain distribution than the microthreaded design 

for the cortical bone. For the trabecular bone, the triangular thread shape had the lowest stresses and strain 

values among the square and trapezoidal implants. Conclusion: Stress/strain distribution patterns were 

influenced by collar design in the implant and cortical bone, and by thread design in the trabecular bone. 

Microthreads and triangular thread-shape designs presented improved biomechanical behavior in posterior 

maxillary bone when compared with the smooth collar design and trapezoidal and square-shaped threads. 
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[AU: Correct?]

The predictability and long-term success rates of os-
seointegrated implants have been related to sever-

al factors, including material biocompatibility, implant 
design, surface treatment, surgical technique, micro-
movement control, bone quality, and loading condi-
tions.1 Lower success rates for osseointegrated dental 
implants have been reported for maxillary implants, 

especially those in the posterior maxilla, which is usu-
ally characterized by lower-density bone.2 Implants 
that essentially have only trabecular anchorage may 
have a greater biomechanical challenge, due to the re-
duced bone-to-implant contact, poor immobilization, 
and lower primary stability, which can lead to micro-
motion, and consequently, implant failure.3

As bone quality cannot be changed, selection of 
the appropriate implant design is imperative to im-
prove the magnitude of stress that is transmitted to 
the bone-implant interface in the posterior maxilla 
in order to preserve the osseointegration.4 Implant 
design refers to three-dimensional implant structure, 
comprising all elements and features of the implant. 
The implant design may be categorized into two mo-
dalities: macrodesigns and microdesigns. Macrodesign 
refers to the shape of the thread, implant body, pros-
thetic connection, and collar design. Microdesign re-
fers to the implant material, surface morphology, and 
surface treatment.5–7

Researchers have targeted the implant macrode-
sign, in attempts to understand the biomechanical 
factors that most affect long-term implant success 
during anchorage in the bone.8–20 The role of the 
thread as the retentive element in the implant collar 
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MATERIALS AND METHODS

Experimental Design
With the help of computer-aided design software 
(SolidWorks 2014, SolidWorks Corporation), the bone 
models were constructed on the basis of cone-beam 
computed tomography cross-sectional images of an 
edentulous posterior human maxilla. The bone seg-
ments were 20.0 mm in buccolingual length, 11.53 mm 
in height, and 8.95 mm in width, with a cortical bone 
thickness of 1.40 mm. Cortical and trabecular bone 
were subdivided into peri-implant bone in direct con-
tact with the implant and remaining bone, to isolate 
the region of highest interest for analysis.36

Cylindrical external hexagon implants (4 mm in di-
ameter × 10 mm in length) were used to support ce-
mented zirconia crowns. Implants were modeled with 
two types of implant collar designs (smooth collar 
[sm] and microthread collar [mt]) and three different 
implant body thread designs (square [SQ], trapezoidal 
[TP], and triangular [TR]), whose combination yielded 
six groups in total (SQsm, SQmt, TPsm, TPmt, TRsm, 
and TRmt). Implant models were placed vertically at 
the crestal bone level and constructed under similar 
conditions of position, height, width, and pitch thread 
(0.55 mm). Thread dimensions were chosen as those 
providing the optimal stress distribution around the 
osseointegrated implants, in accordance with report-
ed studies.7,37,38 The collar design was obtained with a 
height of 1.45 mm. Collar and thread designs are speci-
fied in Fig 1. 

and body is related to an increased contact surface 
area, which provides greater bone-implant interac-
tion and implies better stress distribution at the peri-
implant bone site.21–26 Moreover, the thread design 
helps determine the maintenance of the surrounding 
bone and the primary stability for immediate loading 
conditions, especially when implants are inserted into 
maxillary bone.4,6,27,28 However, there is a lack of data 
in the literature about the implant macrodesign that 
optimizes the maintenance of osseointegrated im-
plants anchored in sites of the maxillary posterior re-
gion and that could contribute to increasing long-term 
success rates. Therefore, new insights are needed to 
understand the biomechanical behavior of maxillary 
marginal bone around implants with different collar 
and thread designs.29–31

In this context, finite element analysis (FEA) has be-
come an increasingly powerful approach to predict 
the biomechanical behavior of the bone-implant inter-
face and to identify areas of greater stress/strain con-
centration.27,32–35 Therefore, the objective of this study 
was to evaluate  two different collar and three thread 
designs for single implant restorations anchored in the 
posterior maxilla, in terms of the stress and strain con-
centrations in the implant and peri-implant bone us-
ing three-dimensional (3D) FEA. In addition, this study 
applied statistical analysis to identify the main factors 
related to implant macrodesign that contribute to in-
duce stress and strain concentrations. 

Fig 1  Schematic illustration of the collar- and thread-shape de-
signs used in the study. Height (H), width (W), and pitch (P) of the 
threads are specified for the microthread collar and for different 
thread shapes. EH = external hexagon. [AU: Spellout correct?]
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were considered (SQsm, SQmt, TPsm, TPmt, TRsm, and 
TRmt), resulting in six calculation sets. Data from each 
level of the two investigated factors (collar design 
and thread shape) were evaluated based on statistical 
methods using SAS (SAS version 9.0; SAS Institute) for 
analysis of variance (ANOVA). This analysis allowed the 
authors to calculate the percentage of the contribu-
tion (% total sum of squares) of each investigated fac-
tor. The significance level was set at 5%.43

RESULTS

Stress Distribution in the Implant
Collar design significantly affected the von Mises stress 
in the implant (P < .001), determining the magnitude 
of the stress and contributing 99.79% of the total gen-
erated stress. Thread design did not significantly influ-
ence the von Mises stress (contribution < 1%, P > .05, 
Table 2). A lower peak of stress was noted in the [sm] 
groups compared with the [mt] groups (Table 3). Stress 
was concentrated in the implant cervical area for both 
collar designs. Maximal stress appeared at the palatal 
side, under the flank of the first microthread (Fig 2). 
The stress distribution pattern differed between col-
lar designs. Stress in all the [sm] groups decreased in 
the apical direction, with a gradual curving pattern, 

Numerical Analysis
All models were exported to ANSYS Workbench FEA 
software (version 14.0; Swanson Analysis) for mesh ac-
quirement and numerical analysis. The mesh was gen-
erated with 0.5-mm quadratic tetrahedral elements, 
after convergence analysis (5%) as a refinement pro-
cess to improve the accuracy of the results and guar-
antee the mesh quality.39 Cortical and trabecular bone 
were assumed to be anisotropic, homogeneous, and 
linearly elastic. All other materials were considered 
to be isotropic, homogeneous, and linearly elastic. 
Mechanical properties of materials were determined 
from the literature (Table 1). The models were fully 
constrained in all directions at the nodes on the me-
sial and distal borders. A 200-N occlusal load was dis-
tributed in five 1.5-mm2 contact areas on the occlusal 
surface of the crown.

Statistical Analysis
Using 3D FEA, quantitative analysis was performed 
according to the von Mises (σvM) criterion for the im-
plant, and the tensile stress (σmax), shear stress (τmax), 
and strain (εmax) for the cortical and trabecular bone.42 
Data were analyzed qualitatively according to the 
stress distribution patterns in the implant and the cor-
tical and trabecular bone. All combinations of the im-
plant collar designs and implant-body thread shapes 

Table 1 Mechanical Properties Assigned to the Materials Used in the Study

Young’s modulus (E) (MPa) Shear modulus (G) (MPa) Poisson ratio (δ)

Cortical bone34 Ex 12,600 Gxy 4,850 δxy 0.30
Ey 12,600 Gyz 5,700 δyz 0.39
Ez 19,400 Gxz 5,700 δxz 0.39

Trabecular bone 26,34 Ex 1,150 Gxy 6,800 δxy 0.010
Ey 2,100 Gyz 4,340 δyz 0.32
Ez 1,150 Gxz 6,800 δxz 0.05

Titanium (implant and abutment)40 104,000 38,800 0.34

Cement41 17,000 14,500 0.30

Zirconia9 210,000 33,000 0.31

The subscripts x, y, and z correspond to the axis of the global coordinate system.

Table 2 Summary of ANOVA for von Mises Stress in Implant and for Tensile Stress, Shear Stress, 
and Strain in Cortical and Trabecular Bone

Implant

Cortical Trabecular

Tensile 
stress Shear stress Strain

Tensile 
stress Shear stress Strain

Parameters P %TSS P %TSS P %TSS P %TSS P %TSS P %TSS P %TSS

Collar design < .001 99.79 .01 96.43 < .001 99.86 .02 89.08 .69 0.27 .78 0.15 .36 6.69

Thread design .81 0.04 .65 1.26 .19 0.11 .43 6.16 .02 97.06 .03 96.92 .10 83.44

Error 0.17 2.31 0.03 4.76 2.66 2.94 9.86

Total 100 100 100 100 100 100 100

%TSS = total sum of squares.
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Stress/Strain Distributions in Trabecular Bone
In trabecular bone, the thread design significantly in-
fluenced tensile and shear stresses (P < .05), but the 
collar design had no influence. Thread design con-
tributed 97.06% and 96.92% of the total generated 
tensile and shear stresses, respectively (Table 2). The 
TR thread shape produced lower tensile stress, shear 
stress, and strain than the SQ and TP thread shapes, 
for which the stresses were twice those of TR (Table 3). 
Stress and strain were observed in the areas surround-
ing the threads in the middle and apex of the implant. 
For all thread designs, the lowest stress values were 
observed at the bottom of the threads, represented by 
the thread base (Fig 4).

DISCUSSION

Several studies have investigated implant macrode-
sign, attempting to minimize crestal bone resorption 
and osseointegration loss after restoration by improv-
ing the stress/strain distribution at the marginal crest 
and in peri-implant bone.1,11,24,33–35 To enhance the 
clinical success of maxillary implants, it is necessary to 
understand how the biomechanical behaviors of the 

whereas stress in the [mt] groups had a wavy pattern 
along the implant neck (Fig 2).

Stress/Strain Distributions in Cortical Bone
When focusing on the cortical bone area, collar de-
sign not only significantly affected tensile (P = .01) and 
shear (P = .001) stresses, but also influenced strain (P = 
.02), with contributions of 96.43%, 99.86%, and 89.08% 
of the total generated tensile stress, shear stress, and 
strain, respectively. Thread design did not affect corti-
cal bone (Table 2). Maximal tensile stress was observed 
for the [sm] groups, whereas maximal shear stress and 
strain were noted for the [mt] groups (Table 3). 

The stress/strain distribution pattern in cortical 
bone differed between collar designs (Fig 3). The [mt] 
groups exhibited a uniform tensile stress concentra-
tion around the cortical bone, whereas the shear stress 
and strain distributions had heterogeneous patterns. 
Shear stress and strain concentrations were higher at 
the thread crest and lower at the thread base, creating 
a wavy pattern downward along the interface. Tensile 
stress in the [sm] groups exhibited a U-shaped pattern, 
whereas the shear stress and strain created uneven 
curves around the cortical bone.

Table 3 Maximum von Mises Stress (MPa) in Implants and the Peak Maximum of Tensile Stress 
(MPa), Shear Stress (MPa), and Strain (Ε10-4 μm) in Cortical and Trabecular Bone Around 
Different Implant Designs

Implant designs

Maximum 
von Mises 

(MPa)

Cortical bone Trabecular bone

Tensile stress 
(MPa)

Shear stress 
(MPa)

Strain  
(μm)

Tensile stress 
(MPa)

Shear stress
(MPa)

Strain  
(μm)

SQsm 23.74 10.98 9.51 7.34 6.34 6.52 8.69

TPsm 23.79 11.27 9.53 7.38 7.68 8.25 11.87

TRsm 24.85 11.24 9.56 7.43 3.59 3.81 8.72

SQmt 56.10 9.23 11.93 9.11 5.73 5.79 10.38

TPmt 54.54 9.27 11.95 9.55 8.35 8.73 11.59

TRmt 54.09 8.72 12.06 10.49 4.07 4.47 9.31

Fig 2  Concentration of von Mises 
stress (MPa) in the implant for different 
collar designs. sm = smooth collar; mt = 
microthread collar.

Fig 3  Distribution of tensile stress (MPa), shear stress (MPa), and strain (μm) in the 
cortical bone with the smooth collar (sm) and microthread collar (mt) designs.
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prevent disuse bone atrophy in cortical bone.10,16,20,33 
Therefore, bone loss around the smooth collar may be 
a consequence of disuse atrophy, due to subnormal 
mechanical stimulation of the bone in accordance 
with Wolff’s Law.10,20 However, bone loss can also oc-
cur by overloading of the cortical bone, in which the 
physical limit of bone strength is exceeded due to the 
highest values of stress at the cortical bone. [AU: Cor-
rect?] The ultimate bone strength can be assumed to 
represent the physiologic limit. Thus, overloading of 
cortical bone tissue can lead to bone resorption and 
can be detected when tensile stress exceeds 100 to 
130 MPa.44,45

Clinical findings have confirmed that initial bone 
loss around a smooth collar implant coincides with 
exposure of the implant to the intraoral environment 
in stage two of surgery or after loading, and that the 
resorption pattern is V- or U-shaped (referred to as 
“saucerization”).31 In the present study, the tensile 
stress distribution around the [sm] groups formed a U-
shaped pattern, compatible with the crestal bone loss 
reported in the literature.5,31 In contrast, for the [mt] 
groups, the magnitude of the tensile stress exceeded 
1.6 MPa. Moreover, the tensile stress was concentrated 
uniformly around the cortical bone, exerting an opti-
mal effect for stress distribution and maintaining the 
peri-implant marginal bone level.15,33

In cortical bone, greater magnitudes of shear stress 
and strain were observed with the [mt] implants 
compared with the [sm] implants. The effects of the 
microthreads as retentive elements can explain the 
increase of stress/strain in cortical bone.23 Stress and 
strain tended to be more concentrated at the thread 
crest, whereas their magnitudes were decreased at the 
thread base, creating a heterogeneous stress/strain 
distribution pattern. The microthread-induced stress 
concentration in the cortical bone was analogous to 
the stress concentration in the implant. Specifically, 
when shear stress was higher in the microthread flank 

implant and supporting bone are affected by differ-
ent collar and thread designs, as well as to determine 
which parameters most contribute to the generated 
stress and strain. The present study used FEA with 
statistical analysis to interpret the biomechanical be-
havior of implants with different macrodesigns and to 
evaluate the main factors of influence on stress/strain 
concentration in low-quality bone. 

In this study, the von Mises (σvM) criterion was used 
for the implant, as it is an adequate stress criterion to 
evaluate the behavior of ductile materials such as ti-
tanium. The tensile stress (σmax), shear stress (τmax), 
and strain (εmax) criteria for the cortical and trabecu-
lar bone were used to establish the stress behavior in 
brittle materials such as bone tissue.39

Collar design was the main factor of influence on 
von Mises stress in the implants. The highest stress 
value was observed with the [mt] implants, and the 
stress distribution was characterized by a wavy pat-
tern along the microthreads at the palatal side. Higher 
stress concentration was seen in the flank of the micro-
threads, and lower stress was localized on top of them. 
The discontinuity of the microthreads could have been 
the main factor in this stress distribution pattern.23 In 
the [sm] implants, the stress decreased from top to 
bottom of the collar region, exhibiting a curved pat-
tern. This decreasing stress was likely influenced by the 
decreasing functional surface area of the smooth col-
lar present in the implant, which would have led to the 
dissipation of stress at the cervical region.10,19

Similarly as in the implants, collar design was the 
main factor of effect on stresses and strain in cortical 
bone. When tensile stress was evaluated in the corti-
cal bone, the [sm] groups presented a higher peak of 
stress when compared with the [mt] groups. It was 
concentrated in a small apical area of the cortical bone, 
although tensile stress was distributed throughout all 
of the cortical bone with values below 1.1 MPa (Fig 4). 
The literature reports that 1.6 MPa of stress is needed to 

Fig 4  Distribution of tensile 
stress (MPa), shear stress (MPa), 
and strain (μm) in trabecular bone 
for threads with square (SQ), trap-
ezoidal (TP), and triangular (TR) 
shapes.
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The effects of a nonbonded interface and oblique load-
ing in the posterior maxilla need to be investigated. 

From a biomechanical perspective, both the col-
lar and thread designs are important factors affecting 
stress/strain in the surrounding tissue and implant 
osseointegration. The [mt] can be suggested for the 
maintenance of cortical crestal bone. The TR thread 
shape showed the ability to decrease the stress con-
centration and better dissipate bone stresses in tra-
becular bone.

CONCLUSIONS

When compared with a smooth collar, a microthread 
design positively influenced the biomechanical be-
havior of a single implant restoration anchored in pos-
terior maxillary bone.    Likewise, a triangular thread 
design results in lower stress when compared with 
square- or trapezoidal-shaped threads in a simulated 
bounded bone-to implant contact surface.
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