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INTRODUCTION 
 

espite the enormous efforts of the global medical community, the growing dynamics of the number of cancer 
diseases is accelerating nowadays. This trend is unlikely to change in the foreseeable future due to the aging 
population, regular stressful situations, as well as environmental, economic and other factors [1]. According to the 

International Agency for Research on Cancer (IARC), more than 18 million new cancer cases and above 9.5 thousand deaths 
it caused was recorded worldwide in 2018 [2]. Both head and neck cancers are among the most common types, ranking 
eighth as the leading cause of death [3]. In this regard, an improvement of methods of complex maxillofacial and orthopedic 
treatment is an urgent problem in medicine. 
In general, the loss of bone tissue of the maxilla due to oncological or traumatic surgery is a serious medical and social 
challenge. Its advanced treatments are based on the installation of zygomatic implants that have been proposed by Prof. 
Bronemark in 1988 as a support for maxillary dentures [4]. Their first generation differed from up-to-date analogues only 
in greater both length and diameter. 
Currently, zygomatic implants are produced in a wide range of standard sizes, but the selection of their types, quantity and 
configuration is an exclusively patient-oriented problem [5-7]. It is also associated with the presence/absence of bone tissue 
in one or another section of the zygomatic bones, its condition, and some other issues [8, 9]. In particular, an analysis of 
bone optical density is typically carried out on the basis of cone beam computed tomography (CBCT) according to the Mish 
classification [10]. For this purpose, the main estimated values of X-ray bone tissue density were implemented using the 
Hounsfield scale (HU) [11]: a healthy bone (D1) at ≥850 HU; a pastous bone (D2) at 350–850 HU; and a bone affected by 
local osteoporosis (D3) at ≤350 HU. However, in spite of manufacturers’ recommendations for the use of a specific type 
of zygomatic implants depending on the presence and condition of bone tissue, the selection of their number and 
configuration is made intuitively in most cases, taking into account the experience of maxillofacial surgeons [12, 13]. 
When installing zygomatic implants, an important aspect is to predict their mechanical behavior in addition to some other 
biomedical issues (primarily, osseointegration). The problem of assessing the deformation behavior of the “zygomatic 
bones–implants–maxillary prosthesis” system (prosthetic structure) can be solved within the framework of solid mechanics 
approaches, but the structure itself can be approximated by the finite element method (FEM). In this formulation, the 
solution to the problem of selecting the type, configuration and location of installed zygomatic implants can be carried out 
when planning prosthetic tactics based on the results of computer simulation [14–16]. In this case, information about the 
skull of a particular patient, and the zygomatic bones as its components, can be taken from computed tomography (CT) 
data and imported into commercial FEM-based software packages then. Certainly, such activities i) increase the efficiency 
of treatment of these severe dental diseases, ii) reduce the risk of medical errors and possible postoperative complications 
[17]. 
Since experimental methods do not enable to clearly determine the patterns of biomechanical processes of interaction 
between bone tissue and implants, the FEM-based computer simulation is most often used for such qualitative analyzes, 
since it is characterized by the most advanced algorithms. Its advances by the possibility to study the initiation and 
development of mechanical effects around implants, reducing the time and cost of research for planning their installation. 
Nevertheless, it is often not possible to validate the results of computer simulation and verify them with experimental data 
in biomechanics (even when studying biological bone tissue). In addition, computer simulation cannot fully reproduce the 
human body conditions [18–20]. As a result, some simplifications are required in developing adequate models. In this study, 
the implementation of the FEM was motivated by the lack of a sufficient set of verified experimental data in the field of 
dental implant surgery. For this reason, the results of computer simulation can be considered prognostic and used when 
planning complex operations by changing the control parameters of the models. This enables to compare the data obtained 
by going through hundreds of possible options with the optimal clinical treatment (surgical effects). 
Before formulating the research problem, it is appropriate to mention the main factors influencing the pattern of the stress-
strain state (SSS) in the zygomatic bones with installed zygomatic implant: 
- bone density at their attachment areas; 
- their standard sizes (primarily in terms of length); 
- symmetry of the zygomatic bones of a skull, including their dimensions and shapes; 
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- possible local absence of bone tissue fragments due to previous surgery resection. 
The aim of this research was to evaluate the SSS in the “zygomatic bones–implants–denture base” system by varying the 
type and number of the implants, as well as applying loads. The system was loaded locally, affecting segments of a virtual 
denture base of a maxillary prosthesis (hereinafter referred to as the denture base). The load magnitude was varied over a 
wide range, characteristic of the mastication process [21]. Using the only denture base in computer simulation was a certain 
approximation, which enabled to exclude the influence of the shape (curvature) of the mastication surface and the size of 
the installed dentition on the results of the SSS calculations. However, its functional purpose in terms of consolidating the 
abutments with the denture base was identical to the entire maxillary prosthesis. 
The paper is compiled as follows. Section 2 describes materials and research methods, as well as some features of the FEM-
based computer simulation. In addition, it introduces a critical state criterion, reports some details of developing numerical 
models, importing CT data, and installing of virtual zygomatic implants into a digital model of a skull (including zygomatic 
bones). Subsection 3.1 presents the results of the SSS calculations for the “Zygan implant (top row)–Oncology implant 
(bottom row)” configuration without a denture base. Subsection 3.2 shows similar data for the “zygomatic bones–implants– 
denture base” system when varying both location and magnitude of applied loads. Subsection 3.3 is devoted to variation of 
the load direction relative to the denture base. Preceding conclusions, an algorithm for solving the problem of the installation 
of zygomatic implants by computer simulation was proposed in Section 4 as a discussion point. 
 
 
MATERIALS AND METHODS 
 

t the first stage of the study, a 3D digital model of a human skull was developed for the SSS calculations according 
to the reverse engineering concept. It was appropriate for the FEM-based computer simulation, widely 
implemented for many engineering applications. The model was developed in several stages using CT data (Philips 

Diamond Select Brilliance CT 64-slice) of a particular patient. It maximally reflected the pronounced structural features, 
including those arising as a result of bone tissue resection. The CT data in DICOM format were processed by the 
Invesalius software package [22]. In this case, the bone tissue of the skull was isolated and visualized from the entire data 
array. Then, its 3D reconstruction was saved in the “*.stl” format for export to computer-aided design (CAD) software. 
The stage of final processing of the solid model in the CAD format, including its preparation for a FEM analysis (Fig. 1, a), 
consisted of eliminating artifacts and small pores [23] of the tomographic model and simplifying the shape of the studied 
skull segments. It was assumed that a load applied to implants would form (transmit) an SSS in the zygomatic bones of the 
anterior-facial part of the skull. For this reason, the facial part of the skull, containing both frontal and zygomatic bones, 
was visualized (Fig. 1, b). The process was based on the shape idealization principles to simplify the solution and to analyze 
the results. 
An additional challenge for the prostheses’ installation was a lesion of the left zygomatic bone, which, in fact, disrupted its 
connection with the bridge of the nose (shown as an oval in Fig. 1, b, presenting the digital model of the skull after removing 
artifacts and smoothing). In this case, the cartilage tissue and the bones of nose and palate, as well as the alveolar ridge were 
absent. Then, holes were numerically “drilled” in the zygomatic bones of the “improved” model of the skull for installing 
titanium implants. According to the basic requirements of the operation protocol, the installation must be carried out at a 
strict inclination angle and it was unacceptable to remove the implant abutments into the orbit or infratemporal fossa 
(Fig. 1, b). Subsequently, the model was used for computer simulation, but the denture base was additionally attached to the 
implants in this case (Fig. 1, d). In real conditions, a complete maxillary prosthesis would be installed instead (Fig. 1, c).  
Two types of zygomatic implant models were applied (Fig. 1, d). The top row consisted of two Zygan implants 47.5 mm 
long with a diameter of both main and thread (contacting with the bone) parts of 3.4 mm. As the bottom row, two Oncology 
implants (ONC-55) were installed with a length of 37.5 mm. Their diameters were 3.5 and 4.1 mm for the main and thread 
parts, respectively. The minimum depth of the installation of the implants into the zygomatic bones was 15 mm (Fig. 1, 
b, c and d). The ratio of implant-to-(cylinder shaped) hole diameter was set as 1:1. The model did not employ the condition 
of bearing preload between the implant and bone tissue. 
To calculate the SSS parameters in the skull bones and the zygomatic implants under the effect of physiological loads, the 
ANSYS Workbench commercial software package was implemented. The calculation was carried out in the 3D statement 
and the static formulation of the load application. The problem was solved in the linear elastic statement, using a system of 
equations of solid mechanics, consisting of equilibrium Eqns. (1), as well as geometric Cauchy (2) and constitutive Hooke 
(3) relations. The presented system of equations with boundary conditions (4–7) was solved numerically by the FEM in the 
3D formulation using tetrahedral elements in a computational mesh. 
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(a) (b) 

 

(с) (d) 

 (e) 
 

Figure 1: The virtual (digital) model developed using the CT data of the skull (a) and the “improved” one (b) indicating the location of 
the zygomatic implants; the same model with the maxillary prosthesis (c) and the denture base replacing it in the SSS calculations (d); a 
general view of the zygomatic implants (e). 
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where σij and εij were the stress and strain tensor components, respectively; ui and uj were the displacement vector 

components; δ was the Kronecker delta; 11 22 33       was volumetric strain; 
  1 1 2

E
 


 

 was Lamé's first 

parameter, 
 2 1

E





 was shear modulus; ν, E were Poisson's ratio and Young's modulus (Tab. 1). The comma before 

the index meant differentiation by spatial coordinate. 
The final mesh density as well as the average mesh size was selected based on the convergence of the computational 
experiment results. For two calculation cases, 3D models are shown in Fig. 2. 
Boundary conditions were set as follows. The kinematic boundary conditions were the same for all calculations, namely 
rigid fixation along the surface A (Fig. 2, a): 
 

0, 0, 0x y zA A A
u u u                       (4) 

 
The load boundary conditions were its vertical application to the abutments of each implant alternately for the i numbers 
of 1, 2, 3 and 4 according to Fig. 2, b for the first case of the calculations: 
 

 1z iF F , where 50 NiF  ;         (5) 

 
while such boundary conditions were in the form of a distributed compressive load applied orthogonally to the lower surface 
of the denture base alternately to the segments indicated in Fig. 2, c, simulating various options for redistributing the 
mastication load from the maxillary prosthesis in the second case: 
 

 2z iF F            (6) 

 
where Fi=50, 100, 150 N; i was the segment number of the lower surface of the denture base from 1 to 8, numbered from 
right to left, for the sequential application of the loads in the calculations. 
For the third case, the load boundary conditions were in the form of a distributed compressive load applied at an α angle of 
45 to the lower surface of the denture bases, first alternately but simultaneously then to segments 4 and 5 according to 
Fig. 2, c, simulating three options for loading the anterior teeth when biting: 
 

       3 cos , 3 cosz i y iF F F F           (7) 

 
where Fi=50, 100, 150 N and i=4 and 5 were the load amplitude and the number of the loaded segments according to 
Fig. 2, с; α was the inclination angle. 
In the contact area between the implants and the zygomatic bone, the contact boundary conditions provided for equality of 
displacements at the “implant–zygomatic bone” interface. In other words, the rigid fixation (ideal contact) conditions were 
implemented, implying successful osseointegration. 
The use of the Ti-6Al-4V alloy, widely implemented for biomedical applications, was a topic discussion in recent years since 
its elastic modulus exceeded 100 GPa, i.e. it was mechanically incompatible (significantly superior) to that of bone tissue (5–
30 GPa) [24]. This fact could provide the “stress shielding” phenomenon, which was observed when the implant absorbed 
applied loads and did not stimulate bone growth, enabling peri-implant bone resorption [25-30]. In addition, this led to 
fracture of natural bone tissue (aseptic loosening). However, this alloy (mainly with a protective coating deposited to prevent 
release of aluminum into a human body) is still a leader in the manufacturing medical implants, in particular those used in 
this study. Polymethyl methacrylate (PMMA) was selected as a material for prosthetic structures (denture base), products 
from which could be manufactured by 3D printing [31]. The skull bones possessed averaged parameters for a moderately 
mineralized aged state, with additional continuum averaging that did not take into account the distinction between cortical 
and trabecular parts. Values of the material properties of the model elements used in the calculations are presented in Tab. 1. 
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a)  b) 

   
 

 
(c) 

 

Figure 2: Schematic representation of boundary conditions for the 3D models: a) kinematic (rigid fixation along the surface A); 
b) loads on the implants (the calculation numbers); c) a schematic of the load application relative to the denture base. 
 
 

Objects Е, GPa υ µ, GPa К, GPa 

Zygomatic bones 10.0 0.33 3.76 9.8 

Virtual denture base 1.1 0.42 0.39 2.29 

Titanium implants 96.0 0.36 35.00 114.00 
 

Table 1: The mechanical properties of the materials used in the FE model. 
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For carrying out the strength analysis, some published data on the mechanical properties of bone tissue were used (Tab. 2) 
[32]. Note that generally accepted ideas about the averaged values of the mechanical properties of bone tissue were employed 
(in particular, cortical and trabecular ones), when choosing the values of permissible strength characteristics (for subsequent 
justification of the fracture/critical state criterion). The structure of bone tissue was determined by the resulting dynamic 
state of both bone-forming and bone-fracturing processes with the predominance of one or another at different periods of 
life. This fact was reflected in their physical and mechanical characteristics. Thus, the values given in Tab. 2 are to be 
considered as approximate, while they could deviate noticeably in treatment of each individual patient. 
 

Property Cortical tissue Trabecular tissue 

Compressive strength, MPa 100–230 2–12 

Bending and tensile strength, MPa 50–150 10–20 

Elongation,% 1–3 5–7 
 

Table 2: General data on the mechanical properties of bone tissue [32]. 
 
 
THE RESULTS OF COMPUTER SIMULATION 
 
Calculated SSS for installed single implants 

nitially, trial calculations of the SSS were carried out for installed single unconnected implants. In the upper position 
(top row), the only Zygan implant was fixed, while the only Oncology one was attached in the lower position (bottom 
row). Boundary conditions (4) and (5) were implemented. The F(1) load (Fig. 2, b) of 50 N was applied on the implant 

abutment vertically upward (along the Z axis). 
Fig. 3 shows distributions of equivalent stresses and strains after the installation of the Zygan implant in the upper right 
position. Under the preset conditions, the zygomatic bones of the skull and the implant were characterized by a complex 
SSS. Due to the specific pattern of such fastening, the implant experienced predominantly bending strains when the vertical 
load was applied to its abutment. The fourth theory of strength (von Mises) was used, in which calculated values of 
equivalent stresses did not exceed critical levels of experimentally measured stresses for a material. Such equivalent stresses 
were assessed using the following formula: 
 

     2 2 2
1 2 2 3 3 1

2v

     


    
 ≤ [σ]  

 
where the yield stress value [σ] for the Ti-6Al-4V alloy was applied as the critical level for the material under the calculations; 
σ1, σ2, σ3 were principal stress tensor components. The critical SSS was observed when elastic strains were surpassed, but 
both plastic ones and the ultimate strength of bone tissue were achieved. Thus, the model employed Von Mises criteria for 
estimating the stress-strain state and reaching the critical state. The upper limit is related to their maximum values (being 
always positive), while their minimum values are equal to zero. The maximum and minimum data values are presented at 
the correspondent figures and tables.  
The maximum level of eq equivalent stresses of about 263 MPa was achieved in the titanium implant, in which the bending 
strain mode predominated. The maximum level of eq equivalent strains of ~1.6% was observed at the interface between 
the implant and the zygomatic bone. 
A more detailed view of the stress pattern in the zygomatic bone is shown in Fig. 3, c (without the implant for improving 
the presentation clarity). In this case, the eq equivalent stress of 118 MPa was lower in the zygomatic bone than that in the 
implant. However, taking into account the considered mechanical properties of bone tissue (Tab. 1), this value generally 
exceeded the tensile strength, causing its failure. In (cortical) bone tissue, the maximum value of eq equivalent stresses was 
≥1.6%, which was also above the reported critical level, according to Tab. 1 [33,34]. 
The following result was noteworthy. Considering the applied load conditions, the implant displaced from bottom to top. 
Respectively, it was expected that the maximum stresses should take place in the upper part of the area of its attachment 
(Fig. 3, c). However, another pattern was found due to the given boundary conditions (adhesion at the “implant-bone tissue” 
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interface), as well as the area of the radial attachment of the implant to the zygomatic bone. Thus, it was shown that the 
pattern of the distributions of stresses and strains was determined not only by the bone tissue properties, but also by the 
implant attachment conditions. 
 

(a) 
(b) 

 (c) 
 

Figure 3: The distributions of equivalent stresses (a, c) and strains (b) at the installation of the Zygan implant in the upper right position; 
(a) general view; (c) stresses in bone tissue. 
 
Since rising the load up to 100 and 150 N proportionally increased both stresses and strains, the results of such calculations 
are not presented. Similar parametric studies are reported below in Subsection 3.2 for the concentrated load applied to the 
implants through the denture base. 
Fig. 4 shows distributions of equivalent stresses and strains after the installation of the Oncology implant in the lower right 
position. According to Fig. 4, a, the maximum eq value of ~201 MPa was also observed at the interface between the implant 
and the zygomatic bone. Nevertheless, it was lower by ~60 MPa as compared to the previous case since the Oncology 
implant was shorter that the Zygan one. A more detailed view of the stress distribution, shown in Fig. 4, c, enabled to 
conclude that they did not exceed ~92 MPa in bone tissue. In the zygomatic bone, the maximum eq values were within 
1.3% (Fig. 4, b). 
Fig. 5 shows distributions of equivalent stresses and strains at the installation of the Zygan implant in the upper left position. 
According to Fig. 5, a, the maximum eq value of 244 MPa decreased by ~20 MPa compared to that for the right position 
at the “implant–zygomatic bone” interface. A more detailed view of the stress distribution pattern in the zygomatic bone 
(Fig. 5, c) showed that the maximum eq value of ~96 MPa was lower than that for the right position. It should be noted 
that the maximum eq stresses took place along the left side of the hole for installing the implant, but not in its upper part 
(Fig. 5, c). Similar to the case shown in Fig. 4, a, the reason for this phenomenon could be the large contact area between 
the implant and the zygomatic bone under the preset conditions of ideal adhesion. This fact indicated that the implant 

0.016 263 MPa 

118 MPa 
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configuration could give rise to significant redistribution of contact stresses. The maximum eq values did not exceed 1.1% 
in bone tissue (Fig. 5, b), surpassing the reported critical elongation level [32]. 
 

(a) 
(b) 

 (c) 
 

Figure 4: The distributions of equivalent stresses (a, c) and strains (b) at the installation of the Oncology implant in the lower right 
position; (a) general view; (c) stresses in bone tissue. 
 
 

(a) (b) 

0.011 244 MPa 

0.013 

92 MPa 

201 MPa 
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 (c) 
 

Figure 5: The distributions of equivalent stresses (a, c) and strains (b) at the installation of the Zygan implant in the upper left position; 
(a) general view; (c) stresses in bone tissue. 
 
Fig. 6 presents distributions of equivalent stresses and strains at the installation of the Oncology implant in the lower left 
position. As in all the above-described cases, the maximum eq value of 183 MPa was observed at the “implant–zygomatic 
bone” interface, which was lower by ~20 MPa than that for the right position according to Fig. 4. A more detailed view of 
the eq distribution showed that their values did not exceed 128 MPa in the zygomatic bone, which was higher by ~30 MPa 
than that for the right position. According to Fig. 6, b, the eq maximum values were within 1.4% in bone tissue (in contrast 
to eq~1.3% for the Oncology implant shown in Fig. 4, b). 
The maximum values of equivalent stresses and strains, determined in four performed calculations, are summarized in 
Tab. 3. 
 

No. Type and position of implant 
Maximum equivalent stresses and strains 

in structure, MPa in zygomatic bone, MPa in zygomatic bone, % 

1 Zygan, the upper left position 263 118 1.6 

2 Oncology, the lower right position 201 92 1.3 

3 Zygan, the upper left position 244 90 1.1 

4 Oncology, the lower left position 183 128 1.4 
 

Table 3: The SSS parameters for the installed single zygomatic implants. 
 

(a) (b) 

96 MPa 

0.014 

183 MPa 
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 (c) 
 

Figure 6: The distributions of equivalent stresses (a, c) and strains (b) at the installation of the Oncology implant in the lower left position; 
(a) general view; (c) stresses in bone tissue. 
 
As a preliminary conclusion, two key identified results should be noted: 
1) At concentrated loading of the implant, the distribution of stresses (and, accordingly, strains) was primarily determined 
by the implant length (through the arm size), as well as by the applied F(1) load of 50 N. After the multiple increase in the 
F(1) load up to 100 and 150 MPa, both stress and strain levels had to increase proportionally. Thus, if the fracture criterion 
was satisfied already at the minimum load, failure would inevitably occur at its average and maximum values. 
2) The redistributions of both the patterns and the maximum stress levels depended on the macrostructure of the zygomatic 
bone (due to the resection of a fragment of bone tissue and fixation of the implant in its hole) and the mechanical properties. 
Since the “improved” digital model wad applied (as close as possible to the real structure), this fact enabled to explicitly 
consider the anatomical features of the structure of the zygomatic bones of the particular patient. 
For this reason, the results of such trial calculations may be the basis for changing the attachment locations or the standard 
size of installed zygomatic implants (at the discretion of the maxillofacial surgeon). In addition, the CT data accuracy in 
terms of reproducing the structure of the zygomatic bone could be determined the effectiveness of the proposed approach 
for calculating the SSS and, accordingly, treatment tactics (including prosthetics). 
 
Calculated SSS for installed all zygomatic implants and denture base 
Since the ultimate goal of installing the implants was to attach the dentoalveolar prosthesis Fig. 1, c), the SSS calculations 
were carried out for the case of attachment the denture base (Fig. 1, d). For this purpose, the implant abutments were 
immovably fixed in the polymer denture base. In order to reduce the number of calculation elements, computer simulation 
was performed by alternating impact on the denture base segments (Fig. 2, c). It was divided into eight sequentially loaded 
segments (numbered from right to left, according to Fig. 2, c). Boundary conditions (4) and (6) were preset. The F(2) load 
was applied alternately to the segments in the direction orthogonal to the surface (Fig. 2, c). In this way, the biting off 
process was simulated. Three load levels of 50, 100 and 150 N were assumed. The load of 100 N corresponds to average 
mastication force, while the load of 150 N was employed to estimate the systems’ performance under the overloading 
conditions. The SSS was assessed for the entire structure, including the zygomatic bones, the implants and the denture base. 
Tab. 4 presents the maximum values of equivalent von Mises stresses and strains for the entire (structure) system and 
separately for the zygomatic bones under different loading conditions. The calculated data are indicated for the most loaded 
both implants and areas of the zygomatic bones adjacent to the corresponding one. Through a slash, the values are given 
that were obtained by the calculation at the lower adhesion level (in contrast to the above data for ideal adhesion). This 
option could correspond to attachment of the implants to bone tissue with lower strength properties, for example. In most 
cases, a decrease in adhesion was accompanied by lowering the maximum local stresses. Nevertheless, other results were 
also observed when the location of the concentrator area changed, or the maximum stress level was higher than that for 
ideal adhesion. 
Let us summarize, that two sets of computational experiments were carried out. The first one assumes low adhesion between 
the implants and bone tissue. In doing so, the area of rigid contact was incomplete being realized between the thread and 
cylindrical shape hole only. The boundary conditions at other contact sites of the zigomatic implant with the bone tissue 

128 MPa 
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were set as sliding and separation. In the second case, the “rigid contact” boundary conditions were set over entire contact 
area between the implant and the bone, excluding any sliding. The first case was classified as the “low adhesion”, while the 
“ideal adhesion” was postulated in the second case. 
 

Loaded segment Е, GPa 

In the model as a 
whole at (ideal/low) 

adhesion 
σmis, MPa 

Concentrator 
location at 
(ideal/low) 
adhesion 

In bone tissue at 
(ideal/low) adhesion 

Concentrator 
location at 
(ideal/low) 
adhesion σmis, MPa εmis, % 

1 50 156/130 LR / LR 52/39 0.52 LR / LR 

 100 311/260  104/62 1.05  

 150 467/390  157/99 1.39  

2 50 86/188 LR / UR 41/31 0.42 LR / LR 

 100 173/237  60/62 0.63  

 150 259/366  124/88 1.15  

3 50 91/122 UR / UR 33/29 0.33 LR / LL 

 100 172/244  65/37 0.65  

 150 274/366  98/49 0.98  

4 50 88/98 UR / UR 40/39 0.4 LL / LL 

 100 176/195  56/78 0.81  

 150 264/293  121/117 1.21  

5 50 65/70 UR / LL 41/36 0.41 LL / LL 

 100 130/140  81/72 0.82  

 150 195/210  122/109 1.22  

6 50 50/67 LL / LU 27/23 0.27 LL / LL 

 100 100/134  53/45 0.54  

 150 151/201  67/68 0.82  

7 50 53/61 LL / LU 41/28 0.44 LL / LL 

 100 107/122  82/57 0.88  

 150 161/184  123/85 1.32  

8 50 149/101 LL / LL 60/39 0.64 LL / LL 

 100 298/203  120/78 1.29  

 150 447/304  181/117 1.94  

σmis is equivalent stress, LR is lower right, LL is lower left, UR is upper right, UL is upper left. 
 

Table 4: The calculated results under the action of the axial load on the segments of the denture base. 
 
Fig. 7, a shows a histogram of the maximum eq equivalent stresses in the model for the ideal adhesion case, depending on 
the number of the loaded segment at F(2)=150 N, which indicated the location of the stress concentrator (according to the 
data in Tab. 4). Note that the maximum eq values of 467 and 447 MPa were achieved when loading segments 1 and 8, 
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respectively. They were concentrated in the implants but their levels were not critical. With the yield strength of the Ti-6Al-
4V alloy of 930 MPa, the safety factor was close to two that was acceptable to ensure the reliability of the titanium implant 
under the static loading. The minimum eq values of 151 and 161 MPa were observed when loading segments 6 and 7, 
respectively. 
 

  
a) b) 

 

Figure 7: The histograms of the maximum values of equivalent stresses in the model as a whole (a) and in bone tissue (b) depending on 
the number of the loaded segment. 
 
Regarding the distribution of equivalent stresses in bone tissue, it should be noted that the stress concentrator was found in 
the area of direct contact between the implant and the zygomatic bone. In accordance with the data presented in Tab. 4, a 
histogram of the maximum eq values in the zygomatic bones is shown in Fig. 7,b, depending on the number of the loaded 
segment at F(2)=150 N. The maximum eq values of 157 and 181 MPa were observed in the zygomatic bones when loading 
segments 1 and 8, respectively, while the minimum ones of 98 and 67 MPa were characteristics when loading 
segments 3 and 6. 
Fig. 8 shows distributions of equivalent stresses in the structure (system) as a whole (Fig. 8, a) and separately in the region 
of their concentration in bone tissue (Fig. 8, b) when loading segment 1 at F(2)=150 N. The maximum eq stresses of 
157 MPa were concentrated at the main part of the implant (bending) and its lower right region (compressive). 
In addition, Tab. 4 presents some more atypical results. In particular, the maximum eq value of 264 MPa developed in the 
upper right part of the implant when the load was applied to segment 4 (which corresponded to the location of the right 
incisor), while the lower left part was maximally loaded in bone tissue, where equivalent stresses reached 121 MPa (Fig. 9, 
a). In this case, the region of maximum stress concentration in bone tissue are showed in Fig. 9, b. This result could be 
interpreted as follows. When the incisors were loaded in the maxillary prosthesis, “overturning” loads developed, 
redistributing stresses in the zygomatic bones and causing such an effect. 
Another unexpected result presenting in Tab. 4 was the following. Given the external symmetry of the denture base and the 
identical standard size of the implants in the upper and lower attachments, the distribution of stresses in the implants was 
significantly different when loading segments 1–4 and 5–8. For example, the maximum eq values were 467 and 447 MPa 
when loading a pair of segments 1 and 8, but they were 259 and 161 MPa for segments 2 and 7, 274 and 151 MPa for 3 and 
6, as well as 264 and 195 MPa for 4 and 5, respectively. On the other hand, this difference was leveled out to a noticeable 
extent for bone tissue since equivalent stresses were 157 and 181 MPa when loading a pair of segments 1 and 8, 
124 and 123 MPa for 2 and 7, 98 and 67 MPa for 3 and 6, as well as 121 and 122 MPa for 4 and 5, respectively. This fact 
reflected that the critical stresses were reached in bone tissue not only when the load was applied to the anterior block of 
teeth, which was less resistant to vertical loads (namely, the incisors). 
Fig. 10 shows the displacement fields for loaded segments 1 and 8 at F(2)=150 N. As was noted above, the maximum stress 
levels were observed in both the implants and the zygomatic bones under these loading conditions. Accordingly, the 
maximum displacements took place in the model as well. In the case of loading segment 1 (Fig. 10, a c), the displacement 
of the prosthetic structure of 0.880 mm was much higher (up to eight times) than that (0.104 mm) in the lower right area of 
the zygomatic bone near the implant. When segment 8 was loaded (Fig. 10, b d), the displacement of the prosthetic structure 
of 1.112 mm was greater by twelve times than that (0.091 mm) in the lower left part of the zygomatic bone. In both cases, 
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the difference between the maximum displacements was about 10%. The absence of a fragment of bone tissue in the area 
of the junction of the zygomatic bone with the bridge of the nose qualitatively affected the pattern of the displacement 
redistributions, but to a much lesser extent for the obtained quantitative values. 
 

 
 

 

a) b) 
 

Figure 8: The distributions of equivalent stresses in the structure at the F(2) load of 150 N applied on segment 1: a) stresses in the 
structure; b) the maximum stress in bone tissue. 

 

a) b) 
 

Figure 9: The distributions of equivalent stresses in the structure at the F(2) load of 150 N applied on segment 4: a) stresses in the system; 
b) the maximum stress in bone tissue. 

 

  
a) b) 
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с) d) 

 

Figure 10: The distributions of total displacements of the system and bone tissue at the F(2) load of 150 N applied on segments 1 (a, c) 
and 8 (b, d). 

 
It should be noted as a discussion point that bone tissue adapts to applied loads according to Wolff's law. Respectively, this 
phenomenon controls the remodeling process and, as a consequence, the resulting quality and architecture. Thus, the 
response of the zygomatic bones depends on the magnitude of the applied load in addition to controlling the level of critical 
stresses/strains (determining the likelihood of failure). If the level of developing stresses is within the physiological range 
of about 20–60 MPa, the bone tissue remodeling occurs, but pathological microfractures and necrosis may be observed in 
other cases [35-39]. In addition, the mechanical response of bone tissue around implants also depends on the direction and 
magnitude of the applied load, as well as the quantity/quality of both bones and implants (design, material, production 
routs, etc.) [40-42]. 
 
Calculated SSS for all installed zygomatic implants and denture base under non-axial loads 
During mastication, different groups of teeth experience various loads not only in their levels, but also in the direction of 
their application. Thus, if molars and premolars predominantly operate in the food grinding mode, when the load direction 
predominantly coincides with the vertical axis of the tooth, then the anterior blocks of teeth (incisors and canines) 
predominantly operate in the biting off mode, when the “angle of attack” can differ markedly from normal. For this reason, 
the SSS calculation was carried out for the case of non-axial loading the anterior block of teeth. Boundary conditions (4) 
and (7) were preset, respectively. The F(3) load was applied alternately to segments 4 and 5 at the angle of 45 (Fig. 2, c). 
Similar to problem 2, three F(3) load levels of 50, 100 and 150 N were taken in the calculations. The SSS of the entire system, 
including the zygomatic bones and the implants, was assessed.  
Data of the maximum values of equivalent stresses and von Mises strains for the entire system are summarized in Tab. 5 in 
addition to those for the zygomatic bones under various non-axial loading conditions. The calculated data are indicated for 
the most loaded both implants and areas of the zygomatic bones adjacent to the corresponding ones. 
Fig. 11 shows distributions of stresses after applying the F(3) load of 150 N on segment 4 at the angle of 45. Regions of the 
maximum stresses are outlined with ovals in Fig. 12, a for the system and in Fig. 12, b for bone tissue, respectively. In the 
case of non-axial loading the anterior segments, the SSS changed qualitatively and quantitatively, both in the structure 
(system) as a whole and in the zygomatic bones separately. 
After applying the F(3) load of 150 N on segment 4 in the orthogonal direction, the maximum equivalent stresses of 267 MPa 
were found in the lower right implant, but they were 264 MPa in the upper right one. 
The zygomatic bones showed a similar pattern, i.e. the stress concentration was in the lower left region, but the maximum 
value of 201 MPa was twice that under the orthogonal load, causing an increase in the eq values of up to 2.2% in this region 
that could result in fast failure at this load level. When loading segment 5 as well as segments 4 and 5 simultaneously, the 
maximum levels of equivalent stresses of 265 and 240 MPa were achieved in the left lower implant, but they were 246 and 
223 MPa in the zygomatic bone and in the lower left region near the implant, respectively. At the same time, equivalent 
strains of bone tissue were 2.46 and 2.23%, respectively, exceeding the critical level. Note that they were higher than those 
under orthogonal loading. It could be concluded that non-axial loading the anterior segments (in the biting off mode) led 
to greater stresses and strains. In addition, a redistribution of the load between the implants could occur in the case of 
loading segment 4. 
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No. Loaded segment Fi, N Maximum equivalent stresses and strains 
 in the system, MPa  in zygomatic bone, 

MPa 
in zygomatic 

bone, % 
1 4 50 89 67 0.67 

  100 178 134 1.34 

  150 267 (LR) 201 (LL) 2.02 

2 5 50 88 82 0.82 

  100 177 164 1.64 

  150 265 (LL) 246 (LL) 2.46 

3 4 and 5 simultaneously 50 80 74 0.74 

  100 160 148 1.48 

  150 240 (LL) 223 (LL) 2.23 

Fi is a load on segment 
Table 5: The calculated results for the non-axial loads on the anterior segments of the denture base. 

 
 

   
а)  b) 

 

Figure 11: The distributions of equivalent stresses at the F(3) non-axial load of 150 N applied on segment 5: a) in the system; b) in bone 
tissue. 
 
Figure 12 shows the displacement fields in the model after loading segment 4 both in the orthogonal direction and at the 
angle of 45. The maximum displacement value of 0.95 mm was observed for the non-axial loading conditions, but it was 
only 0.62 μm in the second case. In addition, displacements of the zygomatic bones reached greater values of 0.112 mm 
(right) and 0.122 mm (left) in the first case, but they were 0.083 and 0.078 mm, respectively, for the second loading mode. 
 

   
а)  b) 

 

Figure 12: The distributions of the displacements in the model at the F(3) non-axial load of 150 N applied on segment 4: a)  orthogonal 
loading; b) non-axial loading. 
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Planning prosthetics with 

zygomatic implants

“Improvement” of the solid model of the skull; conversion to FEM-
based model presetting both properties and boundary conditions, 

preliminary determination of the type and position of the implants

A digital skull model based on CT data

Has the bone fracture 

criterion been met?

Calculation of SSS, determination of critical 
stresses and strains under an axial load of the 

“skull-implant-denture prosthesis” structure

Correction dimensions 

of the implants
Yes

Strategy and tactics of a surgical operation 

for the installation of the implants

Has the bone fracture 

criterion been met?

No

Correction of the attachment points for 

the implants at the zygomatic bones
Yes

Optimization of the “skull-implant-

prosthesis” structure

No

Calculation of SSS, determination of critical stresses and strains under 

the axial load of the “skull-implant-denture prosthesis” structure

 
 

Figure 13: The algorithm of the FEM-based computer simulation for planning prosthetics with zygomatic implants. 
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DISCUSSION 
 

he first important result of the study should be considered the revealed fact that the response of the “skull-zygomatic 
implant-denture base” system was not always linear, despite the SSS calculations were carried out in the elastic 
statement. The reasons were the following factors. 

- In the model of the skull, the attachment points of the implants could not be identical everywhere (including the contact 
area between the implant and bone tissue) due to the anatomical features. 
- The calculated results depended on the adhesion conditions at the interface between the implants and bone tissue. 
- When the load was applied to individual segments, the redistribution of stresses and strains took place. 
- There was obvious macroscopic heterogeneity of the developed model (first of all, a disconnection of the zygomatic bone 
with the bridge of the nose). 
As noted above, an additional factor could be the heterogeneity of both properties of bone tissue and its thickness in various 
regions. 
The authors considered it important to focus attention on the result obtained by varying the adhesion conditions at the 
“implant-zygomatic bone” interface (Subsection 3.2). It was shown that lowering the adhesive strength at the area of 
implants-to-bone-issue attachment was accompanied by the slight decrease in both stresses and strains. In some cases, this 
phenomenon was accompanied by achieving the critical stress level. In addition, the overload location could differ from the 
calculated results in the ideal adhesion case. This fact possessed a double meaning. On the one hand, it could be considered 
as a case of attachment of the implant to the zygomatic bone with lower density and, accordingly, less retention ability. In 
addition, it could correspond to another case of low osseointegration of the implant. On the other hand, it was shown that 
high levels and even critical stresses could develop in the zygomatic bones. From the point of view of the SSS calculation 
using the applied model, this fact indicated that the more significant factor was the implant action as a clamped beam (but 
not the adhesion level) according to the strength of materials. Noted that the obtained data were not absolutely accurate 
due to the applied approximation. In addition, the results characterized by a certain subjectivity after “improving” the digital 
model of the skull, removing a number of artifacts, and choosing the computational mesh parameters. However, the 
proposed approach can be used to solve some practically important problems of complex maxillofacial treatment within 
the predictive accuracy limits. Since the FEM-based computer simulation was not the only purpose of this research, the 
authors proposed an algorithm for planning prosthetics with zygomatic implants (Fig. 13). 
 
 
CONCLUSIONS 
 

or the FEM-based computer simulation, the digital model of the “skull-zygomatic implants-denture base” structure 
(system) was developed. Its implementation in the computational experiments enabled to calculate the SSS of the 
structure loaded on individual segments and the whole system. The efficiency of the installation of the zygomatic 

implants was assessed according to the fracture/critical state criterion (tensile strength/deformation due to failure of bone 
tissue). The obtained results made it possible to draw the following conclusions:  
1.   At the load of 150 N, stresses could develop in the zygomatic bones that exceeded their tensile strength, while various 
positions of the implants were characterized by fundamentally different stress levels. In most cases, their maximum values 
were observed in the low left region of the zygomatic bones, reaching the critical level (the fracture criterion was met). At 
the orthogonal load of 100 N on segment 8, the maximum stresses reached 120 MPa in the zygomatic bones, which could 
be considered as fulfillment of the fracture criterion as well. Changing the adhesion conditions at the “zygomatic implant–
bone tissue” interface varied both the level of maximum stress and the location of the critical stress concentrator. 
2.   The local load applied on different segments of the denture base could cause the formation of a critical concentrator 
due to the redistribution of stresses at the area of attachment of the zygomatic implant to bone tissue. 
3.   The local disturbance of the integrity of bone tissue in the skull was one of the key reasons for the redistribution of 
stresses in the “skull-zygomatic implant-denture base” system. Such a phenomenon should be primarily taken into account 
when choosing the standard sizes of installed zygomatic implants in order to reduce the compliance of weakened areas of 
the skull (as the basis of the load-bearing structure). 
4.   Lowering the adhesive strength in the area of attachment of the zygomatic implants in bone tissue was accompanied by 
reducing both stresses and strains, but could not avoid the achievement of the critical stress level. In this case, the stress 
concentrator location could differ from that under the ideal adhesion conditions since the pattern of the SSS was primarily 
determined by the implant action as a clamped beam. 
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5.   Based on the results of the FEM-based computer simulation, the algorithm was proposed for planning prosthetic 
treatment, which involves the iterative method for selecting both size and location of attachment of zygomatic implants 
depending on the results of the SSS calculation and the onset of a critical condition (primarily in bone tissue at the area of 
attachment of zygomatic implants). 
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