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Abstract

Edentulism with associated severe bone loss is a widespread condition that hinders the use of
common dental implants. An additively manufactured subperiosteal jaw implant (AMSJI) was
designed as an alternative solution for edentulous patients with Cawood and Howell class V-
V111 bone atrophy. A biomechanical evaluation of this AMSJI for the maxilla in a Cawood and
Howell class V patient was performed via finite element analysis. Occlusal and bruxism forces
were incorporated to assess the loading conditions in the mouth during daily activities. The
results revealed a safe performance of the implant structure during the foreseen implantation
period of 15 years when exerting average occlusion forces of 200 N. For the deteriorated state
of class VIII bone atrophy, increased stresses on the AMSJI were evaluated, which predicted
implant fatigue. In addition, excessive bruxism and maximal occlusion forces might induce
implant failure due to fatigue. The models predicted bone ingrowth at the implant scaffolds,
resulting in extra stability and secondary fixation. For all considered loading conditions, the
maximal stresses were located at the AMSJI arms. This area is most sensitive to bending forces
and hence, allows for further design optimization. Finally, the implant is considered safe for

normal daily occlusion activities.



Edentulism is a major disease worldwide, with a high prevalence in elderly patients'2. The
complete and irreversible loss of natural teeth has a significant impact on the health status of
patients, causing functional and social limitations2. Patients with healthy maxillary bone qualify
for root-shaped implants with associated dentures. Solutions for patients with excessive bone
atrophy include bone grafting with the placement of root-shaped implants, the All-on-4 concept,
quad-zygoma implants or combinations. Bone grafting has potential complications including
nerve injury, hematoma, fracture, infection, bone loss and oroantral fistulation®. Single implant
loss after All-on-4 results in a critical end-stage situation®. Disadvantages of zygomatic implants
include the need for excellent surgical skills because piercing the Schneiderian membrane of the
maxillary sinus should be prevented®. In addition, complications such as infection at the implant
tip, tissue retraction, communication between the oral cavity and the maxillary sinus, extraoral
fistulation and intra-orbital abscesses can occur®. The Additively Manufactured Subperiosteal
Jaw Implant (AMSJI) poses an alternative®’. The implant is designed for patients with Cawood
and Howell class V-VI1II maxillary bone atrophy. This patient-specific design is three-
dimensionally (3D) printed using TiAl6V4 grade 23 Extra Low Interstitial (ELI). The AMSJI-
concept consists of three components: a left and right AMSJI subunit and an intra-oral
connector. The AMSJI subunits are placed subperiosteally, while the connector (supra-structure)
links them together. Both AMSJIs are provided with a scaffold region at the bone-implant
interface to sustain and support tissue ingrowth and stabilization of the implant”®. Figure 1
shows a left AMSJI segment with indicated color-coded components. Two wings (red) make a
connection with the basal looped frame (orange). The arms (green) are the connection between
the basal looped frame and the posts (yellow). In the wings, holes are present for placing
osteosynthesis screws. The division into subparts improves the procedure for both surgeon and
patient. The patient will experience less pain and edema because the incision wounds are
smaller. In addition, the surgeon will experience more comfort while performing the operation,

which is usually done using local anesthesia, nasotracheal intubation, or intravenous sedation.



The purpose of this study was to perform a biomechanical evaluation of the revisited
subperiosteal implant concept, using finite element analysis (FEA) subjected to the
physiological and pathological loading conditions in the mouth, to provide clinically relevant
information about failure and fatigue of the implant structure, stress shielding of the bone tissue,

and the effects of osseointegration in the scaffolds.

2. Materials and Methods

Segmentation of Digital Imaging and Communications in Medicine (DICOM) images with
Mimics Innovation Suite 22 was performed on CT scans for the implants, which were designed
using Geomagics Sculpt 2019.2.50 (3D Systems). This resulted in surface tessellation language
(STL) files of the maxillofacial complex designed by CADskills. Autodesk Meshmixer 3.5.474
and Materialise 3-matic 14.0 were used to process and remesh the parts, respectively, using
C3D10M mesh elements. A convergence study was performed to determine an appropriate
mesh density, taking the tradeoff between the accuracy of the results and the computational load
into account. A mesh density was chosen for which the average von Mises stress values did not
deviate more than 4.4% from the converged value. Two different meshes were created, one for a
Cawood and Howell class V patient and one for a Cawood and Howell class VI patient. In the
latter, the maxillary component was further resorbed based on the first mesh using Autodesk
Meshmixer. The volume meshes were exported to the FEA software Abaqus/CAE 2017. Table
1 shows the different material properties assigned to the different components in the assembly.
All materials were assumed to be linear elastic and isotropic. Titanium Grade 23 (TiAl6V4) ELI
was used for both AMSJI subunits and the connector, with yield strength 6y = 1116 MPa and

ultimate strength o; = 1286 MPa (Table 1).

In addition, material properties of cortical bone tissue were applied for the maxilla. The

scaffolds consisted of diamond unit cells with 500 pm pores with a porosity P of 80%.



Immediately after surgery, the scaffold was assumed to be filled with body fluids. The

following formula was used to obtain the Young’s modulus E of an open cellular structure or

scaffold: E = Eo (pﬂ)z, where Eo, p and po are the Young’s modulus of the fully dense material,
0

the corresponding porous material density and the corresponding fully dense material density,
respectively®. In addition, the relationship between the Poisson’s ratio and the relative density
of the open cell structures was used to estimate the Poisson’s ratio of the scaffold!!. Four
different loading conditions were considered in order to mimic the daily activity in the mouth. A
force of 200 N was applied to the molar region on the left side of the mouth in the case of
average occlusion. For maximum occlusion, 1000 N was assumed. Directions of the force were
corrected in all three dimensions, taking into account the inclination of the molar cusps. In
addition, both clenching and grinding loading conditions were considered. Clenching forces of
1000 N were applied in the vertical direction over the whole connector, whereas grinding forces
of 500 N were considered horizontally and unilaterally in the molar region. Movement of the
maxilla was restricted by applying a boundary condition to its upper edge. Appropriate contact
interactions in both normal and tangential directions were defined between the different parts of
the assembly. The Coulomb friction model was used for the tangential component, with a

friction coefficient of 0.36 and 0.30 for titanium-titanium and titanium-bone, respectively2,

Furthermore, the scaffolds were tied to the implant. No friction was assumed between the
scaffolds and the AMSJIs. The maximum stresses in the FEA models were calculated as the
average of the magnitudes in the nodes of the element experiencing the highest stresses and
were defined as the average peak stress. This was done to avoid the contribution of unreliable

outlier values.

3. Results

3.1. Average occlusal forces



For an average occlusal load of 200 N applied to the left side of the mouth, the maximum von
Mises stress was reached in the left AMSJI, as shown in Figure 2. For the average occlusion
model, the average peak stress was located at the middle arm and equaled 178.8 MPa. The
logarithmic strains in the maxilla are shown in Figure 3. Microstrains lower than the threshold
of 50 pe are shown in black. A few nodes exceeded the upper threshold of 1500 pe. The highest

logarithmic strains were located at the upper edge of the maxilla, indicated in gray in Figure 3.

3.2. Maximal occlusal forces

In the case of maximal occlusal forces of 1000 N, the average peak von Mises stress located at
the middle arm of the left AMSJI increased to 902.0 MPa. Figure 4 shows the microstrains in
the maxilla when experiencing maximal occlusion. Higher values were present, reaching up to
7000 pe. In addition, Table 2 gives the relative micromotions between the scaffolds and the

bone tissue in all three directions.

3.3. Maximal clenching forces

Clenching forces of 1000 N on both sides of the mouth resulted in maximum von Mises stresses
on the left AMSJI, as shown in Figure 5. The average peak value equaled 420.8 MPa and was
located at the medial arm. Logarithmic strains in the maxilla showed a similar pattern as the
strain distribution of the average occlusion case. Except for the higher values at the upper edge

of the maxilla, microstrains did not exceed 1500 pe.

3.4. Maximal grinding forces

Figure 6 shows von Mises stresses on the implant structure in the case of 500 N unilateral
grinding. The highest von Mises stresses were located at the middle and lateral arm of the left
AMSJI. The maximal average peak stress equaled 638.7 MPa. Figure 7 shows the logarithmic

strains in the maxilla. Values up to 4000 ue were reached.

3.5. Class V and class VIII comparison



After further bone resorption at the residual ridge, the average peak von Mises stress in the left
AMSJI, located at the middle arm, increased to 201.5 MPa. The order of magnitude of the
microstrains in the maxilla of the class V111 patient did not change compared to the class V

patient.

4, Discussion

The implant structure will be subjected to various loading conditions during normal daily
activities. Numerous studies have investigated the values of forces applied on the teeth during
mastication®*1’. However, these studies report a wide variation of force magnitudes, which can
be explained by both the inherent variability of the mastication process and the use of various
measurement methods®®. In the literature, the voluntary bite forces in healthy dentate subjects
reach diverging values ranging from 70 N up to 1000 N in maximal occlusion cases'®'-20,
These bite forces are applied on the teeth in an intermittent, rhythmic, and dynamic way with an
average total time of 1050 s or 17 min 30 s per day (24 h)?'. Most studies only consider the
vertical bite forces, but in theory, bite forces might be exerted in all three dimensions4. The
non-perpendicular components of the occlusion forces can provide a significant contribution to
the loading pattern exerted on the teeth and jaw**. Chewing on a food bolus usually takes
place in the posterior region and alternates between the left and right sides of the mouth, more
specifically in the region covered by the canines, premolars, and molars. In addition, the jaw
muscles may also exert forces unrelated to the processing of food. Bruxism is defined as the
involuntary rhythmic or spasmodic clenching or grinding of teeth?2. Clenching refers to the
pressing and clamping of the teeth together, which is often associated with acute nervous
tension?2. On the other hand, grinding is defined as the act of correcting occlusal disharmonies
by grinding the natural or artificial teeth?. As is the case for voluntary occlusal forces, bruxism

forces reach a broad range of values of 1000 N or even higher?*2,



For all considered loading patterns, the average peak value stresses experienced by the implant
structure were lower than both the yield and ultimate strength of TiAl6V4 grade 23 ELI. Thus,
no plastic deformation or immediate fracture of the implant is expected. However, in the case of
maximal occlusion of 1000 N, the maximal stress approached the yield strength of 1116 MPa in

some individual nodes of the AMSJI arms, which increases the risk of plastic deformation.

It is recommended to avoid maximal voluntary occlusion as much as possible when wearing the
implant structure. Attention should be paid to patients wearing both upper and lower implants.
Due to the loss of their proprioception, higher occlusion forces might be exerted, leading to
plastic deformation and failure of the AMSJI structure. In addition, extra simulations of the
denture structure revealed no fracture of the denture when experiencing maximal occlusion or
grinding forces. Thus, a denture fracture is not expected to occur before the AMSJIs experience

risky stress conditions.

In order to predict whether the implant structure will survive the foreseen implantation period,
the fatigue properties of the implant structure were considered. For a planned period of 15 years
and assuming a total of 1050 chewing cycles per 24 h?, a fatigue threshold of approximately
200 MPa was defined, taking into account the manufacturing process, the surface roughness,
and the heat treatment of the titanium-alloy?. In the case of average occlusion, the average peak
stresses were lower than the predefined fatigue threshold of 200 MPa and hence, the implant is
expected to withstand the applied forces during the planned 15 years. However, in the case
where the bone further resorbed after placement of the implant structure, the average peak stress
equaled 201.5 MPa and approached the fatigue threshold. As a result, fatigue is expected to
occur for the titanium implants, initiating localized plastic deformation, cracks, or even failure?’.

Therefore, practitioners should monitor for possible further bone resorption.

Even if adequate stresses and strains are transmitted to the alveolar ridge, which avoids the
occurrence of disuse atrophy, further residual ridge resorption (RRR) is not completely

excluded. Other biological processes might induce important contributions to the RRR and



should not be neglected. Further investigation of the RRR processes is necessary. For maximal
occlusion, the fatigue thresholds for clenching and grinding forces should be determined
depending on the total number of cycles of these events. However, due to the patient-specific
nature of bruxism, no consensus exists in the literature. Inverse calculations predict that the
implant can only withstand a maximum of seven clenching events per 24 h in order to avoid
fatigue. In the case of grinding, only one event per 24 h is allowed. These results indicate the
danger of inserting an AMSJI in bruxists. As a result, it is recommended to exclude bruxism

patients from the target group of AMSJI.

The abovementioned results should be treated with caution for the following reasons. First, the
applied forces are considered maximal *worst cases’. The magnitude of the forces is expected to
be lower in reality. Secondly, in the real-life situation, the magnitude of occlusal and bruxism
forces will differ from cycle to cycle, which can influence the fatigue results. Finally, some
assumptions were made regarding the manufacturing process, heat treatment, and surface

quality of the AMSJI, which also affect the fatigue threshold.

The bone physiology and the occurrence of stress shielding were investigated via microstrains
experienced by the maxilla. Microstrains in the range of 50 to 1500 pe represent a steady state
of the bone tissue, without net changes in the bone volume?#, Disuse atrophy or stress
shielding was expected to occur for values lower than 50 pe, whereas values exceeding 1500 pe
indicated overload on the bone tissue. Mild overload results in net bone growth, whereas
pathological overload will result in a net loss of bone volume??, For average occlusion and
clenching, the magnitude of the microstrains remained in the physiological range, indicating
that no stress-shielding and no net bone growth is expected. As indicated in Figure 3 by the
black colors, resorption of some bony protrusions is expected in the case of average occlusion
due to microstrains lower than 50 pue. However, it is not expected that resorption of these
protuberances will lead to further stress shielding with associated bone loss of the overall

alveolar ridge. In fact, according to the results, the load transfer at the implant-bone interface



and the corresponding microstrains were still adequate in the region of the alveolar ridge to
prevent further resorption. Furthermore, several increased values were seen at particular nodes
and elements located at the interface of the maxilla and the AMSJIs. However, it was assumed
that these restricted strain concentrations were caused by poor contact interactions and
therefore, they were disregarded. In addition, the higher microstrains at the upper edge of the
maxilla corresponded to the region of the applied boundary conditions. Hence, these values
were also considered unreliable. Figure 4 shows the microstrains in the case of unilateral
maximal occlusion. The results indicated an overload of the bone tissue with corresponding
changes in the bone remodeling process. Similar results were obtained for the microstrains
when exerting unilateral grinding forces. Again, the results predict dangerous consequences for
both maximum occlusion forces and grinding forces, emphasizing the need to avoid these forces

as much as possible in AMSJI-wearing patients.

The relative motions between the bone and the scaffolds were tested for the extreme occlusion
case. All relative motions were lower than 28 um, which is the threshold value for maximal
motions between both scaffold and bone in order to ensure bone ingrowth®3, As a result,
osseointegration is expected to occur when exerting both maximal and average occlusal forces.

The resulting bone ingrowth ensures extra stability of the implant and thus secondary fixation.

Finally, the results show that the arms experienced higher stresses than the rest of the implant
for all tested loading conditions. In addition, a sensitivity analysis revealed increasing maximal
stresses on the AMSJI when the vertical inclination angle increased. This implies that the arms
are sensitive to bending forces. Therefore, this region can be considered the weakest spot of the
AMSJI. Lateral forces should be avoided as much as possible in AMSJI-wearing patients.
However, the slope of natural teeth, which was used during the simulations, is often higher than
the slope of the molars in dentures. Due to the flatter cusps of the molars in dentures, the

contribution of the lateral forces will be lower, which diminishes the lateral contribution to the
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implant structure. This will lead to smaller bending moments experienced by the AMSJI arms

and thus have a beneficial effect.

5. Conclusion

The FEA simulations predicted a stable and safe implementation of AMSJI for class V patients
exerting average occlusal forces during daily activity. However, further resorption of the
residual ridge might cause fatigue of the implant. It is recommended to follow-up regarding the
quality of the bone after placement of the AMSJIs. Furthermore, fatigue of the implant is a
potential risk for bruxism patients and therefore, it is advisable to exclude bruxism patients from
the target group for AMSJI. Maximum and exaggerated voluntary occlusion forces should be
avoided because in extreme situations, they can induce plastic deformation of the implant and
consequently lead to a fracture. For all considered loading cases, the highest stresses in the
AMSJIs were located at the arms, which are sensitive to bending forces. Optimization of the
current design could include the strengthening of the arms to improve the safety of the implant
structure. Finally, under normal circumstances, the AMSJI design is completely safe to use and
considered the best solution for edentulous patients with Cawood and Howell class V-VIII bone

resorption.
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Tables

Table 1 Material properties

Material E(GPa) v
TiAl6\V4323 111 0.34
Bone3*+3 15 0.3
Scaffold (no osseointegration) ®* 4.4 0.43

Legends: E: Young elastic modulus; v: Poisson ratio

Table 2 Relative motions between the scaffolds and the bone tissue

Avg. L (um) Avg. R (um)  Max. L/R (um)

Contact opening 5.83 3.00 15.96
Tangential motion (x) 0.14 0.0041 16.18
Tangential motion (y) 0.021 0.0061 8.47

Abbreviations: Avg.: average; Max.: maximum

Table 3 Maximum stresses (MPa) in the implant structure

1. (MPa) 2. (MPa) 3. (MPa) 4. (MPa)
Grinding 500N 670.34 591.94 609.61 565.5
Grinding 750N 1056.17 865.17 916.97 886.95
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Legends to the Figures

Fig. 1. Left AMSJI with color-coded components

Fig. 2: Von Mises stress [MPa] distribution in the left AMSJI in the case of an average

occlusion of 200 N. Maximal stress is indicated by the pink circle.

Fig. 3: Logarithmic strains [-] in the maxilla in the case of average occlusion at the left side of

the mouth. Thresholds were set to 50 - 1500 .

Fig. 4: Logarithmic strains [-] in the maxilla in the case of maximal occlusion at the left side of

the mouth. Thresholds were set to 50 - 1500 .

Fig. 5: Von Mises stress [MPa] in the left AMSJI in the case of a maximal clenching force of

1000 N. Maximum stress is indicated by the pink circle.

Fig. 6: Von Mises stress [MPa] in the implant structure in the case of a maximal grinding force

of 500 N. Peak values indicated by colored circles.

Fig. 7: Logarithmic strains [-] in the maxilla in the case of a maximal grinding force of 500 N.

Thresholds were set to 50 - 3000 Lie.
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