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Abstract

Introduction The residual post-COVID maxillary mucor-
mycosis defect (PCMMD) were extensive, due to unilateral
or bilateral maxillectomies. The Goal of rehabilitation of
PCMMD is to deliver a prosthetically driven reconstruc-
tion. FEA was to evaluate the biomechanical response of
PSI struts (PSI 1), PSI Screw retained (PSI 2) and QZI to
masticatory load on virtual simulation to improve accuracy
and enhance the design.

Aim To validate and compare the Biomechanical benefit
of the PSI struts, PSI Screw retained, QZI in a case of reha-
bilitation of post-COVID maxillary mucormycosis defect
(PCMMD) by FEA study.

Methodology The result of stress to masticatory load on
virtual simulation for (1) Maximum and minimum stress
(Von Mises stress); (2) the Displacement (in three positions)
and (3) the Deformation (Plastic strain) was compared on
virtual simulation for PSI 1 and PSI 2 and QZI.
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Conclusion The FEA and comparative evaluation of PSI
1, PSI 2 and QZI showed a good resistance to displacement.
The stress and strain values are low and acceptable. In com-
parison QZI shows more stress in the anterior region.

Keywords Patient-specific implant - Maxillary
reconstruction - Structural optimization - Biomechanical
analysis - Finite element analysis - Additive manufacturing

Abbreviations
PSI Patient specific implants
QZI1 Quad zygoma implant

PCMMD Post-COVID maxillary mucormycosis defect
FEA Finite element analysis

Introduction

COVID-19 pandemic created a unique challenge to the
mankind. The superinfection of mucor fungus was one such
healthcare challenge. The treating surgeons worked hard to
fight the epidemic of mucormycosis. As maxillofacial sur-
geon we treated cases of mucormycosis of jaws. Maxillary
mucormycosis was much more prevalent and was treated by
curettage and osteotomies for removal of affected bone of
maxilla. The residual post-COVID maxillary mucormycosis
defect (PCMMD) are extensive, unilateral/bilateral, almost
complete maxilla (subtotal) is missing in few cases. The
Goal of rehabilitation of PCMMD is to deliver a prostheti-
cally Driven reconstruction. This is to restore facial contour
and masticatory function. The traditional Maxillofacial
prosthesis (Obturator) has been used previously [1]. There
are challenges in using obturators for PCMMD.Customised
Patient specific implants (PSI) prepared by virtual planning
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and CAD- CAM printing technology is recently used in lit-
erature for cases of maxillectomies [2]. In cases of bilateral
maxillectomies, for lack of bony support quad zygomatic
implants are used [3-5].

Thus, PSI and Quad Zygoma Implants (QZI) are options
for the support of prosthesis in the severe maxillary defects
of PCMMD. There is a need to study the biomechanical
properties of PSI and QZI as its response to functional load
of chewing. Finite element analysis has a role in prelimi-
nary evaluation of this biomechanical performance of these
implants [6].

We designed two types of PSI depending on the design of
dental implants for future prosthesis support: PSI with the
struts (PSI 1) and PSI with Screw retained implants embed-
ded in PSI (PSI 2). The purpose of the present FEA study
was to Validate and compare the Biomechanical benefit of
the PSI struts, PSI Screw retained, QZI in a case of reha-
bilitation of post-COVID maxillary mucormycosis defect
(PCMMD) by FEA study.

The unique condition of PCMMD can be treated with
similar principles of PSI or QZI. PSI was designed as wings,
connectors and attachments either struts or screw retained
implants. The ability of these implants to sustain the masti-
catory forces transmitted during function can be studied on
virtual simulation.

Methodology

Finite element analysis (FEA) was used with objectives—To
compare response of PSI struts, PSI Screw retained and QZI
to masticatory load on virtual simulation for

Fig. 1 3-D CT image of a case
for FEA

1. Maximum and minimum stress (Von Mises stress)
2. the Displacement (in three positions)
3. the Deformation (Plastic strain)

FEA was to evaluate the biomechanical response of PSI
struts, PSI Screw retained and QZI to masticatory load on
virtual simulation to improve accuracy and enhance the
design.

The letter from IEC (IEC/06/03 Dated 26/09/2022)
received for exemption from Ethical review. Selection of
case of PCMMD of Bilateral defect in maxilla. This patient
male, 62 year old gave history of COVID infection in
March 2021. He was hospitalized for fifteen days and was
on oxygen support. Two months after this he complained
of mobility of teeth with pus discharge in upper jaw. He
was diagnosed with Maxillary mucormycosis in June 2021.
The extensive ablation of bilateral maxillary sinus debride-
ment and maxillectomy for removal of necrosed maxillary
bone was performed. High-resolution multi-slice CT scan
was performed on the head and neck region by CT scanner.
The voxel size was non-isotropic, with a width and height
of 0.75 mm and a slice thickness of 1 mm.

CT DICOM file was sent to Biomechanical engineer.
All data in Digital Imaging and Communications in Medi-
cine (DICOM) format were imported. Figure 1 is the CT
image showing Bilateral defect of maxilla, loss of alveolar
bone, palate, maxillary sinus walls, floor, nasal floor, part
of lateral nasal walls. There was presence of complete,
zygomatic bone, infraorbital rims, floor of orbit and nasal
bone.

The CT image was converted into STL file format using
DICOM to print format. This format was used afterwards
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using Geomagics free format. A 3-dimentonal reconstruc-
tion of images was produced with a surface triangulation
technique. For this purpose, a redefinition of edges and
surfaces from scanned images was conducted in order to
build a simplified model covering most of volume of origi-
nal geometry.

Throughout the process special care was taken to keep
the surfaces of the implant in contact with the bone as
faithful as possible to original model. Designing of the
implant done by design tool present in the Geomagic free
form software.

PSI implants were prepared by additive manufactur-
ing with mirror finish outside and mat finish inside done
by grinder by aluminum beat blasting. PSI was prepared
from medical grade titanium TiAl,V, with yield strength
116 MPa; Ultimate strength 1286 MPa and Fatigue
strength 410 MPa. Thickness was 1.8 mm. PSI designed
was single piece for bilateral defect. The parts were zygo-
matic wings, nasal wings connector bars and six points for
dental attachments. Here in PSI struts(PSI 1) design six
struts were incorporated in design (Fig. 2A) and in another
design the screw retained dental Implants (ADIN Dental
Implants) (PSI 2) were incorporated (Fig. 2B). The simula-
tion of PSI 1 and 2 were used for FEA. The splinted four
Zygomatic implants (Quad Zygoma Implant QZI) of Nobel
BioCare were used for simulation (Fig. 2C). Virtual simu-
lation and FEA performed on Dassault Simula software.

The vertical force of 150 N on anterior component and
300 N posterior component were applied simulating load
transfer from the prosthesis. It was considered that the
force was uniformly distributed through the connector to
the zygomatic component of the implants. The response
was recorded as per the software settings for the maximum
stress on the underlying remaining bone and on respective
implants along with displacement and deformation.

FEA was done in four steps.

(1) Import STL—in digitalized shape to surface software

(2) Mesh of implant and Model is checked by the automa-
tion tool in the software

(3) Application of loads, definition of material, tetrahedron
mesh, check is done through structural model creation
software

(4) Mechanical scenarios—Static loading was done on
implant in structural analysis

e Then simulation is performed and results are given

e in case of error, design and structure is slightly
modified to dissolve error and obtain final FEA
results.

Results

The data were collected as received from software. Table 1
shows the stress value in newton per meter square (N/m?) in
PSI 1, PSI 2 and QZI for Von mises stress, Displacement at
three components 1.1, 2.1 and 3.1.

The overall minimum Von mises stress developed were
1.37 (PSI 1); 2.28 (PSI 2) and 4.35 (QZI). The overall maxi-
mum Von mises stress developed were 1.63 (PSI 1); 1.92
(PSI 2) and 1.92 (QZI). The minimum Von mises stress
developed on Implant were 1.37 (PSI 1); 2.28 (PSI 2) and
4.35 (QZI). The maximum Von mises stress developed on
implant were 1.63 (PSI 1); 1.92 (PSI 2) and 1.92 (QZI).
Whereas zero minimum Von mises stress developed on sur-
rounding bone and the maximum Von mises stress devel-
oped were 1.37 (PSI 1); 1.35 (PSI 2) and 2.28 (QZI). The
simulation of displacement magnitude (mm) for the anterior
component 1.1, minimum was — 0.03(PSI 1); — 0.02 (PSI 2
and QZI), whereas maximum was 0.03(PSI 1); 0.04 (PSI 2
and QZI). The observation value of Displacement at middle
component 2.1, minimum was — 0.07(PSI 1); — 0.001(PSI
2 and QZI), whereas maximum was 0.03(PSI 1); 0.06
(PSI 2 and QZI). The observation value of Displacement
at posterior component 3.1, minimum was — 8.55(PSI 1);

Design of Implants and Direction of Masticatory Load

Fig. 2 Design of implants and direction of masticatory force for simulation. A PSI 1; B PSI 2; C QZI
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Ta})le 1 Comp aris.on of Von Sr no Sensor name PSI 1 PSI2 QZI

Mises stress and Displacement

of PSI 1, PSI2 and QZI Min Max Min Max Min Max
1. Von Mises stress overall (N_m?) 1.37 1.63 2.28 1.92 4.35 1.92
2. Von Mises stress on implant (N/m?) 1.37 1.63 2.28 1.92 4.35 1.92
3. Von Mises stress on bone (N/m?) 0 1.37 0 1.35 0 2.28
4. Displacement magnitude (mm) 0 089 0 012 0 0.12
5. Displacement component 1.1 (mm) -0.03 0.03 —0.02 0.04 —0.02 0.04
6. Displacement component 2.1 (mm) -0.07 0.03 —0.001 0.06 —0.001 0.06
7. Displacement component 3.1 (mm) —-855 0.08 —-0.001 0.10 —0.001 0.10
8. Reaction force (N) 0 24 0 193 0 193

PSI 1, patient specific implant with struts; PSI 2, patient specific implant with screw retained implants;

QZI, quad zygomatic implant

— 0.001(PSI 2 and QZI), whereas maximum was 0.08(PSI
1); 0.10 (PSI 2 and QZI).

Discussion

FEA gives biomechanical insight into structural behavior of
the particular designs by simulation. This virtual simulation
provides a structural analysis of how a particular product or
design would react under stress in real world.

PCMMD was a three-dimensional defect in midface. The
defects were extensive and rarely follow any classification
pattern used as a basis for reconstruction of the maxillary
defects. The PCMMD was due to subtotal maxillectomy.
Autogenous grafts cannot replicate these anatomical struc-
tures. PSI has been recently used for the maxillary defects.
These were prepared by additive technology for the custom-
ized 3D titanium PSI [2, 7-9]. Quad zygoma implant sup-
ported prosthesis has been used for the defect of maxilla. It
was considered as safe, predictable, and cost-effective treat-
ment modality [3-5, 10].

The references cited above for use of PSI and QZI for
support of maxillofacial prosthesis are case reports or series
with successful results.

The FEA studies for use of two zygomatic implants
along with anterior dental implants had been shown to have
maximum stress distribution to zygoma and less to anterior
implants [11-13]. The thickness and cortication of zygo-
matic bone is sufficient to provide the anchorage and support
to bear the masticatory load [11].

The clinical situation of PCMMD was result of subtotal
maxillectomy defect. It was extensive and there was no ante-
rior support. The use of four (Quad) zygoma increased the
bony anchorage and distribution of stress. However, absence
of anterior implants, and support of lateral surface of maxilla
increased the unsupported length of zygomatic implant. This
warrants to study the stress distribution by FEA study.

The Biomechanical properties of the Indigenously
designed PSI and the zygomatic implants available was
performed. We considered need to study the biomechanical
properties of these implants. The normal biting forces in the
range of 150-300 N were the forces applied on the implants.
The site of force application was at the attachment of pros-
thesis to attachment bars.

In an article on maxillofacial prosthodontics of mucormy-
cosis defects, use of obturators as maxillofacial prosthesis
was prevalent. The need to use of remote implant support
by use of anchorage from pterygoid, zygomatic bone for
improvement in prosthesis retention and support. The need
of reduction of weight of Maxillofacial prosthesis was dis-
cussed. The reduction of weight of prosthesis was critically
important when the prosthesis is suspended without much
remnant bone and tooth support [1, 14].

The PSI or QZI supported the prosthesis. These will
transfer a lot of forces on the struts, connectors and bars.
The present study has studied the biomechanical properties
of these implants on virtual simulation. FEA bears a princi-
pal role in virtual evaluation of the designed PSI and QZI for
PCMMD. The stress, strain and displacement distribution
were simulated for occlusal loading. The FEA would give
preliminary validation of structural analysis. This had been
used for validation of most promising designs [6, 15, 16].

Table 1 shows all the values of interpretation. The maxi-
mum Von mises stress on implant for PSI 1, for PSI 2 and
QZI was 1.63, 1.92 and 1.92 N/m?, respectively. Value of
maximum Von Mises stress on Implant was higher in QZI
followed by PSI 2and PSI 1. The maximum Von Mises stress
on bone for PSI 1, PSI 2 and QZI was 1.37, 1.34, and 2.28
N/m?, respectively. This was higher in QZI and almost equal
in PSI1 and PSI 2. Figure 3 shows the Von Mises stress in
colour coding in three implants. The higher stress is seen on
the zygomatic implant and its splinted bar. The highest von
Mises stresses are shown in red, while the lowest are shown
in dark blue. There are more blue areas on PSI 1 and PSI 2.
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‘ Von Mises Stress ‘

Von Mises Stress.1 (N_m2)

1.63e+8
1.47e+8
1.31e+8
1.14e+8
9.8e+7
8.17e+7
6.53e+7
4.9e+7
3.27e+7
1.63e+7

1.37e-28
Deformation scale: 1

8|

Fig. 3 Von Mises stress image showing the deformation scale in colour coding the minimum is dark blue. A PSI 1; B PSI 2; C QZI

The minimum displacement magnitude of all was zero.
The maximum displacement magnitude of PSI 1 was
0.89 mm, that of PSI 2 and QZI was 0.12 mm. PSI 1 dis-
placement value was higher than PSI 2 and QZI, which are
equal. The displacement magnitude at the individual com-
ponent minimum is in negative value and maximum value
were similar in anterior and posterior component of three
implants. For anterior component (1.1) the displacement
value of PSI 1 was 0.03 mm and for PSI 2 as well as QZI
was 0.04 mm. For component 2.1 the displacement value
of PSI 1 was 0.03 mm and for PSI 2 as well as QZI was
0.06 mm. For component 3.1 the displacement value of PSI
1 was 0.08 mm and for PSI 2 as well as QZI was 0.10 mm.
Figure 4 shows that the displacement (red colour) was in
anterior region.

Plastic strain of deformation is shown in Fig. 5, it was
equal for all three implants. The lower values are in dark
Blue indicate low values of plastic strain.

All three implants PSI 1, PSI 2 and QZI show minimum
displacement, good resistance to displacement and deforma-
tion. However, among the three the QZI shows more stress
in the medial implant and connecting bars.

Displacement.1 (mm)

0.0887
0.0798
0.0709
0.0621
0.0532
0.0443
0.0355
0.0266
0.0177
0.00887

0
Deformation scale: 1

In a FEA study of a PSI design on the severely atrophic
maxilla by Mommaerts MY, this displacement constraints
were chosen to be a maximum vertical displacement of
0.1 mm. They accepted this after the experimentation of
FEA on bone [17].

The displacement values of the present FEA study of all
three implants at component 1.1 and 2.1 were below 0.1.
Only values at component 3.1 were 0.1 for PSI 2 and QZI.
Thus, the displacement values are acceptable for all three
designs.

The total maximum masticatory force of around 150 N
in upright direction for the dental implant and masticatory
force studies were assumed by Kaman et al., Demeko et al.,
and Liu et al. [18-20].

The vertical masticatory force value of 300N was used by
other researchers (Saini, Miyamoto) [21, 22]

In the present study vertical load of 150 N in anterior
and 300 N in posterior loading points estimated the reaction
force of 24 N in PSI 1 and 195 N each in PSI 2 as well as
QZI (Table 1). These forces can show the estimated response
of the implants to the average daily use of the prosthesis.

The 3D finite element analysis is a virtual stress analysis
widely used for studying the stress and strain biomechanical

Displacement

.

Fig. 4 Displacement seen on deformation scale with colour coding, the minimum—dark blue and maximum—red. A PSI 1; B PSI 2; C QZI
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‘ Plastic Strain
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Fig. 5 Plastic strain seen on deformation scale with colour coding,the minimum—dark blue. A PSI 1; B PSI 2; C QZI

effects. The new designs of PSI 1 and PSI 2 would be fixed
to the zygoma with micro-screws through individual tita-
nium network. The six dental implant like connectors would
support the future prosthesis. In case of QZI, the connect-
ing bar produces splinting of the four implants inserted
in zygoma. The future abutments connected to these four
zygoma implants for virtual simulation. These abutments
would support the future prosthesis. These three designs
were biocompatible structure for future maxillofacial pros-
thesis. The prosthesis would support the lips, cheeks and
will give function of chewing. This is a graft-less solution,
possibility of immediate provisional prosthesis. A huge
defect of PCMMD can be restored with the maxillofacial
prosthesis with lighter weight and better retention using PSI
or QZI. The optimum satisfaction of patient and quality of
life improvement are expected after fulfilling the biome-
chanical requirement of PSI and QZI [23].

Limitation of the study: The CT image is used for simu-
lation had only the bone tissue. The soft tissue component
could not be studied. FEA was studied on models and not
on Real structures. In FEA study all the results of stress,
strain or displacement are approximated cannot obtain the
difference between the obtained results and the real one.
The statistical tests cannot be applied on the data obtained.

Conclusion

The FEA and comparative evaluation of PSI 1, PSI 2 and
QZI showed a good resistance to displacement. The stress
and strain values are low and acceptable. In comparison QZI
shows more stress in the anterior region.
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