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ARTICLE INFO ABSTRACT

This study investigated the effect of implant thickness and material on deformation and stress distribution within
different components of cranial implant assemblies. Using the finite element method, two cranial implants,
differing in size and shape, and thicknesses (1, 2, 3 and 4 mm, respectively), were simulated under three loading
scenarios. The implant assembly model included the detailed geometries of the mini-plates and micro-screws and
was simulated using a sub-modeling approach. Statistical assessments based on the Design of Experiment
methodology and on multiple regression analysis revealed that peak stresses in the components are influenced
primarily by implant thickness, while the effect of implant material is secondary. On the contrary, the implant
deflection is influenced predominantly by implant material followed by implant thickness. The highest values of
deformation under a 50 N load were observed in the thinnest (1 mm) Polymethyl Methacrylate implant (Small
defect: 0.296 mm; Large defect: 0.390 mm). The thinnest Polymethyl Methacrylate and Polyether Ether Ketone
implants also generated stresses in the implants that can potentially breach the materials' yield limit. In terms of
stress distribution, the change of implant thickness had a more significant impact on the implant performance
than the change of Young's modulus of the implant material. The results indicated that the stresses are con-
centrated in the locations of fixation; therefore, the detailed models of mini-plates and micro-screws im-
plemented in the finite element simulation provided a better insight into the mechanical performance of the
implant-skull system.
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1. Introduction technology. There are numerous factors that can affect the long-term

reliability: defect location, shape, bone quality, expected loads on the

A dramatic growth in 3D printing technology and its overall ac-
cessibility has revolutionized many fields such as manufacturing, edu-
cation, healthcare to name a few [1]. In the field of medical im-
plantology, cranioplasty has benefited from this technology by offering
greater treatment options and improved quality [2,3]. Patient-specific
skull implants manufactured using 3D printing technologies are gaining
in popularity since they offer a unique possibility to improve treatment
planning and implant design, which consequently influences the suc-
cess of the therapy [4-7]. The current 3D printing workflow process
comprises four basic steps: patient scanning, treatment design, implant
fabrication, and implantation. The 3D printing workflow typically takes
a few days with printing times of approximately 10 h [8].

The long-term stability and reliability of the aforementioned con-
structs is still not well documented mainly due to the infancy of the
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implant assembly, and constraints caused by the surrounding soft tissue
and bony structures [9-11].

To date, only a few studies have simulated and assessed the role of
implant shape, location, mechanical loading character, and implant-
bone interface geometry [10-15]. This is especially important in pa-
tients with large cranial defects. Based on clinical and engineering ex-
perience, a biomechanical cranial implant performance related to such
defects is mainly influenced by the following two factors: implant
material and implant thickness. This influence shall be further in-
vestigated.

To date the most common biomaterials used for 3D printed skull
implants are Polymethyl Methacrylate (PMMA), Polyether Ether Ketone
(PEEK) and titanium alloy Ti6Al4V (a - B Titanium alloy) [16,17]. The
implant thickness usually depends on the defect size and location which
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Fig. 1. Model geometry: a) Coarse model of smaller defect (circular shape, 2412 mm?), b) Coarse model of larger defect (elliptical shape, 8030 mm?), ¢) Sub-model.

can dictate the necessary functional rigidity. To the best of the authors’
knowledge, there are currently no studies that provide an insight into
how different implant materials and thicknesses affect the performance
of cranial implants design and which of those two factors is more sig-
nificant. In this study, the mechanical behavior of cranial implant as-
sembly is studied as a function of varying thickness and material
through a finite element based computational modeling approach and a
statistical assessment. In order to provide a deeper insight into the
cranial implant performance, the implant assembly is simulated in-
cluding a detailed geometry of fixing the mini-plates and the micro-
screws which are assumed to be significant components for correct
evaluation of stress distribution within the implant.

2. Methods

An anatomically realistic model consisting of a human skull, cranial
implant, mini-plates and micro-screws (Fig. 1) was constructed and
studied using non-linear computational simulations based on the finite
element (FE) method. A human cadaver skull was acquired from the
Department of Anatomy, Faculty of Medicine, Masaryk University Brno,
Czech Republic in full accordance with relevant institutional and legis-
lative requirements. The skull was subsequently imaged using a com-
puted-tomography scanner (General Electric v tome x L240, Boston,
Massachusetts, USA). The resulting Digital Imaging and Communications
in Medicine (DICOM) data was converted into a Standard Tessellation
Language (STL) format file to acquire a 3D STL model of the skull [18].
All necessary image processing procedures were performed using STL
Model Creator software (implemented in Matlab 2012, Math Works,
Natick MA, USA) [19]. Two typical cranial defects [10] were subse-
quently artificially generated on the STL model of the skull. The first
cranial defect was of circular shape with an area of 3412 mm?, labeled as
a smaller defect throughout this study (Fig. 1a). The second cranial de-
fect was of elliptical shape with an area of 8030 mm?, labeled as a larger
defect throughout this study (Fig. 1b). The procedural details used for
modeling were elaborated in previous studies by Ridwan-Pramana et al.
[10,11]. The STL models of the smaller and larger skull defects were
subsequently imported as solid objects in SolidWorks (Dassault Systems,
Vélizy-Villacoublay, France). In SolidWorks, two cranial implants were
virtually designed to perfectly fit the small and large defect sites. Four
different cranial implant thicknesses were designed for each defect size:
1 mm, 2mm, 3mm, and 4 mm (Fig. 2). The implant thicknesses were
labeled as T1, T2, T3 and T4. Mini-plates, and micro-screws required for
cranial implant fixation were created using the same software. Finally, all
components were assembled using a FE simulation tool in ANSYS® Aca-
demic Research Mechanical, Release 18.1 (Swanson Analysis, Inc.
Houston, PA, USA) where all FE-related preparations and calculations
were performed (Fig. 4). In total, three different skull implant materials
were simulated: PMMA, PEEK and Ti6Al4V (Table 1).

The cranial implant was fixed to the skull using three (smaller de-
fect) and four (larger defect) conventional mini-plates (KLS Martin,
MICROPL., 1.0, 3-holes, 0.6 mm) and two micro-screws per mini-plate
(2 1 mm, length 2mm). The mini-plates were positioned according to
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Fig. 2. Four different PMMA implant thicknesses.

Table 1
Material properties.

Material Young's modulus  Poisson's ratio  Ref. Yield strength Ref.

[MPa] [-] [MPa]
Bone 15000 0.3 [20,21]1 - -
PMMA 3000 0.38 [22,23] 65 [24]
Ti6Al4V 110000 0.3 [25] 825 [25]
PEEK 4000 0.38 [26] 110 [26]

the recommendations of an experienced surgeon in such a way that they
were distributed evenly along the implant circumference and were or-
iented perpendicularly to the bone-implant interface [10]. The mini-
plate positions were labeled P1, P2, P3 and P4 (Fig. 1, note that the
position P4 applies only to the larger defect).

The following three loading scenarios were modeled for both defect
sizes (Fig. 3):

1. Intracranial pressure of 15 mmHg [27] + external force of 5 kg [28]
acting perpendicularly on the implant (labeled as “ICP + Force”).

2. Intracranial pressure of 15 mmHg + external force of 5 kg acting at
an angle of +45° through the center of the implant (labeled as
“ICP + Force(+45)”).

3. Intracranial pressure of 15 mmHg + external force of 5 kg acting at
an angle of —45° through the center of the implant (labeled as
“ICP + Force(-45)”).

-45° ICP + Force (-45)
ICP + Force

+45°

ICP + Force (45)

Fig. 3. Loading scenarios.
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Fig. 4. FE mesh: a) Coarse model, b) Sub-models.

The mechanical performance of the bone-implant construct was
analyzed in terms of two parameters: 1. Deformation; 2. Mechanical
stress. The global implant deformation can be assessed using a rela-
tively coarse FE mesh and excluding the specifics of the bone-implant
interface. However, mechanical stress assessment of the micro-threaded
connection requires a finer FE mesh of the screw model and of the re-
gion proximal to the fixation screw. Therefore, in order to minimize the
overall computing time, a sub-modeling strategy [29-32] was em-
ployed and the analysis was performed in two stages:

1. Coarse model (Fig. 4a): A computational model of the entire implant
assembly. The mini-plates were simplified by excluding the details
such as fillets and chamfers, and the micro-screws were simplified by
excluding the threads (i.e. idealized cylinders were used instead). The
coarse model was fixed (boundary condition) at the bottom edge of the
skull. In total, 72 configurations of the coarse model were simulated
(Fig. 5). Directional displacements of the cranial implant (i.e. dis-
placements in the transversal direction, UZ) were evaluated in each
configuration. These displacements were evaluated at the center of the
implants, i.e. in the point of the force application (Fig. 6).

. Sub-model (Fig. 4b): The sub-model consisted of smaller regions of
the skull and cranial implant (Fig. 1c¢) and of the mini-plates and
micro-screws. The micro-screw on the implant side was modeled
including a detailed (helical) micro-thread. All components of the
sub-model were discretized by the FE meshes finer than those used
in the coarse model. The sub-model was loaded by displacements
applied on its boundary and at the same time by ICP. The boundary
displacements were extracted from the corresponding coarse model
[11]. In total, 252 configurations of the sub-model were analyzed
(combinations of 2 defects, 3 implant materials, 4 thicknesses, 3
load cases, and 3 or 4 mini-plate positions, i.e. 3x4x3x3 +
3x4x3x4 = 252; see Fig. 5 for combinations illustration). The sub-
model was analyzed for von Mises stresses in the implant body
(especially in close vicinity of the threads), micro-screws and in the
mini-plates.

The FE meshes of both computational model types (i.e. coarse model
& sub-model) consisted of quadratic hexahedral and tetrahedral second
order elements (Ansys elements SOLID186 and SOLID187). The smal-
lest element size in the coarse model was 0.3 mm, the smallest element
size in the sub-model was 0.003 mm. Element sizes were chosen based
on the results of preliminary tests and sensitivity calculations. Element
quality checks were subsequently performed. All parts were connected
using contact elements TARGE160 and CONTA174 assuming a fric-
tional option in all contact pairs except for the contacts between the
simplified cylindrical screw and the implant/bone which were assumed
to be bonded [11]. The total number of the elements ranged from
130000 to 800 000 depending on the variant of the model.

Two different approaches were adopted to assess how the implant
thickness and Young's modulus affect the implant mechanical perfor-
mance and which of these two factors is more significant in terms of
implant deformation and stress distribution within the assembly:

The first approach utilized a resemblance of the cranial implant
with an ideal partially-spherical shell (see Appendix for more details).
Transverse deflection of the latter can be calculated using Eq. (A.3).
This equation shows that the maximum shell deflection is negatively
correlated to the product of Young's modulus and thickness powered by
exponents 1 and 2, respectively. However, as for the implant, there
were certain deviations from the ideal partially-spherical shell;

Fig. 6. Local coordinate system for directional displacement (UZ; transverse
deflection) evaluation.

Smaller defect [ Pvma | [ pcForce | ‘

(3412 mm?) ‘ ,
e ]/ [1pcrorce+as) | I—l

Larger defect - 3 :/”:’ 7 P

(8030 mm?) ’74| Ti alloy I | |IPC+Force(-45) I

72 coarse models: 2 defects x 4 thicknesses x 3 materials x 3 load cases

I_'_l

252 submodels:
36 x 3-miniplates implant (P1,P2,P3)
+ 36 x 4-miniplates implant (P1,P2,P3,P4)

Fig. 5. All combinations of the implant thickness, material, and loading establish the variants of the computational model.
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Fig. 7. Comparison of PMMA, PEEK and Titanium alloy implant (UZ) displacements [mm] in coarse model (scale: 50 times magnification), loaded by load case
ICP + Force. T = 1 mm. Upper row: Smaller defect (3412 mm?); Lower row: Larger defect (8030 mm?).

therefore, Eq. (A.3) provides a less accurate approximation of this
specific case. Assuming a similar negative correlation, a multiple linear
regression analysis was performed to acquire a better approximation of
Eq. (A.3). Based on the coarse model results (UZ), the maximum
transverse deflection can be approximated by following power function:

M

W= BN m

where M is a numerical coefficient that depends upon the overall
geometry and loading, E is implant Young's modulus and t is implant
thickness. Coefficient M and exponents N and Q are obtained from the
multiple linear regression analysis. Assuming two levels of both factors
(tmin> tmax> Emin» Emax), it can be easily proved that thickness has a
stronger effect on the deflection than the Young's modulus if a ratio of
Q/N is greater than a limit given by Eq. (2) (and vice versa):

(%)
N limit

This approach is only applicable to the coarse model results.

The second approach utilized a more general statistical method and
is applicable to the coarse model and sub-model. In order to investigate
the effects of all different factors and their mutual interactions on the
implant performance, all calculated results (i.e. displacements and
stresses) were processed using the methodology of full factorial Design
of Experiments (DOE) at two levels for four factors and the effects were
assessed using a one-way analysis of variance (ANOVA). Specifically,
the following factors and their extreme values, along with corre-
sponding deflection or stress results, were used for the statistical as-
sessment: Factor A: Implant Young's modulus {3000 MPa,
110000 MPa}, Factor B: Implant thickness {1 mm; 4 mm}, Factor C:
Defect size {3412mm? 8030mm?}, Factor D: Load direction
{IPC + Force(-45); IPC + Force(+45)}. To secure the normal

Emax

= logtmax
tmin

(2)

min
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distribution of the input data, log-transformed data were used for the
statistical assessment. A significance level of a = 0.05 was assumed.

3. Results
3.1. Coarse model

Deformation of the implant is presented in Fig. 7, and the maximum
values are summarized in Fig. 8. The highest UZ values 0.296 mm
(smaller defect) and 0.390 mm (larger defect) were observed in the
thinnest PMMA implant (T1) loaded by ICP + Force. As indicated in
Fig. 8, the deformation magnitudes in the PMMA and PEEK implants
were consistently greater than that of the Ti6Al4V implant with cor-
responding thickness in both implant sizes. In both polymer-based im-
plants, the lowest deformation value (UZ) was observed in T4 and
ranged (depending on the loading scenario) from 0.028 to 0.05mm
(smaller defect) and from 0.029 to 0.050 mm (larger defect). On the
contrary, in the titanium alloy implant, the largest deformation was
observed in T1 ranging 0.014-0.023mm (smaller defect) and
0.019-0.029 mm (larger defect). Results of the multiple linear regres-
sion analysis are presented in Table 2. The DOE results are presented in
Fig. 11a. Effects of all investigated factors and their interactions are
represented by dots in Fig. 11a. Effects that fall near the line are con-
sidered to be insignificant, while those that are far from the line are
further tested for statistical significance with ANOVA. Results of the test
are summarized in Table 3.

3.2. Sub-model

Typical von Mises stress distributions in the individual components
of the assembly (implant, mini-plates and micro-screws) for different
thickness configurations are illustrated in Fig. 9. The maximum von



P. Marcidn, et al.

Computers in Biology and Medicine 109 (2019) 43-52

035 1 ® PMMA (E =3 GPa) £025 EO.ZS 1
E © PEEK (E =4 GPa) E E
= 0.3 A g - PER
E ': Hypothetical (E = 50 GPa) é 0.2 S 0.2 4
§ 025 | | TIGAI4V (E = 110 GPa) s g
. (=
3 [ 2 [ 1 il
2 02 £015 L & 015 1
= g~ | by - ]
£ = =
) E 3 @
® 0.15 3 0.1 = 01
E E E
0.1 4
0.05 0.05 4
0.05 | e 8
0 v . . . \ 0 . . : T \ 0 . - . : \
0 2 34 5 0 4 2 a 4 5 0 1 3 3 4 5
Implant thickness [mm] Implantthickness [mm)] Implant thickness [mm)]
045 © PMMA (E = 3 GPa) F 031 F 03
E o4 ® PEEK (E =4 GPa) = £ ®
= Hypothetical (€ = 50 GPa) =0.25 £0.25 :
2035 2 g
5 : TiGAIAV (E = 110 GPa) E { E
& 03 2 0.2 4 . & 02
o j=3 b [-%
2 2 2
2025 = =
= £0.15 £0.15
& 02 o k=
o o [-%
Eous E ¢4 E o1
0.1 . E
0.05 A 0.05 e
0.05 o ) ®g
0 T T T T d 0 T T T T 1 0 T T T T d
0 0 0 A

2 3 4 5
Implantthickness [mm]

a)

2 L 5
Implantthickness [mm]

2 34 5
Implantthickness [mm]

b) c)

Fig. 8. Coarse model results: Scatter charts represent different loading scenarios: a) ICP + Force, b) ICP + Force(+45), ¢) ICP + Force(-45); Upper row: Smaller
defect (3412 mm?); Lower row: Larger defect (8030 mm?). As the Young's modulus of the titanium alloy is significantly higher than that of the two polymer-based
materials, the graphs were supplemented by additional results of a hypothetical implant material with a Young's modulus of 50 000 MPa. This offers the possibility of
performing a more accurate multiple regression analysis by bridging the gap between the extreme modulus values.

Mises stress in the skull implant was 329 MPa (Ti6Al4V, T1, Smaller
defect) and 162 MPa (PEEK, T1, Larger defect). Out of all the config-
urations, the thinnest PMMA implant configuration resulted in the
highest stresses in both the mini-plates (264 MPa, Smaller defect;
200 MPa, Larger defect) and the micro-screws (724 MPa - Smaller de-
fect; 475 MPa - Larger defect). The implant with the lowest stresses was
T4, regardless of the material (19-21 MPa, T4, Smaller defect;
22-26 MPa, T4, Larger defect). The thickest titanium alloy implant re-
sulted in the lowest stresses in the mini-plates (50 MPa - Smaller defect;

Table 2
Regression results for UZ displacements.
Load M N Q R? F-value® p-value Q/N®
SMALLER defect®
ICP 14.875 0.543 0.864 0.925 80.4 < 0.0001 1.59
ICP + F(45) 25.598 0.647 0.938 0.923 77.7 < 0.0001 1.45
ICP + F(-45) 6.040 0.479 0.844 0.908 64.1 < 0.0001 1.76
LARGER defect®
ICP 22.217 0.568 0.918 0.920 74.8 < 0.0001 1.61
ICP + F(45) 2.196 0.348 0.778 0.761 20.7 < 0.0001 2.24
ICP + F(-45) 3.738 0.395 0.971 0.833 324 0.0001 2.46

2 13° of freedom, p < 0.05.

> Q/Niimit = 2.60 for Emin = 3000 MPa, Emayx = 110000 MPa, tmin
tmax = 4 mm (Q/Nyjpmir = 0.21 for E ., = 4000 MPa).

¢ Regression coefficients include also results of a hypothetical material per-
formance (E = 50 000 MPa) as described in Fig. 8.

= 1mm,
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51 MPa - Larger defect) and micro-screws (60 MPa - Smaller defect;
128 MPa - Larger defect). The maximum von Mises stress values of all
252 configurations were retrieved and reviewed. Typical values ob-
served in the implant, mini-plate and micro-screw for various implant
materials and thicknesses are presented in Fig. 10. Results of DOE-based
effect assessment are shown in Fig. 11b-d. Effects of all investigated
factors and their interactions are represented by dots in Fig. 11b-d.
Effects that fall near the line in that figure are considered to be insig-
nificant while those that are far from the line are further tested for
statistical significance with ANOVA. Results of the tests are summarized
in Tables 4-6.

Table 3

ANOVA for UZ displacements.
Source Sum of squares Df Mean square F-value p-value
All selected 3.609 5 0.722 134.583 < 0.0001
A 2.009 1 2.009 374.569 < 0.0001
B 1.007 1 1.007 187.806 < 0.0001
C 0.087 1 0.087 16.178 0.0024
AB 0.463 1 0.463 86.312 < 0.0001
AC 0.043 1 0.043 8.049 0.0176
Residual 0.054 10 0.003
Total 3.663 15

Note: See Fig. 11 for factor (A, B, C etc.) labels.
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Fig. 9. Typical sub-model results: Von Mises stress distributions in a) PMMA implants (Smaller defect, Position P2, Load Case ICP + Force(+45)), b) mini-plates
(Position P2, Load Case ICP + Force(+45)), ¢) micro-screws fastened in the PMMA implant (Position P2, Load Case ICP + Force(+ 45)).
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Fig. 10. Typical results of maximum von Mises stress evaluations (results from load case ICP + Force): a) stress in cranial implant, b) stress in mini-plates, c) stress in
micro-screw. Upper row: Smaller defect; Lower row: Larger defect.
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Fig. 11. Half-normal plot of effects of Young's modulus (A), thickness (B), defect size (C), load direction (D) and their interactions (AB, AC, AD ... etc.) obtained from
DOE-based assessment: a) Implant UZ displacements (from coarse models); b) Implant stress (from sub-models); ¢) Mini-plate stress (from sub-models); d) Micro-

screw stress (from sub-models).

4. Discussion

In the current study, the mechanical performance of two geome-
trically different cranial implants was assessed. More specifically,
global mechanical characteristics such as deformation and mechanical
stresses were assessed using different implant thicknesses, implant
materials, defect sizes, and loading directions. Since measurements of
such mechanical parameters cannot be performed in vivo and/or in vitro
(e.g. measurements of stresses in micro-screw threads and considering a
large number of variants), a pure in silico approach based on the finite
element method was opted for.

To date, most studies, focusing on the analysis of cranial implant
models, tend to neglect the complex threaded bone-screw and implant-
screw interfaces [12,13,33-35]. Furthermore, in most experimental
studies, the interface between the implant and the skull is neglected
[36,37]. In the present study, the authors used a sub-modeling ap-
proach that included a large number of variants to realistically mimic
clinical conditions.

In the first step of the study, 72 coarse models were used to analyse
the cranial implant deformation. Transverse deflections of the implants
were subsequently evaluated and the results were used to assess the
significance of implant material and implant thickness on implant

Table 4 Table 5

ANOVA for implant stress. ANOVA for mini-plate stress.
Source Sum of squares Df Mean square F-value p-value Source Sum of squares Df Mean square F-value p-value
All selected 3.379 3 1.126 60.587 < 0.0001 All selected 0.919 3 0.306 52.062 < 0.0001
B 2.931 1 2.931 157.636 < 0.0001 A 0.267 1 0.267 45.315 < 0.0001
D 0.133 1 0.133 7.163 0.0202 B 0.526 1 0.526 89.351 < 0.0001
CD 0.315 1 0.315 16.963 0.0014 CD 0.127 1 0.127 21.522 0.0006
Residual 0.223 12 0.019 Residual 0.071 12 0.006
Total 3.602 15 Total 0.990 15

Note: See Fig. 11 for factor (B, D, CD) labels.

49

Note: See Fig. 11 for factor (A, B, CD) labels.
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Table 6

ANOVA for screw stress.
Source Sum of squares Df Mean square F-value p-value
All selected 3.668 7 0.524 177.709 < 0.0001
A 0.149 1 0.149 50.662 0.0001
B 2.484 1 2.484 842.392 < 0.0001
Cc 0.202 1 0.202 68.462 < 0.0001
D 0.109 1 0.109 36.915 0.0003
BC 0.298 1 0.298 100.911 < 0.0001
CD 0.384 1 0.384 130.230 < 0.0001
BCD 0.042 1 0.042 14.394 0.0053
Residual 0.024 8 0.003
Total 3.692 15

Note: See Fig. 11 for factor (A, B, C etc.) labels.

deflection. For this purpose, two different statistical approaches were
used: 1. Multiple linear regression analysis; 2. DOE-based one-way
ANOVA. The results acquired using both approaches are summarized in
Tables 2 and 3. The results confirmed that the Young's modulus of the
implant material and the thickness of the construct significantly affect
the implant deflection. Furthermore, the results revealed that the effect
of Young's modulus was more significant than that of thickness. Inter-
estingly, when comparing PEEK to PMMA implants (which have very
similar values of Young's modulus), the order of significance changes,
i.e. in such a case the implant thickness has a more significant effect on
the implant deflection than the Young's modulus. Furthermore, the
DOE-based one-way ANOVA results revealed that the cranial defect size
significantly affects the implant deflection; however, its significance is
much lower than that of Young's modulus or thickness.

In the second step of the study, 252 sub-models were analyzed to
assess the mechanical stresses in the micro-screws, mini-plates, and
cranial implants. The results of von Mises stress confirmed that the
critical locations in terms of peak stresses are always situated in the
vicinity of the threaded parts. Consequently, the implant-screw inter-
face can be considered one of the most crucial regions regarding the
analyses of the implant performance, i.e. neglecting the implant-screw
interface in the computational simulations would lead to biased con-
clusions. As indicated in Fig. 10, the maximum stress magnitudes are
similar for both defect sizes. In addition, the peak values of von Mises
stresses in all components were used to assess the significance of the
implant material, thickness, defect size, and loading direction in terms
of mechanical stress. For this purpose, DOE-based one-way ANOVA was
used for the assessments; the results are summarized in Tables 4-6 The
assessments revealed that in all evaluated cases the implant thickness is
the most significant factor affecting the stresses. On the contrary, the
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implant material represented by the Young's modulus has a lower sig-
nificance or is even insignificant in terms of effects on the stresses in the
evaluated components. Specifically, the effects of thickness on the
maximum stress in micro-screw and mini-plate are 2-times and 16-
times, respectively, higher than that of Young's modulus. The effect of
implant material on the peak stresses in the implant was insignificant.
Although the assessment of the limit states (i.e. yielding, fatigue, etc.)
was out of scope of this study, it is noteworthy that stress peaks in the
thinnest polymer-based implants (T1) regardless the defect size were
observed to be quite high (> 80 MPa for PMMA implant, > 127 MPa
for PEEK implant). These peak stresses might challenge the yield limits
of these materials (approx. 65 MPa and 110 MPa, respectively) leading
to a permanent deformation or a failure of the implant. Although this
could be remedied by using a titanium alloy for the implant (peak
stresses 8 through 329 MPa for T1 depending on load and defect size,
yield strength > 800 MPa), a change in implant thickness could be
more effective than a change of material in terms of manufacturing
costs or dynamic loading resistance.

In the present study, the effects of characteristic design parameters
on the implant global mechanical performance during normal func-
tioning were of interest. Therefore, neither manufacturing technology
and its impact on the final product (e.g. 3D-printed implant micro-
structure) nor possible inelasticity of the material were considered in
this study as more complex models in terms of material properties
would be redundant given the study aims. Despite these limitations, a
homogeneous, isotropic and linearly-elastic model was assumed to be a
sufficient approximation for the purpose of this study.

5. Conclusion

The detailed models of mini-plates and micro-screws implemented
in the finite element simulation provided better insight into the me-
chanical performance of the implant-skull system. The study provided
evidences that increasing implant thickness can be more advantageous
than changing the implant material in terms of maximum von Mises
stress in all investigated components. However, when a change of im-
plant deflection is required, it should be considered that implant ma-
terial has slightly higher effect on the change than implant thickness.
These observations might affect the surgeons’ decision-making process
when designing and manufacturing of cranial implants.

Acknowledgement

The work was supported by the Czech Science Foundation by Grant
No. 16-08944S.

It is assumed that transversal displacements of cranial implant are negatively correlated to the Young's modulus and thickness of the implant.
This assumption is based on the conclusions of the classical Kirchhoff Plate Theory [38]. Pursuant this theory, thin and flat plates under transverse

loading deflect according to the following formula:

120 - Aq

V2V =
Et?

(A1)

where w is transverse deflection (labeled as UZ throughout this paper), E is Young's modulus, q is transverse load, p is Poisson's number and t is the
plate thickness. In a specific case of thin and flat circular plate with the radius R, loaded by a concentrated load P in the center and fixed in axial
direction on its edge, the following formula for the maximum transverse displacement can be derived from Eq. (A.1) [39]:

PRE(1 — )3 + w)

w = —0.239-
Et?

(A.2)

Maximum displacement of a thin, flat and circular plate following Eq. (A2) decreases when the plate thickness increases; this dependency is
described by a cubic curve as indicated in the formula by the thickness exponent of 3. Similarly, deflection changes inversely to E (exponent of 1 in

the denominator of Eq. (A.2)).

In the case of a partially-spherical shell with a load P concentrated on a small area, the maximum deflection can be obtained using the following
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formula [39]:

w=—

APR,/I — 12

Et?
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(A.3)

where R is a radius of the curvature of the partially-spherical shell and A is a tabulated numerical coefficient that depends upon specifics of the
model. Eq. (A.3) again indicates that the maximum displacement decreases when the plate thickness increases wherein the dependency is described
by a quadratic curve (note the thickness exponent of 2 in Eq. 3). It is also noteworthy that while the negative correlation of w on E and t remains, the
exponents of the power functions change (3 — 2); thus, the interaction of E and t changes as well.

A geometrical resemblance between an ideal partially-spherical shell and a cranial implant is obvious. Therefore, the negative correlation of w on

E and t can still be expected; however, the interaction of E and t as well as their specific effect on cranial displacement cannot be determined using
exact formulas such as those discussed above. Nevertheless, an approximation based on considerations of this Appendix can be derived using FEM
results.
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