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Abstract Background/purpose: Segmental body defects of the mandible result in the com-
plete loss of the affected region. In our previous study, we investigated the clinical applica-
bility of a customized mandible prosthesis (CMP) with a pressure-reducing device (PRD) in
an animal study. In this study, we further incorporated dental implants into the CMP and
explored the use of dental implant PRD (iPRD) designs.
Materials and methods: By employing a finite element analysis approach, we created 4 types
of CMP: CMP, CMP with iPRD, CMP-PRD, and CMP-PRD with iPRD. We developed 2 parameters
for the iPRD: cone length (CL) in the upper part and spring pitch (SP) in the lower part. Using
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analysis;
Response surface
methodology;

Human experiment
the response surface methodology (RSM), we determined the most suitable structural assign-
ment for the iPRD.
Results: Our results indicate that CMP-PRD had the highest von Mises stress value for the entire
assembly (1076.26 MPa). For retentive screws and abutments, CMP with iPRD had the highest
von Mises stress value (319.97 and 452.78 MPa, respectively). CMP-PRD had the highest prin-
cipal stress (131.66 MPa) in the anterior mandible. The iPRD reduced principal stress in both
the anterior and posterior mandible. Using the RSM, we generated 25 groups for comparison
to achieve the most favorable results for the iPRD and we might suggest the CL to 12 mm
and the SP to 0.4 mm in the further clinical trials.
Conclusion: Use of the PRD and iPRD in CMP may resolve the challenges associated with CMP,
thereby promoting its usage in clinical practice.
ª 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

A segmental bone defect of the mandible refers to a con-
dition in which a specific segment of the mandible is
completely lost. This condition can result from infection,
mandibular osteomyelitis, tumor resection, or comminuted
mandibular fracture.1 Immediate reconstruction of the
mandible is crucial to treating a large-scale mandibular
defect.1,2 Numerous methods have been used to restore the
appearance and function of the mandible, including the use
of reconstruction plates, microvascular fibula free flaps,
iliac bone grafts, costochondral rib bone grafts, and allo-
plastic prostheses.3,4 When the segmental mandible defect
is too large or the composite soft tissue defect is too
complicated, the application of a fibula osteocutaneous
flap is a standard treatment option.5,6 However, this
method has potential disadvantages, such as donor-site
morbidity, lengthy operation time, scar construction, and
suboptimal cosmetic results. Typically, a mandibular body
defect necessitates a fibula graft ranging from five to 7 cm.7

If the defect is confined solely to the mandibular body, it’s
worth exploring alternative solutions.

Customized 3-dimensional (3D) printed mandible pros-
theses (CMPs) can be designed to fit the size and shape of the
defect.4,8e12 The use of computer-aided design and
computer-aided manufacturing systems has enabled the
incorporation of these prostheses into preoperative surgical
planning and the production of customized metal implants.1

Although various types of CMPs have been designed for both
animals13,14 and human,2,4,10e12 this approach has not yet
been widely adopted and lacks complete follow-up results.
The complex masticatory environment within the oral cavity
may contribute to the failure of the operation. Therefore,
factors such as structural rigidity and the design of a
pressure-reducing device (PRD) should be considered to
ensure the long-term success of this approach.1,10e12,15,16

Studies on human and animal models have performed finite
element analysis (FEA); an animal experiment was con-
ducted to test the design17 and the authors have applied for a
patent for their PRD design (patent no: US 11,337,816 B2).

After lower-jaw reconstruction, patients often undergo
denture reconstruction. A fibula flap is commonly selected
because of its unique anatomical characteristics, which
enable the precise segmentation and design of the fib-
ula.1,2,4 Many studies have focused on different fibula
503
alignments and designs for subsequent implant surgery.18,19

Jackson et al. reported that the overall implant survival
rate was 93% and that the overall success rate of implant-
supported prosthesis was 98% at a mean follow-up of 22
months. However, patients required the second stage of
surgery after osseointegration between the implant fixture
and fibular bone.6

Although sporadic case reports of 3D printed mandibles
with incorporated dental implants have been published, no
study has evaluated the structural design parameters of
these implants.5,20e22 Moreover, the dental implants on the
CMP were usually structurally connected to the CMP,
causing direct stress conduction. To improve the efficiency
of stress dispersion during mastication, studies should
consider exploring the use of implant PRD (iPRD) design in
addition to the PRD of the CMP itself; this concept has not
yet been explored in the literature.

FEA is used to simulate the mechanical aspect of a
structure under load and has been widely used to predict the
effect of stress on biomaterials and their surrounding
structures.8,23,24 The response surface methodology (RSM)
involves a series of mathematical or statistical techniques
for building empirical models and exploiting them. The RSM
is used to determine the relationship between a response
and the levels of input variables or factors that affect it.
Compared with traditional formulation development ap-
proaches, the RSM is more efficient and cost effective,
requiring less testing and time.25,26 This study used the FEA
method to conduct stress tests on the iPRD of the abutment
and the RSM to determine the suitable structural assignment
for the iPRD.
Materials and methods

Generation of the geometric model

The study protocol was approved by the Commission for
Human Studies at the Institutional Review Board of Kaoh-
siung Veterans General Hospital, Kaohsiung, Taiwan
(VGHKS19-CT6-14). All experiments were performed in
accordance with the principles of the Declaration of Hel-
sinki. Written informed consent was obtained from all pa-
tients or their legal guardian(s) for information/image
publication, and patients agreed to reveal their facial photos
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for academic purposes. We created digital models of the
mandible by using the computed tomography (CT) scan of
one of our patients. TheCTscanwas performedusing a Kodak
9000 3D CBCT machine (Carestream Health, Inc., Rochester,
NY, U.S.) with a slice thickness of 76 mm. We performed a 3D
reconstruction of the mandible by using Mimics software
(version 18.0, Materialize in Leuven, Belgium).

The defect area was defined in the unilateral mandibular
body between the first premolar and the second molar. The
CMP was designed to consist of the main body and the front
and rear wings for fixation to the remaining mandible.
Fig. 1A illustrates the configuration of fixing screws, with
the front and rear wings secured using 3 and 4 screws,
respectively. The posterior region of the main body of the
CMP consisted of 3e5 parallel hollowed-out structures with
terminal hollow cylinders at each line, which acted as a
stress breaker structure (Fig. 1B). The iPRD at the base of
the abutment served as a stress breaker structure, with
cone length (CL) structures (Fig. 1CeF). We divided our
model into various subunits, namely the anterior and pos-
terior mandibular cortical bone, bone marrow, retentive
screws, abutment, ceramic crown, and CMP (Fig. 1G-N).

Establishment of the finite element model and
mesh sensitivity analysis

In this study, we used ANSYS Workbench (Swanson Analysis
Systems Co., Houston, TX, USA) for simulation. We designed
4 types of CMP: CMP, CMP with iPRD, CMP-PRD, and CMP-PRD
with iPRD (Fig. 2). Subsequently, we imported the mandib-
ular cortical bone, bone marrow, 4 CMP types, retention
screws, abutment, and ceramic crown to ANSYS Workbench
for simulation. We meshed these models by using quadratic
formulation, second-order, full integration, tetrahedral
structural solid elements. Table 1 lists the average values of
the aspect ratio and skewness. Previously, we performed
convergence studies and controlled for the variability of
results to less than 5% for models with different element
sizes. We applied bond-type connections to interfaces be-
tween retentive screws and the mandible and between the
mandibular cortical bone and bone marrow and frictional-
type connections (friction coefficient Z 0.3)27e29 to in-
terfaces between the cortical bone and bone marrow of the
mandible and its corresponding CMP, abutment to CMP, and
ceramic crown to abutment. We characterized the anterior
and posterior mandibular cortical bone, bone marrow,
retentive screws, abutment, ceramic crown, and CMP to
have linear elastic and isotropic properties and adopted all
elastic modulus and Poisson’s ratio values from the relevant
literature (Table 2).30 In author’s study,17 a biomechanical
testwas performed using a finite elementmodel to performa
sensitivity analysis. A mesh size of 2.75 mm and a quadratic
formulation were selected for the CMP, mandible, and
ceramic crown. The finer components, such as the iPRD,
abutment, and threaded hole for the abutment of the CMP,
were modeled with a mesh size of 1.5 mm (2A-D).

Boundary conditions

As depicted in Fig. 2E, the top surfaces of 2 condyles were
fully restrained to prevent the rigid-body displacement of
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the mandible (indicated by the purple patch). Displace-
ment in the vertical direction of corresponding occlusal
contacts was constrained over the left mandibular molar
and right mandibular first premolar region (indicated by the
yellow patch). In this study, we analyzed the vectors of
major masticatory muscles while clenching in a human
model. Because segmental mandibular resection was per-
formed in this study, we selected a reduced biting force of
300 N in the vertical direction in the contralateral molar
region and 150 N in the bilateral canine and incisal region.31

The right masseter and medial pterygoid muscles were
stripped of the angle of the mandible and transected. Thus,
these 2 muscles were not considered in this study. Seven
pairs of major masticatory muscles were examined, namely
the superficial and deep masseter; anterior, middle, and
posterior temporalis; lateral and medial pterygoid; and
digastric muscles; we did not examine the right masseter
and right medial pterygoid muscles. The calculated muscle
vectors were applied in FEA for boundary condition setting
(Table 3).
Using response surface methodology to determine
the optimal design of the implant pressure-
reducing device

We examined the effect of the structural adjustment of the
iPRD on stress dispersion (Fig. 4). Our structural design,
featuring 2 implants on the CMP, represents the right first
molar (Number 1) and right second premolar molar (Number
2), as depicted in Fig. 1F. We developed 2 parameters for
the iPRD: cone length (CL) in the upper part and spring
pitch (SP) in the lower part. The length of the cone in-
dicates the length of the entire implant, with a longer cone
resulting in a less significant spring structure in the lower
half. The SP represents the distance between the threads
of the lower half of the spring structure. Because 2 teeth
are involved, we considered 4 parameters: CL1, SP1, CL2,
and SP2.

As presented in Table 5 and Fig. 4, we conducted
convergence studies to determine the optimal element size
and mesh density and selected a mesh size of 1.25 mm and
a quadratic formulation for our study (Fig. 4A). We fixed the
screw holes of the front and rear wings in our FEA model
(Fig. 4B) and applied 2 vertical downward stresses of 300 N
on the top surface of the 2 implants. In the DesignXplorer
environment, we generated samples by using the Latin
hypercube sampling method, which effectively prevents
repetitive sampling and requires 20%e40% fewer simulation
loops than does the direct Monte Carlo simulation tech-
nique.32,33 We analyzed 25 samples to examine response
surface construction (Table 5).
Statistical analysis

We used the bivariate logistic regression test to examine
associations between the 4 parameters (CL1, SP1, CL2, and
SP2) of the iPRD and the maximum values of von Mises
equivalent stress, total deformation, and safety factor
determined using the RSM. All data analyses were per-
formed using SPSS version 20.0 for Windows. All results are



Figure 1 Structure of PRD and iPRD. (A) The CMP includes the main body, a front wing, and a rear wing and was fixed to the
remaining mandible. The front wing was affixed with 3 screws, and the rear wing was affixed with 4 screws. (B)The PRD contains
3 to 5 parallel hollowed-out structures with terminal hollow cylinders at each line, which act as a stress breaker structure.
(C) Interior view after surface removal. (D) Perspective view of the CMP through the panoramic film. (E, F) Structure design of the
iPRD: The structure is mainly composed of the cone in the upper region and the spring in the lower region, and cone length and
spring pitch are examined. (G, H) Mandibular cortical bone. (I, J) Mandibular bone marrow. (K) Abutments. (L) Ceramic crown.
(M) CMP with abutment. (N) Perspective view of the CMP with iPRD, abutments, and ceramic crown. Abbreviations: CMP,
customized mandible prostheses, PRD, pressure-reducing device, iPRD, implant pressure-reducing device, CL, cone length, SP,
spring pitch.
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Figure 2 Structure of PRD and iPRD. (A) Lateral view of CMP. (B) Top view of CMP with screw holes for abutment insertion.
(C) Perspective view of CMP. (D) Perspective view of CMP with iPRD. Calculated muscle vectors based on the results of 3D simulation
in 4 types of CMP: CMP (E, F), CMP with iPRD (G, H), CMP-PRD (I, J), and CMP-PRD with iPRD (K, L). Abbreviations: CMP, customized
mandible prostheses, PRD, pressure-reducing device, iPRD, implant pressure-reducing device.
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Table 1 Number of nodes and elements and the average value of the aspect ratio and Skewness in 4 models. Abbreviations:
CMP, customized mandible prothesis, PRD, pressure-reducing device, iPRD, implant pressure-reducing device.

CMP CMP þ iPRD CMP-PRD CMP-PRD þ iPRD

Mesh Nodes 738,595 782,901 771,663 818,928
Mesh Elements 421,275 445,657 440,546 466,707
Aspect ratio (average) 2.4998 2.4817 2.5115 2.4968
Skewness (average) 0.44667 0.44301 0.44817 0.44441

Table 2 Material properties of different components in the finite element model. Abbreviations: CMP, customized mandible
prothesis, PRD, pressure-reducing device.

Type of material Young’s modulus [MPa] Poisson’s ratio

Mandible (cortex) 8700 0.28
Mandible (bone marrow) 1370 0.3
Ti6Al4 V (CMP, PRD and abutment) 105,000 0.3
Ti6Al4 V (screws) 105,000 0.3
Ceramic crown 108,000 0.33

Table 3 Total forces, stretched muscle weight, and calculated forces in X, Y, and Z directions during clenching in a human
model. Abbreviations: sup., superficial, ant., anterior, mid., middle, post., posterior, lat., lateral. ant.

Stretched Muscle Weight (N) Unit Vector Coordinates
x y z

L sup. masseter 190.40 32.68 �93.65 201.61
L deep masseter 81.60 25.23 �13.49 87.17
R ant. temporalis 158.00 �10.63 4.58 169.55
R mid. temporalis 95.60 �28.83 44.52 103.04
R post. temporalis 75.60 �23.88 62.60 81.64
L ant. temporalis 158.00 �3.19 6.76 169.66
L mid. temporalis 95.60 18.10 48.97 103.18
L post. temporalis 75.60 14.29 65.11 81.71
L med. pterygoid 174.80 �83.94 �60.27 185.81
R lat. pterygoid 66.90 46.58 �32.02 68.71
L lat. pterygoid 66.90 �44.59 �35.91 68.59
R digastric 40.00 �2.55 31.29 43.00
L digastric 40.00 6.46 30.89 43.01
43-13 150.00 19.24 46.18 �141.41
33-23 150.00 �23.62 �33.06 �144.39
36-26 150.00 �23.27 23.27 �298.19
Loading to crowns 300.00 10.16 52.49 �295.2
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presented as 2-tailed P values, and a P value of < .05 was
considered statistically significant.

Results

Maximum von mises equivalent stress, principal
stress, total deformation, and von mises equivalent
strain in 4 forms of printed mandible prostheses

As presented in Table 4 and Fig. 3A, among the 4 forms of
the CMP, CMP-PRD had the highest von Mises stress value for
the entire assembly, followed by CMP-PRD with iPRD, CMP
with iPRD, and CMP (1076.26, 1046.10, 575.56, and
507
482.04 MPa, respectively). For retentive screws, the CMP
with iPRD had the highest von Mises stress value, followed
by CMP, CMP-PRD, and CMP-PRD with iPRD (319.97, 318.97,
288.67, and 284.80 MPa, respectively). The structure of the
PRD effectively reduced retentive screw stress, but the
iPRD did not exert a prominent effect. For abutments, the
CMP with iPRD had the highest von Mises stress value, fol-
lowed by CMP-PRD with iPRD, CMP, and CMP-PRD (452.78,
413.24, 383.80, and 375.38 MPa, respectively). The struc-
ture of the iPRD, but not of the PRD, was effective in
reducing abutment stress (Fig. 3C).

In the case of the anterior mandible, CMP-PRD had the
highest principal stress value, followed by CMP-PRD with
iPRD, CMP, and CMP with iPRD (131.66, 131.65, 124.91, and



Table 5 Convergence studies were conducted to determine the optima element size and mesh density. Abbreviations: ant.,
anterior, post., posterior. % refers to the proportion of change in the measured value when convergence proceeds.

Mesh Element
Size(mm)

Mesh
Nodes

Mesh
Elements

Equivalent Stress
Maximum (MPa)

Equivalent Stress
Maximum (MPa)-
ant holes

Equivalent Stress
Maximum (MPa) -
post holes

Total Deformation
Maximum (mm)

2.5 24,375 13,007 105.16 % 94.003 % 99.72 % 0.0264 %
2 39,681 21,899 135.33 28.6896 103.8 10.4220 135.33 35.7100 0.0274 4.0408
1.75 59,317 33,023 102.82 �24.0228 95.305 �8.1840 102.82 �24.0228 0.0268 �2.1553
1.5 65,356 36,527 137.48 33.7094 137.48 44.2527 132.98 29.3328 0.0275 2.5307
1.25 69,753 38,813 146.93 6.8737 97.293 �29.2312 106.91 �19.6045 0.0275 �0.0073
1 90,989 51,388 140.08 �4.6621 104.02 6.9142 107.73 0.7670 0.0276 0.4762
0.75 131,792 131,792 157.55 12.4714 96.404 �7.3217 107.91 0.1671 0.0277 0.2750
0.5 233,355 173,577 136.82 �13.1577 114.27 18.5324 106.36 �1.4364 0.0278 0.3680

Table 4 Maximum values of von Mises equivalent stress (entire assembly, CMP, retentive screws, and abutments), von Mises
equivalent principal stress (anterior and posterior mandible), strain energy, total deformation, and von Mises equivalent strain
in the 4 types of CMP. Abbreviations: CMP, customized mandible prothesis, PRD, pressure-reducing device, iPRD, implant
pressure-reducing device.

CMP CMP with iPRD CMP-PRD CMP-PRD with iPRD unit

Equivalent Stress-whole components and CMP 482.0446 575.5616 1076.2649 1046.0996 MPa
Equivalent Stress-screws 318.9664 319.9686 288.6659 284.7959 MPa
Equivalent Stress-abutments 383.8082 452.7751 375.3829 413.2440 MPa
Equivalent Principal Stress-ant mandible 124.9173 124.8055 131.6557 131.6501 MPa
Equivalent Principal Stress-post mandible 58.9285 57.4606 48.1237 48.0710 MPa
Strain Energy 0.5238 0.5234 0.5571 0.5572 mJ
Total Deformation 0.5593 0.5593 0.6087 0.6086 mm
Equivalent Elastic Strain 0.0123 0.0134 0.0144 0.0144 mm mm̂ -1
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124.81 MPa, respectively). In the case of the posterior
mandible, CMP had the maximum principal stress value,
followed by CMP with iPRD, CMP-PRD, and CMP-PRD with
iPRD (58.93, 57.46, 48.12, and 48.07 Mpa, respectively).
Because the PRD is located at the posterior section of the
CMP body, it might more effectively disperse stress in the
posterior mandible and transfer stress to the anterior
mandible, which has a stronger bone structure than the
posterior mandible. Regardless of the presence of PRP, iPRD
reduced principal stress in both the anterior and posterior
mandible, although the degree of reduction was low (Table 4
and Fig. 3D).

Analysis of response surfaces

Fig. 4C and D displays the distribution of von Mises equiv-
alent stress and displacement in the CMP with iPRD. Table 6
presents the data of 25 groups that were tested to obtain
various results, including the maximum level of von Mises
equivalent stress in the anterior and posterior screw holes,
maximum level of total deformation, and safety factor of
the CMP with iPRD under different changes in 4 parameters
(CL1, SP1, CL2, and SP2). All the results in this study were
automatically generated using the Ansys Workbench
DesignXplorer program (Figs. 5 and 6). As CL1 increased,
the maximum level of von Mises equivalent stress in the
CMP with iPRD and anterior screw hole increased signifi-
cantly (r Z .596, P Z .002 and r Z 0.578, P Z .002,
508
respectively; Table 7). In this study, as CL1 increased, the
safety factor decreased significantly (r Z �0.596,
P Z .002). By contrast, as CL2 increased, the total defor-
mation of the CMP with iPRD decreased (r Z �0.471,
P Z .018). The optimal iPRD parameters are listed in Table
7. On the basis of our study results and for ease of 3D
printing after numerous discussions with engineers
specializing in 3D printing, we might set the CL to 12 mm
and the SP to 0.4 mm for the subsequent clinical trials.
Discussion

Our FEA results revealed that the PRD deployed at the
posterior region of the CMP transferred stress from the
relatively fragile posterior mandible to the stronger ante-
rior mandible in terms of the entire assembly. Our previous
fracture test revealed that persistent stress can cause
greenstick fractures on the lingual side of the posterior
mandible (189 N).17 Therefore, the transfer of stress from
the posterior to the anterior mandible may be beneficial.
We determined a reduction in the maximum stress on the
retentive screw, which, in turn, reduced the likelihood of
the screw breaking or falling off. Although the iPRD reduces
stress on the anterior and posterior mandible simulta-
neously, these forces will concentrate upward on the
abutment (375.38e452.78 MPa). The stress concentrated
on abutments does not exceed the maximum yield strength



Figure 3 The maximum values of von Mises equivalent stress, strain energy, and von Mises equivalent principal stress in the
4 types of CMP. (A) Von Mises equivalent stress of the entire assembly. (B) Strain energy of the entire assembly. (C) Von Mises
equivalent stress of retentive screws and abutments. (D) Von Mises principal stress of the anterior and posterior mandible. Von
Mises equivalent stress of the entire assembly (E), CMP with iPRD (F), perspective view of CMP with iPRD (G), retentive screws (H),
abutments (I), and anterior and posterior mandible (J). Abbreviations: CMP, customized mandible prostheses, PRD, pressure-
reducing device, iPRD, implant pressure-reducing device.

Journal of Dental Sciences 19 (2024) 502e514

509



Figure 4 The response surface methodology (RSM) model. (A) A mesh size of 1.25 mm and a quadratic formulation were selected.
(B) The screw holes of the front and rear wings were fixed and two vertical downward stress of 300 N on the top surface of the 2
implants were applied. (C) Von Mises equivalent stress of CMP with iPRD. (D) Total deformation of CMP with iPRD (EeH) Conver-
gence studies were conducted to determine the optimal element size and mesh density. Abbreviations: CMP, customized mandible
prostheses, PRD, pressure-reducing device, iPRD, implant pressure-reducing device.
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of titanium itself (880e920 MPa).34 The optimum iPRD pa-
rameters are listed in Table 6. On the basis of our study
results and for ease of 3D printing, we might set the CL at
12 mm and the SP at 0.4 mm in the clinical trials.

Our simulations have some limitations that should be
addressed in subsequent studies. In this study, we assumed
bone material properties to be linear and isotropic. Howev-
er, actual bonematerial is characterized as being anisotropic
and inhomogeneous. The scholars35,36 proposed using
Hounsfield units from CT as a representation of a heteroge-
neous state, and to derive more groups based on this value in
one sample. Therefore, to produce results that better align
with the real clinical situation, these conditions should be
considered in future studies. In our study, we used the
510
maximum principal stress criteria in bone stress analysis.
However, other studies have used different criteria to pre-
dict the failure of bone, such as the Hills criterion (an
extension of the von Mises criterion) for the cortical bone37

and the Tsai-Wu criterion (originally formulated for com-
posite materials) to predict the multiaxial failure of the
trabecular bone.38 Incorporating these properties and
criteria in subsequent studies can enhance the realism of our
models.

Some sporadic case reports focus on the use of 3D printed
mandibles with incorporated dental implants.4,9,10,39,40 In
these cases, the abutment was directly fused with the CMP.
However, the concept of designing the iPRD based on
masticatory stress dispersion efficiency remains unexplored.



Table 6 A total of 25 samples were analyzed for response surface construction and optimal iPRD parameters were obtained. Abbreviations: iPRD, implant pressure-reducing
device, CL, cone length, SP, spring pitch.

Test
Samples

CL1(mm) SP1 (mm) CL2 (mm) SP2 (mm) Equivalent Stress
Maximum (MPa)

Equivalent Stress
Maximum (MPa)-
ant holes

Equivalent Stress
Maximum (MPa) -
post holes

Total Deformation
Maximum (mm)

Safety Factor
Minimum

1 16.0000 0.2750 16.0000 0.2750 101.7437 91.4839 101.7437 0.0267 4.5212
2 22.0000 0.2750 16.0000 0.2750 104.8620 90.6293 104.8620 0.0266 4.3867
3 10.0000 0.2750 16.0000 0.2750 104.2456 93.4082 104.2456 0.0267 4.4127
4 16.0000 0.1500 16.0000 0.2750 103.2738 91.6320 103.2738 0.0267 4.4542
5 16.0000 0.4000 16.0000 0.2750 101.7845 88.7263 101.7845 0.0267 4.5194
6 16.0000 0.2750 16.0000 0.1500 103.9720 90.2122 103.9720 0.0267 4.4243
7 16.0000 0.2750 16.0000 0.4000 103.1074 89.3698 103.1074 0.0267 4.4614
8 16.0000 0.2750 22.0000 0.2750 101.9277 89.2559 101.9277 0.0266 4.5130
9 16.0000 0.2750 10.0000 0.2750 101.2877 101.2877 99.7878 0.0256 4.5415
10 20.2252 0.1870 20.2252 0.1870 103.8883 91.9346 103.8883 0.0266 4.4278
11 11.7748 0.1870 20.2252 0.1870 103.2292 92.0956 103.2292 0.0266 4.4561
12 20.2252 0.3630 20.2252 0.1870 104.9779 91.9599 104.9779 0.0266 4.3819
13 11.7748 0.3630 20.2252 0.1870 99.3354 93.2647 99.3354 0.0266 4.6308
14 20.2252 0.1870 20.2252 0.3630 104.7704 92.9882 104.7704 0.0266 4.3906
15 11.7748 0.1870 20.2252 0.3630 103.1961 89.2959 103.1961 0.0265 4.4575
16 20.2252 0.3630 20.2252 0.3630 101.7958 93.7658 101.7958 0.0266 4.5189
17 11.7748 0.3630 20.2252 0.3630 101.1369 94.3784 101.1369 0.0266 4.5483
18 20.2252 0.1870 11.7748 0.1870 103.1708 88.3229 103.1708 0.0266 4.4586
19 11.7748 0.1870 11.7748 0.1870 101.0051 92.9815 101.0051 0.0268 4.5542
20 20.2252 0.3630 11.7748 0.1870 104.4395 92.2072 104.4395 0.0266 4.4045
21 11.7748 0.3630 11.7748 0.1870 100.1368 94.3169 100.1368 0.0267 4.5937
22 20.2252 0.1870 11.7748 0.3630 105.8918 91.6644 105.8918 0.0266 4.3441
23 11.7748 0.1870 11.7748 0.3630 98.8333 94.5354 98.8333 0.0267 4.6543
24 20.2252 0.3630 11.7748 0.3630 102.9328 92.5413 102.9328 0.0266 4.4689
25 11.7748 0.3630 11.7748 0.3630 99.1920 91.4501 99.1920 0.0267 4.6375
Option 1 11.1447 0.3939 21.2934 0.1573 98.6285 92.6871 97.5627 0.0265 4.6626
Option 2 12.1774 0.3998 12.2290 0.3998 99.5037 91.0756 98.7359 0.0268 4.6236
Option 3 12.2163 0.3995 13.5952 0.3998 99.9350 89.8687 99.7236 0.0269 4.6039
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Figure 5 Response surfaces of CL1 and SP1 to von Mises equivalent stress in CMP with iPRD. Abbreviations: CMP, customized
mandible prostheses, CL, cone length, SP, spring pitch.

Figure 6 Response surfaces of CL2 and SP2 to von Mises equivalent stress in CMP with iPRD. Abbreviations: CMP, customized
mandible prostheses, CL, cone length, SP, spring pitch.
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Table 7 Spearman’s rank correlation between the CL1, SP1, CL2, and SP2 and the maximum value of von Mises equivalent
stress in anterior and posterior screw holes, CMP with iPRD, total deformation, and safety factor. Abbreviations: CMP,
customized mandible prostheses, PRD, pressure-reducing device, iPRD, implant pressure-reducing device, CL, cone length, SP,
spring pitch.

Spearman’s
Correlation

Equivalent Stress
Maximum (MPa)

Equivalent Stress
Maximum (MPa)-
ant holes

Equivalent Stress
Maximum (MPa) -
post holes

Total Deformation
Maximum (mm)

Safety Factor
Minimum

CL1(mm) r-value 0.596b �0.27 0.578b �0.13 L0.596b

p-value 0.002 0.191 0.002 0.535 0.002
SP1 (mm) �0.282 0.14 �0.276 �0.029 0.282

0.171 0.504 0.181 0.891 0.171
CL2 (mm) 0.22 �0.152 0.243 L0.471a �0.22

0.291 0.468 0.243 0.018 0.291
SP2 (mm) �0.13 0.063 �0.136 0.034 0.13

0.535 0.766 0.516 0.873 0.535
a Correlation is significant at the .05 level (2-tailed) r Z Spearman’s rank correlation coefficient.
b Correlation is significant at the .01 level (2-tailed).

Journal of Dental Sciences 19 (2024) 502e514
Although various types of CMP have been developed,
their widespread use is still limited. In this study, we
designed a CMP with incorporated dental implants and
explored the use of an iPRD. FEA results revealed that the
PRD deployed at the posterior portion of the CMP trans-
ferred stress from the relatively fragile posterior mandible
to the stronger anterior mandible. The iPRD reduced prin-
cipal stress in both the anterior and posterior mandible. We
need further clinical trials to verify our results.
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