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1  A B S T R A C T

Background: The fixation of osseous free flaps for segmental mandible reconstruction after resection is most 
commonly performed with patient-specific 3D printed or conventional load-bearing reconstruction plates.
The main challenge with conventional plates is the step of manual bending to adjust the plate to the specific 
mandible of the patient. To date, the influence of this permanent plate deformation on the biomechanical 
conditions within the healing regions remains unknown.
The present study aimed to investigate the effect of plate pre-bending on intersegmental strains, known to in
fluence the healing outcome.
Methods: To achieve this, biomechanical finite element models were developed to simulate plate pre-bending and 
biting in a one-segmental mandibular reconstruction. The biomechanics induced within the healing region were 
compared between a pre-stressed conventional reconstruction plate and a customized conventional recon
struction plate.
Results: Higher stresses were predicted in the pre-stressed plate. However, the mechanical strains within the 
healing regions were not influenced by plate pre-bending.
Conclusions: The increased levels of mechanical strains under both pre-stressed and customized conventional 
plates in comparison to common patient-specific plates could be a reason for the higher rates of osseous union 
under conventional fixation. Since customized conventional reconstruction plates additionally presented elastic 
stresses and include the advantages of patient-specific plates, those plates are biomechanically and clinically 
promising.

1. Introduction

Due to high rates of osseous non-union, mandibular reconstruction 
after segmental resection with the gold standard fibula free flap remains 
a clinical challenge [1,2]. Although patient-specific reconstruction 
plates have demonstrated clinical advantages such as reduced surgery 
time (patient-specific: 213 min–575 min; conventional: 211 min–738 
min [3]) and increased precision, significantly higher rates of osseous 
union have been reported for conventional reconstruction plates [2,4,5]. 
Knitschke et al. reported long-term non-union rates at least 36 months 
after surgery of 4.2 % for conventional plates and 18.2 % for 

patient-specific plates [6]. Previous studies have suspected mechanical 
factors as causal for this observation [2,4,7,8]. Other advantages of 
conventional plates are lower production costs and a shorter time from 
diagnosis to therapy because the production process of patient-specific 
3D-printed reconstruction plates is avoided [5].

The key difference between custom and conventional plates is the 
pre- or intraoperative pre-bending step necessary for conventional plates 
[7,9–11]. This requires a different plate design in conventional plate 
systems, with a slim shape between screw holes and the use of pure ti
tanium [4,7,12,13]. Pure titanium has the advantage of a broad plastic 
phase, which allows for permanent plastic deformation [14]. In contrast, 
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patient-specific plates use the titanium alloy Ti6AlV4 with a high yield 
strength but a narrow plastic phase [15–17]. A previous study demon
strated plastic stresses in conventional plates due to pre-bending [10]; 
however, the impact of plate pre-bending on the biomechanical condi
tions within the bone healing region was not evaluated. These condi
tions are particularly relevant since in the initial healing phase, 
intersegmental strains have been described as the main mechanical 
stimulus determining the bone regeneration outcome [18–21].

Therefore, the present study aimed to evaluate the influence of plate 
pre-bending on the intersegmental strains in the healing regions.

2. Materials and methods

A finite element (FE) model representing the pre-bending of a 
commercially available conventional reconstruction plate was estab
lished on a mandible reconstruction with a one-segmental fibula free 
flap. In a second step, the fixed reconstructed mandible was investigated 
under fixation with both the pre-bent reconstruction plate and a same- 
shaped customized reconstruction plate. Screw fixation did not differ 
between the two models. The mechanical stresses in the plates and the 
strains in the healing regions were evaluated.

2.1. Reconstructed mandible model geometry

The primary model geometry was initially developed for a previous 
study [16] and has been modified to address the research question of the 
present study. This geometry was derived from a pre-operative axial 
computer tomography (CT) scan of a 57-year-old female patient un
dergoing segmental mandibular resection due to oral squamous cell 
carcinoma with bone invasion. Image segmentation and meshing were 
conducted using Amira 6.0.1 (Thermo Fisher Scientific, Waltham, 
Massachusetts, United States), by virtually distinguishing the mandible 
and right fibula into cortical and trabecular bone based on their gray
scale values. The cortical bone was identified for Hounsfield Units 
ranging from 300 to 2200 on the mandible and 250–2200 on the fibula, 
while the remaining inner bone areas were categorized as trabecular 
bone and medullary space.

Using the 3D computer-aided design (CAD) software SolidWorks 
2020 (Dassault Systèmes, Vélizy-Villacoublay, France), the mandible 
was virtually resected and the fibula segment was placed from the right 
mandibular angle to the right canine region, using an extruded trape
zoidal geometry as a resection guide. The fibula segment measured 5 cm 
in length and had a maximum diameter of 1.2 cm. It was positioned 
according to current surgical guidelines [22], leaving an 8 cm residual 
stump.

In the finite element analysis software Abaqus CAE 2021 (Dassault 
Systèmes, Vélizy-Villacoublay, France), the residual mandible cortical 
and trabecular geometries, along with the complementary fibula cortical 
and medullary space geometries, were merged into one volume part 
with four subdivided geometry sets. Intersegmental gaps were defined 
by creating a joint volume of the mandible and fibula at the interosseous 
interface with a width of 1 mm, as recent findings show that excessive 
gap width negatively impacts bone healing outcomes [23,24]. These 
intersegmental gaps represented the regions of interest (ROIs) where 
mechanical strains were evaluated.

2.2. Meshing and mesh convergence study

In line with previous FE studies of the mandible, the mandible and 
the screws were meshed in Abaqus CAE 2021 using second-order 
quadratic tetrahedral elements (Type C3D10) [16,25–27]. This mesh 
was based on the primary mesh assigned to the geometries in the seg
mentation software Amira 6.0.1. The mesh convergence test for the 

healing regions, performed in a previous study, was considered valid for 
this study since no changes were made to the underlying geometries 
[16]. Based on this mesh convergence analysis, an element size of 0.2 
mm was chosen for the healing regions. The mesh size for the screws was 
set to 1.0 mm.

To enable the multi-step analysis, the reconstruction plate was 
meshed with quadratic hexahedral elements (type C3D20R). For the pre- 
bending of the reconstruction plate, a mesh convergence test was con
ducted. Mesh sizes of 0.5 mm, 0.4 mm, 0.3 mm, and 0.25 mm were 
tested. Transverse bending in both directions was separately investi
gated, both with 10◦ and 45◦. The investigated output parameters were 
plastic equivalent strain, maximum plastic strain (absolute), and von 
Mises stresses. For the plate, the relative difference to the next finer 
mesh was below 5 % for all investigated parameters and scenarios for 
the 0.3 mm mesh. Consequently, a mesh size of 0.3 mm for the recon
struction plate was chosen.

2.3. Conventional plate assessment including pre-stress

To evaluate the effect of pre-bending on the mechanical conditions 
within the healing region, the reconstruction plate was assessed with 
and without pre-stress. A commercially available reconstruction plate 
(Karl Leibinger Medizintechnik GmbH & Co. KG, Tuttlingen, Germany) 
made of pure titanium with a thickness of 2.0 mm and locking threads 
(article number 50-775-26-XX) was chosen [12]. The STL files of the 
reconstruction plate in both non-bent and pre-bent conditions (including 
required bending angles) were received from the manufacturer.

For the fixation of the reconstruction plate, 7 mm monocortical 
screws were used on the fibula to prevent damage to the intraosseous 
vessels [12,22]. On the mandible, bicortical screws of varying lengths 
were used, as reported in previous studies [11,16,17]. The screw lengths 
are detailed in Fig. 1.

Since individual meshing of the plates with hexahedral elements is 
required for the multi-step analysis, the unbent plate was reconstructed 
as volume part in SolidWorks 2020. The simulation of pre-bending was 
performed in Abaqus CAE 2021. The undeformed reconstruction plate 
was bent to the specified shape. Therefore, kinematic coupling con
straints between the midpoints of the anterior and posterior cross- 
section and the corresponding cross-section planes were employed. 
The bending was simulated in local coordinate systems for each bending 
area by defining a rotation of the anterior cross-section plane around the 
anterior midpoint, while the posterior plane was fixed (Fig. 1). 
Following the initial deformation, the plate was released to allow a 
“spring-back” and obtain the permanently deformed shape of the pre- 
stressed plate defined by the final bending angles specified in Fig. 1. 
Thereafter, the pre-stressed plate was re-imported for the biting analysis 
using the predefined field initial state option in Abaqus CAE 2021 [28]. 
Additionally, the biting simulation was conducted also with the 
customized plate (import of the deformed plate without pre-stress) for 
the sake of comparison. Table 1 presents all different plate types dis
cussed within the present study.

2.4. Constraints, loading, and boundary conditions in the biting 
simulation

For both fixation scenarios, tie constraints were defined between the 
screws and plates as well as between the screws and the underlying bone 
tissue. This represents the simulation of locking screws, which are 
commonly used in fibula free flap surgery [29,30].

Two different biting tasks were investigated: incisal biting and uni
lateral biting. To simulate unilateral biting, the premolars and the first 
molar were restricted from vertical displacement. For incisal biting, the 
incisors were restricted from vertical movement. The condyles were 
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assumed locked in the glenoid fossa, preventing movement in all degrees 
of freedom.

The main biting muscles involved were defined as loads, including 
the superficial- and deep masseter, anterior-, middle-, and posterior 
temporalis, and medial- and lateral pterygoid (Fig. 1). To simulate a 
post-operative scenario, maximum muscle forces and fiber activations 
from previous studies investigating the healthy mandible were adapted 
[31,32]. On the resection side (right), the superficial masseter was 
assumed to be detached, and the deep masseter was simulated as 
partially detached (50 % reduced fiber activation) [16]. The maximum 
muscle forces were assumed to be reduced to 12.5 %, resulting in a 
biting force of 40 N under unilateral biting, which is consistent with 
reported post-surgery values [33]. Maximum muscle forces, fiber di
rections and fiber activations are detailed in Table 2. Muscle insertion 
areas are presented in Fig. 1.

2.5. Material properties

Anisotropic, homogeneous, linear elastic material properties were 
assigned to the cortical bony structures using local coordinate systems 
[16,17,34–37]. On the mandible, the different cortical regions were 
assigned individual local coordinate systems where the principal axis 
was selected to be aligned with the main bony fiber direction of that 

specific region according to Schwartz-Dabney and Dechow [34]. 
Isotropic, homogeneous, linear elastic material properties were assigned 
to mandible trabecular bone, dentine, granulation tissue, and the screws 
[15–17,31,38,39] (Table 3). Granulation tissue was assumed both in the 
interosseous gap and the fibula medullary area. Below the yield stress, 
linear elastic material properties were assigned to the reconstruction 
plate (Table 3). The screws were assumed made of titanium alloy 
Ti6Al4V, whereas the reconstruction plate was considered made of pure 
titanium [12,14,15].

To model isotropic homogeneous linear plastic deformation beyond 
the nominal yield stress (340 MPa) in Abaqus CAE 2021, the software 
uses true stress (σt) and true strain (εt) [28]. These are calculated from 
nominal stress (σnom) and nominal strain (εnom) using the following 
formulas: 

εt = ln(1+ εnom)

σt = σnom(1+ εnom)

Based on true stress and true strain, the plastic strain (εpl) is calcu
lated using the Young’s modulus (E, 102 GPa [14]) with the formula: 

εpl = εt −
σt

E 

Fig. 1. (A) Reconstruction plate in undeformed and pre-bent configuration; bending angles (coordinate systems) and screw lengths (in orange) for reconstruction 
plate fixation; graphic description of the constraints within one exemplary bending segment: fixed posterior midpoint and its coupled cross-section along with the 
anterior midpoint and the coupled cross-section where rotation and deformation were defined; (B) overview over biting muscles of the reconstructed mandible 
including superficial- (SM) and deep masseter (DM), lateral- (LP) and medial pterygoid (MP) and anterior- (AT), middle- (MT) and posterior temporalis (PT) under 
unilateral and incisal biting (both boundary condition areas marked with multiple triangles) - Created with BioRender.com. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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From the available data for pure titanium, the ultimate stress (430 
MPa) was used as the top value for nominal stress, and elongation at 
break (28 %) was used as the top value for nominal strain [14]. Between 
the yield stress and the ultimate stress, the values were interpolated to 
obtain a curve of true stress and true strain which is detailed in Fig. 2.

2.6. Output evaluation

Mechanical strains within the healing regions were evaluated as in
dicators of the expected healing outcome. For the straining evaluation, 
only elements with absolute strains higher than 500 μstrain were 
included to minimize the influence of elements with small strain levels 
that are not part of the direct interosseous interface of different-sized 
mandible and fibula. Before strain data visualization, outlier values 
were identified using the ROUT method (combination of robust 
regression and outlier removal) with Q = 0.1 % [40] and removed for 
visualization.

Peaks in von Mises stress in the plates were calculated as an indicator 
of material failure. To achieve this, the average of the stresses in the 10 
elements with the highest values in the percentile group [0 %; 99.97 %] 
was calculated. The largest 0.03 % of all stress values were excluded to 
minimize the effect of stress singularities that could occur due to tie 
constraints between objects with different mesh sizes and the kinematic 
coupling constraints in the plate bending [16,26].

Analogously to previous studies, all values were collected from the 
integration point of each element [16,26].

3. Results

The bite force in the different plating scenarios was predicted to be 
between 37 and 40 N for unilateral biting and between 9 and 10 N for 
incisal biting.

3.1. Intersegmental strains do not differ between pre-stressed plate and 
customized plate

The strain distributions under unilateral biting are shown in Fig. 3. 
Similar strain levels were observed in the intersegmental gaps with and 
without plate pre-stress in the posterior region (customized conven
tional reconstruction plate percentiles 1–4 %, 0.75–1.3 %, 0.5–0.8 %, 
0.25–0.4 %; pre-bent conventional reconstruction plate percentiles 1–4 
%, 0.75–1.3 %, 0.5–0.8 %, 0.25–0.4 %). Posterior strains were higher 
than anterior strains for both reconstruction plates with and without 
pre-stress (anterior customized conventional reconstruction plate per
centiles 1–1.1 %, 0.75–0.4 %, 0.5–0.3 %, 0.25–0.2 %; anterior pre-bent 
conventional reconstruction plate percentiles 1–1.1 %, 0.75–0.4 %, 
0.5–0.3 %, 0.25–0.2 %).

Table 1 
Plate types discussed in the present study along with their characteristics, ma
terials, and usage.

Plate type Characteristics Material Usage

Conventional 
reconstruction 
plate

• pre- or 
intraoperative pre- 
bending for the plate 
to fit the patient’s 
anatomy [5]

• slim bridges between 
the screw holes are 
required to enable 
pre-bending [4]

• cheap and easy to 
access since no pre- 
planning is required 
[5]

• pure 
titanium 
[12]

• gold standard for 
mandibular 
reconstruction 
[5]

Common 
patient- 
specific 
reconstruction 
plate

• pre-planned 
reconstruction plate 
fits the patient’s 
anatomy

• reduced surgery 
time and increased 
precision [3]

• often designed 
without slim bridges 
since no pre-bending 
is required (“recon
struction bar”) [4]

• induces higher rates 
of osseous non-union 
compared to con
ventional recon
struction plate [2,4,
6]

• titanium 
alloy 
Ti6Al4V 
[16]

• trend towards 
patient-specific 
plates has been 
reported [5]

Customized 
conventional 
reconstruction 
plate

• theoretical concept 
plate used as control 
scenario in the 
present study

• exactly same shape 
as conventional 
reconstruction plate 
→ imported to the 
analysis without pre- 
stress values

• from a mechanical 
perspective a 
patient-specific plate

• could be 
manufactured 
analogously to 
common patient- 
specific plates using 
selective laser- 
melting [29]

• pure 
titanium

• not used for 
mandibular 
reconstruction

Table 2 
Healthy maximum muscle forces, reduced maximum muscle forces on 12.5 %, fiber directions and fiber activations for the participating muscles in the investigated 
biting tasks unilateral (UNI) and incisal (INC) biting; fiber direction definition relative to the frontal (XY), transversal (XZ), and sagittal (YZ) planes [32].

Healthy Maximum Muscle Force 
(N)

12,5 % of Maximum Muscle Force 
(N)

Fiber direction Fiber activation

X Y Z INC UNI

Right Left Right Left Right Left

Superficial Masseter 190,4 23,8 − 0,207 0,207 0,884 0,419 0 0,4 0 0,72
Deep Masseter 81,6 10,2 − 0,546 0,546 0,758 − 0,358 0,13 0,26 0,3 0,72
Medial Pterygoid 174,8 21,85 0,486 − 0,486 0,791 0,373 0,78 0,78 0,6 0,84
Lateral Pterygoid 66,9 8,3625 0,63 − 0,63 − 0,174 0,757 0,71 0,71 0,65 0,3
Anterior Temporalis 158 19,75 − 0,149 0,149 0,988 0,044 0,08 0,08 0,58 0,73
Middle Temporalis 95,6 11,95 − 0,222 0,222 0,837 − 0,5 0,06 0,06 0,67 0,66
Posterior 

Temporalis
75,6 9,45 − 0,208 0,208 0,474 − 0,855 0,04 0,04 0,39 0,59
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The strain distributions during incisal biting are illustrated in Fig. 4. 
As in unilateral biting, pre-bending did not affect intersegmental strains. 
Posterior strains (posterior customized conventional reconstruction 
plate percentiles 1–2.3 %, 0.75–0.8 %, 0.5–0.5 %, 0.25–0.3 %; anterior 
pre-bent conventional reconstruction plate percentiles 1–2.4 %, 
0.75–0.8 %, 0.5–0.5 %, 0.25–0.3 %) were higher than anterior strains 
(anterior customized conventional reconstruction plate percentiles 
1–1.4 %, 0.75–0.5 %, 0.5–0.3 %, 0.25–0.2 %; anterior pre-bent con
ventional reconstruction plate percentiles 1–1.5 %, 0.75–0.6 %, 0.5–0.3 
%, 0.25–0.2 %). Incisal biting generally resulted in lower strains 
compared to unilateral biting. Nevertheless, the difference between 
anterior and posterior strain levels were smaller compared to unilateral 
biting (see Figs. 3 and 4).

3.2. Pre-bending induces maximum stresses in the plastic phase of 
titanium

Stress distributions within the plates before and during unilateral- 
and incisal biting and the peaks in von Mises stresses are shown in Fig. 5. 
Pre-bending caused plastic stresses (maximum of 464 MPa) that led to 

permanent deformation (over 341 MPa) in multiple locations. After 
unilateral biting, the pre-bent reconstruction plate presented a slightly 
wider spatially distributed stress plot with a peak stress of 447 MPa in 
the plastic phase. The customized reconstruction plate shows all over the 
plate much lower stresses (in the elastic phase) in comparison to the pre- 
stressed reconstruction plate. This is represented by a maximum stress 
value of 41 MPa in the customized plate.

In incisal biting, analogously to unilateral biting, the pre-bent plate 
experienced stress values in the plastic phase. The maximum stress value 
of the pre-bent reconstruction plate was 447 MPa. Without pre-bending, 
the plate showed lower stresses in the elastic phase. This observation is 
represented by a maximum stress of 21 MPa in the customized recon
struction plate. Generally, under incisal biting, the customized recon
struction plate was less stressed than the same plate under unilateral 
biting (see Fig. 5). In the pre-stressed scenarios, both biting tasks 
induced similar maximum stresses.

4. Discussion

Although patient-specific 3D-printed reconstruction plates are 

Table 3 
Anisotropic and isotropic material properties for bone, intersegmental gaps, and fixation materials. 1: longitudinal (local bone orientation); 2: tangential; 3: transverse.

Material Symphysis Body Angle Ramus Condyle Coronoid Fibula 
cortical

Dentin Mandible 
trabecular

Granulation 
Tissue

Ti-6AI- 
4V

Titanium

E1 (GPa) 20,5 21,7 23,8 24,6 23,5 28 28 17,6 0,3 0,001 114 102
E2 (GPa) 16,4 17,8 19 18,4 17,9 17,5 17,7 17,6 0,3 0,001 114 102
E3 (GPa) 12,1 12,7 12,8 13 12,7 14 17,7 17,6 0,3 0,001 114 102
Nu12 0,34 0,34 0,3 0,28 0,24 0,23 0,237 0,34 0,3 0,3 0,33 0,34
Nu23 0,22 0,2 0,22 0,23 0,25 0,28 0,42 0,34 0,3 0,3 0,33 0,34
Nu13 0,43 0,45 0,41 0,38 0,32 0,28 0,231 0,34 0,3 0,3 0,33 0,34
G12 

(GPa)
6,9 7,5 7,6 7,4 7,2 7,2 4,7 6,6 0,115 0,000385 44 38

G23 
(GPa)

4,8 5,1 5 5 5,2 5,3 3,6 6,6 0,115 0,000385 44 38

G13 
(GPa)

5,3 5,5 5,5 5,4 5,5 5,8 4,7 6,6 0,115 0,000385 44 38

Fig. 2. True stress – true strain curve for pure titanium calculated using the values nominal yield stress (340 MPa), nominal ultimate stress (430 MPa), top value of 
nominal strain (28 %) and Young’s modulus (102 GPa), interpolation of the nominal values to obtain the curve [14].
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mostly advantageous over conventional reconstruction plates, conven
tional reconstruction plates present higher rates of osseous union [2,4,
6]. To understand the reasons for this observation, pre-bent and 
customized conventional reconstruction plates have been biomechani
cally evaluated in the present study. The results suggest that the plate 
pre-bending does not alter mechanical strains within the healing region 
under conventional fixation. However, plate pre-bending induces plastic 
mechanical stresses within the titanium reconstruction plate [10].

A previous study evaluated the stresses induced by plate pre-bending 
in comparison to same-shaped customized plates under biting in a C- 
type symphysis reconstruction [10,41]. Similar to the present study, 
stresses in the plastic phase were reported for pre-stressed plates [10]. In 
contrast, customized conventional reconstruction plates induced 
reversible elastic stresses [10]. Thus, the use of customized conventional 
plates instead of pre-bent conventional plates could ensure a 
long-lasting plate performance. However, the previous study evaluating 
plate pre-bending did not investigate intersegmental strains [10]. Strain 
levels induced by common patient-specific plates have been investigated 
in other previous studies [16,17]. Within the present study, the two 
approaches have been combined to evaluate the influence of plate 
pre-bending on intersegmental strains.

For long bones, intersegmental strain levels favoring specific cell 
differentiation patterns have been determined [18,20,21]. The exact 
strain levels beneficial for bone healing in the mandible remain unclear 
[16,17,25,42]. However, previous studies suggest that bone formation 
positively correlates with the mechanical stimulus (strain) on the 

reconstructed mandible [16,42,43]. Similar to previous studies on the 
mandible, in the present study under unilateral biting, anterior me
chanical strains were lower than posterior strains [16,17,26]. In 
patient-specific reconstruction plates, this is suspected to be causal for a 
significantly better healing outcome in the posterior areas [16,23].

Independent retrospective studies found better healing outcomes of 
conventional reconstruction plates in comparison to patient-specific 
reconstruction plates suspecting biomechanical causes [2,4,6]. Howev
er, in the present study, the mechanical process of plate pre-bending was 
shown not to alter the biomechanics in the healing regions when 
comparing the patient-specific customized conventional reconstruction 
plate and the pre-bent conventional reconstruction plate. In conse
quence, plate pre-bending is unlikely to be causal for the difference in 
the healing outcome. Additional simulations with customized conven
tional and common patient-specific plates have shown that interseg
mental strains are twice as high under customized conventional 
reconstruction plate fixation compared to the common patient-specific 
reconstruction plate under both incisal and unilateral biting 
(Appendix 1). Previously, the distances of the screws to the osteotomies 
have been shown to determine the interfragmentary strains on long 
bones, particularly the screws closest to the osteotomy are limiting the 
interfragmentary strain [44]. Therefore, the placement of the first screw 
further away from the osteotomy can increase the intersegmental strain. 
This could partially explain the increased strain under customized 
conventional reconstruction plate fixation in comparison to common 
patient-specific reconstruction plate fixation.

Fig. 3. Unilateral biting induced quantitative (boxplots, percentiles 0.75, 0.5, 0.25) strain distributions and contour plots of the anterior (bottom) and posterior (top) 
intersegmental gaps in the pre-stressed (left) and customized reconstruction plate (right) scenarios.

P. Ruf et al.                                                                                                                                                                                                                                      Computers in Biology and Medicine 196 (2025) 110686 

6 



Fig. 4. Incisal biting induced quantitative (boxplots, percentiles 0.75, 0.5, 0.25) strain distributions and contour plots of the anterior (bottom) and posterior (top) 
intersegmental gaps in the pre-stressed (left) and customized reconstruction plate (right) scenarios.

Fig. 5. Maximum (bars) von Mises stresses in % of the yield stress and von Mises stress contour plots of the pre-stressed (left) and the customized reconstruction plate 
(right) before and after unilateral (top) and incisal biting (bottom) with individual legends in MPa (all elements with stress values beyond the legend’s top value 
marked in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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In the present study, material properties were simplified by applying 
linear elastic and linear plastic material properties. Additionally, pre- 
bending was simulated with kinematic constraints between the cross- 
sections and their midpoints, which might represent a simplification 
of the bending process. However, excluding the largest 0.03 % of all 
stress values from the analysis was intended to reduce the effect of this 
limitation. Only one patient was analyzed to isolate biomechanical dif
ferences between the plating groups, however, future studies should 
investigate different patients and clinical scenarios. Only reconstruction 
plates have been evaluated although conventional miniplates would be a 
clinical alternative [45–47]. However, since clinical studies comparing 
conventional reconstruction plates with patient-specific reconstruction 
plates are available, a comparison of a customized and a pre-bent con
ventional reconstruction plate was chosen to relate the biomechanical 
outcome to clinical data [2,4,6]. Future studies could evaluate the 
biomechanical and clinical influence of conventional miniplate fixation 
and verify the observations regarding pre-stress in a different plating 
configuration. The initial healing phase was evaluated in the present 
study and the intersegmental strains were considered positively corre
lated to the bone formation. The underlying mechanoregulation theories 
describe the effect of mechanical cues on bone regeneration [18,19]. 
The resulting tissue differentiation theories are mainly based on the 
early studies by Pauwels who proposed that tissue differentiation within 
a healing region was governed by mechanical stimuli [48]. He theorized 
that cartilage forms as a result of local hydrostatic pressure causing 
mesenchymal stem cells to become chondroblasts, whereas bone and 
fibrous tissues resulted from shear strains causing mesenchymal stem 
cells to differentiate into osteoblasts and fibroblasts, respectively [21,
48]. In consequence, bone healing is a multi-stage process and in the 
validation of the underlying mechanoregulation theory, the later stages 
can be modeled by coupling finite element analysis with tissue differ
entiation algorithms [49–51]. Nevertheless, the initial healing phase is 
the crucial phase for bone formation and therefore was chosen for the 
present study [19].

In conclusion, pre-bending causes stresses in the plastic phase which 
could increase the risk of material failure. However, the geometrical 
design of conventional reconstruction plates is likely to be causal for the 
increased intersegmental strains compared to common patient-specific 
plates. These higher intersegmental strains might be the reason for the 

better healing outcome of conventional plates compared to common 
patient-specific plates. Therefore, the design of customized conventional 
reconstruction plates instead of common patient-specific plates could 
result in a better healing outcome.
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Appendix 

Both plates (customized conventional reconstruction plate and common patient-specific plate) were designed as patient-specific and made from 
the titanium alloy Ti6Al4V that is usually used for patient-specific plates [16]. The common patient-specific plate geometry was originally generated 
for a previous study and has been investigated in the modified model of the present study [16]. The plates presented the following geometrical 
differences (Appendix 1) that have been previously described in vitro and in vivo (radiographic) [4,7]: 

• Conventional reconstruction plates present slimmer bridges between the screw holes in comparison to common patient-specific plates to facilitate 
pre-bending.

• Conventional reconstruction plates present greater distances from the first screws to the osteotomies. Screw holes in the conventional plates have 
defined distances to each other and subsequently screw holes are regularly located very close to the osteotomies. These screw holes cannot be used 
for screws. Therefore, the screws are located more distant from the osteotomy compared to patient-specific reconstructions, in which the screw 
holes can be placed at a defined distance to the osteotomy and are therefore usually placed closer to the osteotomy.
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Appendix 1. Visual comparison of plate and screw configuration and variance in strains in the anterior and posterior intersegmental gap under unilateral (top) and 
incisal biting (bottom): (A) customized conventional reconstruction plate and (B) common patient-specific reconstruction plate both made from Ti6Al4V.
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