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Abstract 

Background: A combination of short titanium plates fabricated using additive manufacturing (AM) provides 

multiple advantages for complete mandible reconstruction, such as the minimisation of inherent implant 

deformation formed during AM and the resulting clinical impact, as well as greater flexibility for surgical 

operation. However, the biomechanical feasibility of this strategy is still unclear, and therefore needs to be 

explored. 

Method: Three different combinations of short mandible reconstruction plates (MRPs) were customised 

considering implant deformation during the AM process. The resulting biomechanical performance was 

analysed by finite element analysis (FEA) and compared to a conventional single long MRP. 

Results: The combination of a long plate and a short plate (Design 3 [LL61 mm/RL166 mm]) shows superior 

biomechanical properties to the conventional single long plate (Design 1 [TL246 mm]) and reveals the most 

reliable fixation stability among the three designs with short plates. Compared to conventional Design 1, 

Design 3 provides higher plate safety (maximum tensile stress on plates reduced by 6.3%), lower system 

fixation instability (relative total displacement reduced by 41.4%), and good bone segment stability (bone 

segment dislocation < 42.1 μm) under masticatory activities. 

Conclusions: Preclinical evidence supports the biomechanical feasibility of using short MRPs for complete 

mandible reconstruction. Furthermore, the results could also provide valuable information when treating 

other large-sized bone defects using short customised implants, expanding the potential of AM for use in 

implant applications. 

 

Keywords: Finite element analysis (FEA); Additive manufacturing (AM); Patient-specific customised 

implants (PSCIs); Mandible reconstruction; Biomechanics 
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1. Introduction 

Selective laser melting (SLM), one of the promising metal additive manufacturing (AM; 

interchangeably called 3D printing) techniques, has been widely used to create patient-specific customised 

implants (PSCIs) in orthopaedic [1], craniomaxillofacial [2], and dental [3, 4] applications. SLM is used to 

fabricate an implant in a revolutionary additive manner (point-by-point, line-by-line, and layer-by-layer) 

starting from metal powders, allowing sufficient design freedom to produce PSCIs that would otherwise be 

challenging or even impossible to fabricate through conventional subtractive or formative techniques [5]. 

The good mechanical and biomechanical performance of SLM-fabricated PSCIs has been well documented. 

The use of a fine laser beam (spot diameter of 30-100 μm) and a thin powder layer thickness (typically below 

100 μm) allows SLM to produce customised implants with high precision [5]. An implant geometry strongly 

matched to the patient's anatomical structure improves the implant placement precision, shortens the 

recovery and rehabilitation process, allows optimum reconstruction of joint kinetics, enhances implant 

fixation stability, and results in fewer postoperative infections [6, 7]. In addition, the short interaction 

between the laser beam and powder bed enables the powder system to experience a rapid heating/cooling 

process, leading to fine and uniform metallurgical microstructures and improved mechanical properties [8]. 

Biomechanically, the improved mechanical properties, particularly the fatigue strength and yield strength, 

can extend the implant lifespan without premature fatigue crack initiation and plastic deformation [9]. 

Although SLM-fabricated PSCIs have a great reputation in biomedical applications, the non-uniform 

heat input under its inherent domain-by-domain localised formation tends to produce high tensile residual 

stress on the implant. The tensile residual stress not only accelerates fatigue crack growth under cyclic 

loading but also causes macroscale implant deformation, reducing implant placement precision [10, 11]. 

Such implant deformation is particularly significant in bar-like structures due to relatively large stress 

accumulation along the length compared with that oriented along the thickness and width [12]. To avoid 

unfavourable part deformation, a stress-relieving heat treatment is usually applied before the printed parts are 

cut from the base plate. However, the plastic deformation that usually occurs at the ends of the bar-like 

structures cannot be recovered by subsequent heat treatment, influencing the final implant structure. In fact, 

bar-like structures are required in many biomedical applications, especially the plates for mandible 

reconstruction, as they reduce the implant exposure potential by minimising the implant thickness and width 

[13]. 
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As the initial step of the AM process, the implant design can be fundamental to optimising the stress 

distribution on the implant and thus mitigating the implant deformation [14]. More importantly, the 

biomedical properties of implants, such as high fixation stability [15], good biomechanics [16], lightweight 

[17], and desired bone/nerve/tissue regeneration capability [18-20], are closely associated with the implant 

geometry. Therefore, the need to minimise implant deformation and optimise biomedical properties is 

driving researchers to remodel the conventional implant structure. For bar-like implants, shortening the 

length can be the most straightforward solution to lowering the tensile residual stress and minimising implant 

deformation. Clinically, the shortened PSCIs have numerous advantages: higher flexibility for surgical 

operation and lower difficulty of implant placement. Furthermore, the reduced contact area between the short 

implants and the bone surface leaves fewer biological footprints on the periosteum, which guarantees smooth 

nutrition transportation through the periosteum to the bone and thus benefits bone recovery and rehabilitation 

[21].  

Recently, Palka et al. [15] studied the biomechanical feasibility of using shortened plates from SLM to 

treat a small-sized mandible fracture of several millimetres. They designed novel modular star-like plates 

(diameter of 10 mm) and matched dog-bone-like plates (length of 19 mm) to replace a long, flat, bar-like 

plate (length of about 25 mm). The subsequent biomechanics simulation by finite element analysis (FEA) 

showed good construction stability on the treated bone, benefiting bone segment stability, anatomic gap 

reduction, and physiological bone function restoration. 

However, whether the shortened implants can be used to treat large-sized bone defects is unclear. 

Therefore, this work was performed based on a case study of complete mandible reconstruction with fibula 

graft. Mandible defects of this extent usually occur after mandible resection due to tumours, 

osteoradionecrosis, and medication-related osteonecrosis of the jaw [22]. When the size of a mandible defect 

spans tens of centimetres, mandible reconstruction plates (MRPs) are deemed necessary to reconstruct 

mandible functionality. As illustrated in Fig. 1, four designs of MRPs were customised, including a 

conventional design (Design 1) and three new designs consisting of short plates (Designs 2–4). Implant 

deformation was predicted by an SLM process simulation to assist implant design. By performing FEA, the 

safety and fixation stability of the short MRPs for mandible reconstruction was evaluated. The objective of 

this work was to preclinically assess whether customised short MRPs prepared by SLM can be feasible to 

treat large-sized mandible bone defects compared to the gold-standard long MRPs. 
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Fig. 1. Flowchart of biomechanics simulation on customised MRPs. 

2. Materials and methods 

2.1 Patient history and virtual planning 

A 58-year-old male patient was treated at the Department of Oral & Maxillofacial Surgery, UZ Leuven, 

Belgium, for complete mandible reconstruction with tumour resection. A high-resolution CT scan of the 

craniofacial skeleton and fibula was obtained preoperatively using an in-plane resolution of 0.75 mm² and a 

slice thickness of 1 mm. CT data was post-processed and segmented in Mimics v22.0 (Materialise, Leuven, 

Belgium). Then, the segmented models were imported into Proplan CMF software (Materialise, Leuven, 

Belgium) for virtual surgical planning. The reconstructed mandible had a global dimension of 122 mm × 92 

mm × 98 mm (length × width × height) with three fibula pieces (Fig. 2). Clinically, the chewing activities 

of the patient are strictly restricted at the initial stage after the mandible reconstruction to guarantee bone 

recovery. Therefore, this study was performed assuming the bone system is at the late rehabilitation stage. At 

this stage, osseointegration has almost completed, and loading can be transferred between the mandible and 

the fibulas. Thus, the fibulas were merged with the retained mandible for the subsequent FEA. To evaluate 

the bone segment stability provided by the customised MRPs, the mandible segment dislocation was 

assessed during the biomechanics simulation. The mandible segment dislocation was obtained by comparing 

the relative displacement at the two sides of a bone junction with a distance of 2.5 mm (Junctions L1, L2, L3, 

and L4 in Fig. 2). 
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Fig. 2. Mandible reconstruction process and the reconstructed mandible. 

2.2 Mandible reconstruction plate (MRP) design process 

Four different patient-specific customised MRPs were designed in 3-Matic v14.0 (Materialise, Leuven, 

Belgium) based on the reconstructed mandible (Fig. 3). All designs have a thickness of 2.5 mm and a height 

of 7 mm. Design 1 is a single, long conventional MPR (total plate length of 246 mm, termed as [TL246 mm]; 

Fig. 3a), and Design 2 consists of two medium-long plates (left plate length of 119 mm and right plate length 

of 121 mm, termed as [LL119 mm/RL121 mm]; Fig. 3b). Design 3 consists of one long and one short plate 

(left plate length of 61 mm and right plate length of 166 mm, termed as [LL61 mm/RL166 mm]; Fig. 3c), 

and Design 4 consists of three short plates (right plate length of 61 mm, middle plate length of 91 mm and 

right plate length of 67 mm, termed as [RL61 mm/ML91 mm/RL67 mm]; Fig. 3d). Clinical 

recommendations call for three or four screws on the side of a plate to provide adequate fixation stability 

[23]. Following this recommendation, four screw holes with 7 mm spacing were assigned at the condyle end 

of the plate, as the highest stress is expected to accumulate at that location under masticatory activities [10]. 

In contrast, two or three screw holes with a spacing of 10 mm were arranged at the chin end of the plate as 

they are exposed to relatively lower stress, with a greater distance of 15 mm between screw holes in the 

middle of the plate. The screw hole had a diameter of 3 mm. With designs using two or three short plates, the 

total number of necessary screw holes increased from 18 in Design 1 to 24 in Design 4. 
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(a)  (b)  

(c)  (d)  
Fig. 3. Models of patient-specific customised MRPs: (a) Design 1, (b) Design 2, (3) Design 3 and (4) Design 

4. (S1–S24 highlight the position and number of screw holes on the MRPs.) 

2.3 Implant deformation evaluation and in vitro experimental validation 

Magics v25.01 (Materialise, Leuven, Belgium) was used to simulate the SLM process and evaluate the 

implant deformation that can occur during the SLM. Each customised MRP was placed on the base plate 

first. Afterwards, removable support structures that assist the building of overhang structures during the SLM 

were generated (Fig. 4). The implant deformation simulation followed the guidelines and settings suggested 

by Materialise: εx = -0.004415, εy = -0.004457, εz = -0.019426, and layer thickness = 30 μm. A voxel size of 

0.5 mm × 0.5 mm × 0.4 mm (X × Y × Z) was used to achieve both simulation efficiency and precision. The 

building orientation of the MRPs and subsequent support generation were selected considering the optimal 

printing condition of titanium and the quality requirement for the MRPs. For example, the upper surface 

quality of the MRPs should be prioritised during the SLM to guarantee fatigue performance, since a fatigue 

crack is highly likely to initiate from the upper surface due to high tensile stress [10]. Therefore, the building 

of the MRPs during the SLM started from the chin end and ended at the condyle end, and the entire support 

structure was generated on the bottom surface of the MRPs (Fig. 4). In addition, screw holes on the MRPs 

were drilled and tapped after the SLM process using a computer numerical control (CNC) machine to 

achieve processing quality, so there were no screw holes on the MRPs during the SLM. 

The designed MRPs were then printed by a TruPrint 1000 SLM machine to evaluate the printability of 

the model. The machine is equipped with a 200 W TRUMPF fibre laser, producing a laser beam with a 

wavelength of 1070 nm and a diameter of 55 μm in a continuous mode. Ti-6Al-4V powder with a size 
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distribution of 15-45 μm and an average diameter of 30 μm was used as the raw material. The suggested 

laser parameters by the manufacturer were applied, allowing a volumetric energy density of 56 J/mm3 to be 

achieved. In addition, the reconstructed mandible model was prepared using a Stratasys Connex 350 3D 

printer using polymer material. Then, the metal implants were fixed onto the mandible model in order to 

check the geometrical suitability between the mandible and the implants preclinically. It should be noted that 

the MRPs and the corresponding mandible model were scaled down using a factor of 0.7 to match the 

building chamber size of the SLM machine. 

(a)  (b)  

(c)  (d)  
Fig. 4. Building arrangement of MRPs on the base plate of the SLM 3D printer with support structures: (a) 

Design 1, (b) Design 2, (3) Design 3, and (4) Design 4. (Screw holes on the MRPs were drilled and tapped 

after the SLM process by a CNC machine to provide processing quality.) 

2.4 Finite element analysis (FEA) of biomechanical behaviours 

Finite element analysis (FEA) simulating human masticatory activities was performed using an ANSYS 

Workbench static structural analysis package and used to understand the biomechanical behaviour of the 

customised MRPs, such as stress distribution and displacement. The FEA process included assembling the 

FEA model, meshing, assigning material properties, assigning interfacial conditions, and loading muscle 

forces and constraints. The FEA model assembly and meshing were prepared in 3-Matic software before 

being imported into ANSYS Workbench. 

2.4.1 FEA model assembly 

The FEA model assembly consisted of the customised MRP(s) attached to the reconstructed mandible 

and titanium screws (Fig. 5). This work mainly focused on the overall fixation feasibility enabled by the 

customised short MRPs from SLM. Therefore, the analysis used a simplified cylinder shape (diameter of 3 
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mm and length of 10 mm) for the screws to improve calculation efficiency. Similarly, the dental part was 

simplified and not included in the model. The coordinate origin of the model assembly was located at the 

physical geometrical centre; the X-axis, Y-axis, and Z-axis were assigned from the right temporomandibular 

joint (TMJ) to the left TMJ, from the forehead end to the afterbrain end, and from the neck end to the skull 

end, respectively. 

2.4.2 Meshing 

Considering the ease and robustness of the four-node tetrahedral (Tet4) volume element, this study 

adopted Tet4 in all the components (Fig. 5). A fine Tet4 volume element size with a maximum edge length 

of 1.0 mm was utilised in the MRPs and screws, and relatively coarse Tet4 volume elements (maximum edge 

length of 3.0 mm) were adopted in the large-sized mandible to provide a balance between computational 

precision and numerical simulation efficiency. Four model assemblies were meshed into 165790–177494 

elements and 36990–39134 nodes. 

 
Fig. 5. Three-dimensional finite element analysis (FEA) model for simulating human masticatory activities. 

(Red arrows highlight muscle insertions and direction.) 

2.4.3 Material parameters 

Ti-6Al-4V was selected as the material of the MRPs and screws based on its clinical usability and 

biocompatibility. The plate and screws were considered to be defect-free to exclude any influence of material 

metallurgical defects in the biomechanics simulation. A heat treatment is usually applied after the SLM 

process for titanium alloys in order to release residual stress and achieve isotropic mechanical properties by 

consuming epitaxial columnar grains [24, 25]. Thus, the Ti-6Al-4V material properties were assigned to be 

linear-elastic, isotropic, and homogeneous: Young’s modulus = 113800 MPa, Poisson’s ratio = 0.34, fatigue 

strength = 510 MPa, and yield strength = 870 MPa [26-28]. 
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Modelling bone tissue can be a demanding task due to its heterogeneous structure with cortical and 

trabecular bones. Thus, the bone model in the FEA is usually simplified to a greater or lesser extent. The 

bone model in this work was simplified to be a dense cortical bone based on three considerations [26, 29, 

30]. First, Andersen et al. [31] highlighted that the optimisation of bone structure features does not 

significantly influence the biomechanical results, due to the comparatively small volume of the medullary 

cavity compared to the whole mandible volume. This finding enabled the simplification of the mandible into 

a uniform cortical tissue. Second, the screws in this work are long enough to be inserted throughout the 

fibula, providing a stable fixation of the screw in the bone; thus, the loading can be transferred stably and 

smoothly from the mandible to the plate. Therefore, there was minimal influence of the removal of the 

medullary cavity on biomechanical behaviours. Third, the use of a simplified model improves the simulation 

efficiency by avoiding convergence difficulties caused by complex features in the model, such as cavities. A 

smooth and fast FEA also benefits the implant design process for patients. The Young’s modulus and 

Poisson’s ratio of the reconstructed mandible were defined as 13700 MPa and 0.30, respectively [26]. 

2.4.4 Interface conditions 

Locking plate/screw systems are widely used clinically for two reasons. First, the locking plate/screw 

system can enhance stability by locking the screw to the plate [32]. Second, locking plates are usually not 

compressed on the bone. Thus, the locking plate has fewer biological footprints on the periosteum, which 

benefits the recovery of transplanted fibulas [21]. Under the assumption of the locking plate/screw system, it 

was considered that there was no plane-to-plane contact and no stress interaction between the reconstructed 

mandible and the plate. The plate-screw interface was assigned to a ‘bonded’ contact condition to reflect the 

strong locked bonding. In addition, the screw-bone interface was assumed to be ‘frictional’ with a coefficient 

of 0.3 [33]. 

2.4.5 Muscle force loading and constraints 

The FEA simulated the static loading conditions of incisor clenching (to evaluate the biomechanical 

difference on the two sides of the customised MRPs) and left molar clenching (to evaluate the biomechanics 

under extreme biting force). As shown in Fig. 5, two condyles were restricted in all three degrees of freedom 

(X-, Y-, and Z-directions). The region corresponding to incisor teeth on the mandible was restricted in the Z 

direction for the incisor clenching simulation, and the region corresponding to left molar teeth on the 

mandible was restricted in the Z direction for the left molar clenching simulation. Korioth and Hannam [34, 
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35] reported that three major muscle groups must be loaded to simulate human masticatory activities: 

masseter muscles, temporalis muscles, and pterygoid muscles. Pinheiro and Alves [26] calculated the muscle 

forces based on the desired biting forces for different masticatory activities of a healthy human, as 

summarised in Table 1. As this study was performed at the late rehabilitation stage, besides the complete 

osseointegration at bone junctions, the muscle tissues were expected to attach to the bone steadily to drive 

full muscle forces. Plus, using full muscle forces of healthy people allows a conservative evaluation of the 

implant safety and fixation stability, providing highly transferable information for the research community. 

Therefore, the calculated muscle forces of a healthy adult male were used in this work. Furthermore, note 

that after the mandibular region for the muscle attachment of the left masseter was partially resected (see Fig. 

5), the left masseter muscle was attached to the corresponding region on the fibula clinically, to reconstruct 

the patient’s full muscle activities. Thus, the left masseter was also considered in the FEA and loaded on the 

fibula. All these muscle forces were loaded on a set of nodes at the corresponding muscle insertion site (Fig. 

5). 

Table 1. Muscle forces for the masticatory activity of incisor clenching and left molar clenching. 

Muscle groups 

Muscle forces along X-, Y- and Z-directions (N) 

Incisor clenching Left molar clenching 

X Y Z X Y Z 

Right masseter -123.0 -109.4 375.4 -128.9 -80.8 356.9 

Left masseter 123.0 -109.4 375.4 134.1 -22.3 304.8 

Right temporalis -17.0 22.0 84.3 -22.5 36.3 103.7 

Left temporalis 17.0 22.0 84.3 225.4 383.2 1023.5 

Right lateral pterygoid 183.8 -203.5 -32.4 44.3 -49.7 -8.7 

Left lateral pterygoid -183.8 -203.5 -32.4 -169.5 -194.8 -37.5 

Right medial pterygoid 298.2 -228.9 485.3 374.5 -287.4 609.5 

Left medial pterygoid -298.2 -228.9 485.3 -34.5 -26.5 56.1 

3. Results 

3.1 Implant deformation during SLM and in vitro experimental validation 

The implant deformation was determined as the relative displacement of a point on the model between 

its location after SLM and its original position (Fig. 6). The red-colour region in the figure highlights the 

large displacement. The SLM process is seen to produce various displacement values to different locations 

on the customised MRPs, leaving ununiform plate deformation. The maximum displacement value is always 

located at the highest location of a plate, which could be attributed to the thermal-stress accumulation layer 

by layer during the SLM [36]. With a decrease in plate length, the implant deformation can be reduced 

significantly by 30% to 59%, decreasing the maximum displacement to 1.5–2.6 mm (Designs 2–4; Fig. 6b–
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d) from 3.7 mm (Design 1; Fig. 6a). A reduced implant deformation can improve the implant placement 

precision and thus benefit the clinical outcomes. 

(a)  

(b)  

(c)  

(d)  

Fig. 6. Implant deformation prediction during SLM and in vitro experimental validation: (a) Design 1, (b) 

Design 2, (3) Design 3 and (4) Design 4. (Black arrows highlight the displacement direction. Screw holes on 

the MRPs were drilled and tapped after SLM by a CNC machine to provide processing quality, so there were 

no screw holes on the MRPs during the implant deformation prediction.) 

The SLM-fabricated MRPs validate the plate deformation prediction. Obvious warpage deformation can 

be seen on Design 1 due to large stress concentration (Fig. 6a), suggesting the comparatively poor 

printability of a long plate in SLM. Although having slight plate deformation, the short plates in Designs 2–4 
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can be well manufactured by SLM and fixed onto the reconstructed mandible model (Fig. 6b–d). The 

geometrical suitability of the mandible and the metal plates, in turn, preclinically reflects the feasibility of 

using SLM to prepare patient-specific implants for complete mandible reconstruction. 

3.2 Von Mises stress under masticatory activities 

The subsequent biomechanics simulation was used to calculate the von Mises stress on the customised 

MRPs during incisor clenching and left molar clenching (Fig. 7 and Fig. 8, respectively). In general, tensile 

stress is seen on the whole plate in all cases. The minimum stress is observed on the chin end, and the 

maximum stress occurs near screw hole S5 (Design 1) or screw hole S4 (Designs 2–4). The higher stress on 

the left side compared to the right side under incisor clenching can be attributed to the resection of a larger 

bone volume on the original mandible above Junction L1 for this patient (Fig. 2), suggesting the critical role 

of bone volume in undertaking clenching loading. The importance of bone volume in mandible 

reconstruction has long been recognised clinically [37]. The higher risk of the left plate highlights the need to 

perform a biomechanics simulation of left molar clenching, for example, to evaluate the implant safety under 

extreme biting force. 

During incisor clenching, Design 3 [LL61 mm/RL166 mm] shows the greatest capability of lowering 

the maximum stress, decreasing the stress to 144.9 MPa (Fig. 4c) from 154.61 MPa in Design 1 [TL246 

mm], a decrease of 6.3% (Fig. 7a). Meanwhile, Design 4 [RL61 mm/ML91 mm/RL67 mm] only presents a 

slight decline of about 4 MPa in the maximum stress compared to Design 1 (Fig. 7d). In contrast, the two 

medium-long plates [LL119 mm/RL121 mm] in Design 2 increase the maximum stress to 183.2 MPa, an 

increase of 18.5% compared to Design 1 (Fig. 7b).  

Jo
urn

al 
Pre-

pro
of



Revised manuscript CIBM-D-21-03102R1 for Computers in Biology and Medicine 

14 

(a)  (b)  

(c)  (d)  
Fig. 7. Von Mises stress distribution on customised MRPs during incisor clenching: (a) Design 1, (b) Design 

2, (3) Design 3, and (4) Design 4. 

During left molar clenching, the maximum stress on the four designs ranges from 300.69 to 371.71 

MPa. Different from incisor clenching, Design 4 [RL61 mm/ML91 mm/RL67 mm] produces the highest 

maximum stress among the four cases, increasing the maximum stress to 371.71 MPa (Fig. 8d) from 313.64 

MPa on Design 1, an increase of 18.5% (Fig. 8a). Also, Design 3 [LL61 mm/RL166 mm] exhibits the lowest 

maximum stress (300.69 MPa; Fig. 8c), which is 4.1% lower than the maximum stress on Design 1. 

(a)  (b)  

(c)  (d)  
Fig. 8. Von Mises stress distribution on customised MRPs during left molar clenching: (a) Design 1, (b) 

Design 2, (3) Design 3, and (4) Design 4. 

An engineering safety factor (SF), defined as the ratio of the fatigue strength of the Ti-6Al-4V prepared 

by SLM (510 MPa) to the maximum tensile stress on the MRP [10], was used to evaluate the implant safety. 
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The SF values of the four designs are summarised in Table 2. Without increasing the thickness and width of 

the MRPs, the use of a long plate and a short plate (Design 3 [LL61 mm/RL166 mm]) or three short plates 

(Design 4 [RL61 mm/ML91 mm/RL67 mm]) improves the SF values under both incisor clenching and left 

molar clenching, compared to Design 1. Moreover, Design 3 reveals the highest SF values among the four 

designs, showing an SF of 3.52 under incisor clenching and 1.70 under left molar clenching. Interestingly, 

Design 2 [LL119 mm/RL121 mm], although having two short plates, fails to increase the SF while reducing 

it to the lowest values of 2.78 and 1.50 under incisor clenching and left molar clenching, respectively. This is 

a decrease of 15.8% and 8% compared to Design 1 [TL246 mm], respectively. Therefore, it is reasonable to 

consider that correctly assigning the plate length can be critical to achieving a high SF. 

Table 2. Safety factor (SF) of customised MRPs during incisor clenching and left molar clenching. 

Designs Incisor clenching Left molar clenching 

Design 1 3.30  1.63  

Design 2 2.78  1.50  

Design 3 3.52  1.70  

Design 4 3.39  1.37  

3.3 Relative displacement between MRPs and mandibles under masticatory activities 

Muscle forces can also produce displacement on the mandible and the attached customised MRPs. 

Maximum total displacement under muscle forces is observed at the left mandible during incisor clenching 

and at the chin end during left molar clenching, as typically shown by Design 3 [LL61 mm/RL166 mm] (Fig. 

9). The value of the maximum total displacement on the MRP and the corresponding mandible in the four 

designs is summarised in Fig. 10. The left molar clenching can inevitably produce larger total displacements 

than the incisor clenching due to a larger biting force required. Moreover, the mandible and the attached 

MRPs move to a different extent under the effect of muscle forces, considering their different material 

parameters, showing different displacement values. The mandible experiences larger maximum total 

displacements than the MRPs during incisor clenching (range of 777.9–851.1 μm on the plate vs. range of 

821.1–889.2 μm on the mandible). In contrast, larger displacements are observed on the MRPs during left 

molar clenching (range of 1975.7–2134.3 μm on the plate vs. range of 1804–2033.7 μm on the mandible). 

Closer observation reveals that the customised designs with short plates (Designs 2–4) leave larger total 

displacements than the conventional single long plate in Design 1 [TL246 mm]. Furthermore, the highest 

total displacement values are seen in Design 3 [LL61 mm/RL166 mm], reaching 2134.3 μm on the plate and 

2033.7 μm on the mandible, respectively. 
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(a)  (b)  
Fig. 9. Total displacement distribution on customised MRPs and the corresponding mandible during (a) 

incisor clenching and (b) left molar clenching for Design 3. (The insets in (a) and (b) show the displacement 

vector plots at the region with the largest total displacement to determine the displacement direction N2. N1 

highlights the axial direction of the screw with the largest relative total displacement.) 

(a)  (b)  

Fig. 10. Maximum total displacement on MRPs and the corresponding mandible during (a) incisor clenching 

and (b) left molar clenching. 

The different magnitudes of displacement on the mandible and the MRP result in relative displacement 

between them. Compared to the absolute displacement shown in Fig. 9 and Fig. 10, the relative displacement 

between the components fixed together by screws plays a more significant role in the system fixation 

stability [38]. That is because the dynamic shear stress on a screw that fixes adjacent components with 

relative radial displacement is likely to loosen the threaded fastener and even cause bending fracture of the 

screw. On the other hand, any relative displacement between components that occurs along the axial 

direction of the screw can cause axial tensile or compressive stress, possibly resulting in a tensile or 

compressive fracture of the screw and thus impacting fixation stability. Therefore, to gain a detailed 

understanding of the effects of MRP designs on system fixation stability, the relative total displacement 

(RDTotal) between the MRP and the corresponding mandible must be decomposed into a radial component 

and an axial component regarding the screw; they are termed as RDRadial and RDAxial, respectively.  

The region with the largest total displacement was observed to leave the largest relative total 

displacement on the screw near the centre of this region (Fig. 9). Therefore, this screw was analysed, as an 

example, to evaluate the system fixation stability, considering its highest risk of fracturing. Based on the 
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above observation, RDTotal was determined by the difference between the maximum total displacements of 

the MRP and the corresponding mandible (Fig. 10). The calculated RDTotal, RDRadial and RDAxial values are 

summarised in Fig. 11, following the displacement decomposition strategy illustrated in the inset. N1 

highlights the axial direction of the screw with the largest relative total displacement, and N2 shows the 

direction of the displacement, which is determined by the displacement vector plots shown in Fig. 9. 

Furthermore, Fig. 9 shows an intersection angle between N1 and N2 during incisor clenching (θIncisor) and left 

molar clenching (θMolar). For the four designs, θIncisor is around 25° and θMolar is around 20°, suggesting the 

intersection angle is mainly dependent on the muscle loading condition rather than the implant design. 

According to the displacement decomposition strategy, RDRadial and RDAxial can be defined by the following. 

For incisor clenching: 

RDAxial(Incisor clenching) = RDTotal(Incisor clenching)·cosθIncisor              (1) 

RDRadial(Incisor clenching) = RDTotal(Incisor clenching)·sinθIncisor              (2) 

For left molar clenching: 

RDAxial(Left molar clenching) = RDTotal(Left molar clenching)·cosθMolar           (3) 

RDRadial(Left molar clenching) = RDTotal(Left molar clenching)·sinθMolar           (4) 

Relatively higher total displacement on the mandible during incisor clenching leads to RDAxial being 

antiparallel to N2 (shown as negative values in Fig. 11), causing axial compressive stress on the screw, while 

higher total displacement on the MRP during left molar clenching leads to RDAxial being parallel to N2, 

leaving axial tensile stress (shown as positive values in Fig. 11). Although there are high total displacements 

(Fig. 10), the designs with short plates (Designs 2–4) exhibit lower relative displacement values compared to 

Design 1 (Fig. 11). Especially, the relative total displacement RDTotal of Design 3 [LL61 mm/RL166 mm] 

(100.60 μm) during left molar clenching is 41.4% lower than that of Design 1 [TL246 mm]. The RDAxial and 

RDRadial of Design 3 are also comparatively low among the four cases. 
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Fig. 11. Calculated relative total displacement (RDTotal) and decomposed relative axial displacement (RDAxial) 

and relative radial displacement (RDRadial) during incisor clenching and left molar clenching. (The inset 

shows the schematic for decomposing the relative total displacement.) 

3.4 Bone segment dislocation under masticatory activities 

To understand the bone junction stability provided by the customised MRPs, the bone segment 

dislocation under masticatory activities was evaluated by the relative displacement between the two sides of 

a bone junction (L1, L2, L3, and L4 in Fig. 2). The collected dislocation values are summarised in Fig. 12. A 

low dislocation represents high stability of the bone segments during the mandible reconstruction, benefiting 

the recovery of bone junctions. During incisor clenching, the greatest bone segment dislocation is observed 

on Design 4 [RL61 mm/ML91 mm/RL67 mm], up to 20 μm at L4, indicating a comparatively high 

possibility of dehiscence at the bone junction. Design 3 [LL61 mm/RL166 mm] exhibits the greatest 

capability for promising bone segment stability, as the lowest bone segment dislocations at L1, L3, and L4 

and second-lowest value at L2 can be seen during incisor clenching.  

With the biting activity transferred to left molar teeth, all the bone segment dislocation values are 

increased. Design 2 [LL119 mm/RL121 mm] produces the highest bone segment dislocation values, with a 

maximum of 42.1 μm at L2, 280% higher than the value (11.08 μm) at the same junction in Design 1 [TL246 

mm]. Still, Design 3 [LL61 mm/RL166 mm] provides the best bone segment stability among the three 

designs with short plates. That is because its dislocation values at all junctions are significantly lower than 

those in Design 2 [LL119 mm/RL121 mm] and Design 4 [RL61 mm/ML91 mm/RL67 mm], and are only 

slightly higher than those in Design 1 [TL246 mm]. Therefore, it is reasonable to conclude that Design 3 
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could provide the stability needed to fix bone segments during mandible reconstruction, benefiting bone 

recovery. 

(a)  (b)  

Fig. 12. Relative displacement at bone junctions L1, L2, L3, and L4 during (a) incisor clenching and (b) left 

molar clenching. 

4. Discussion 

4.1 Effects of customised MRP designs on implant safety 

The effect of differently customised MRP designs on biomechanics is the main focus of this work. This 

research aims to minimise the implant deformation generated in SLM by shortening the implant length and, 

at the same time, to guarantee comparable or even superior fixation safety and stability to the conventional 

single long implant. The maximum von Mises stress on the MRP under incisor clenching (183.2 MPa in 

Design 2, Fig. 7b) and under left molar clenching (371.71 MPa in Design 4, Fig. 8d) are both lower than 870 

MPa (Ti-6Al-4V yield strength from SLM) and 510 MPa (Ti-6Al-4V fatigue strength from SLM), 

theoretically indicating the safety of customised MRPs during masticatory activities. However, implant 

fracture is still likely to occur due to metallurgical defects and hydrogen embrittlement induced by biological 

fluid [10]. 

This study was performed assuming the bone system is at the late rehabilitation stage, and thus the 

quantitative data directly reflects the short-term stability of the implant at this stage. On the other hand, the 

SF was calculated from the fatigue strength that characterises the long-term stability of the material (Table 

2). As human masticatory activity can be simplified as repeated cycles of clenching-unclenching, the SF 

calculated from the fatigue strength can also reflect the implant's long-term stability to some degree. The 

positive correlation between the SF and the long-term reliability of an engineering part has long been 

recognised [39]. A high SF enables the reliability of a mechanical device necessary to undertake required the 

loading during the required time or loading cycles. According to Table 2, it is reasonable to consider that 
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Design 3 always has the lowest potential to experience implant fracture due to its high SF values under both 

incisor clenching and left molar clenching. 

Note that the implant deformation caused by the SLM process was not considered in the FEA model 

assembly for the biomechanics simulation. Theoretically, implant deformation can influence the 

biomechanical behaviour to some degree by changing the relative geometrical position between the MRP 

and the mandible. However, considering its relatively small deformation range of 1.5–3.7 mm (Fig. 6) 

compared to the large size of the MRP and mandible (up to 122 mm in one dimension, Fig. 2), the influence 

can be slight.  

In addition, the number and position of screws to fix the MRP onto the mandible is slightly different 

among the four cases due to clinical preference, as explained in Section 2.2 and Fig. 3. Theoretically, the 

different screw arrangements would impact the biomechanical results. Fortunately, the MRP designs in this 

work, including the plate structure and the screw arrangement, initially prioritised both clinical applicability 

and SLM printability together. Therefore, the biomechanical results could still provide practical information 

for the design and preparation of short plates by SLM for mandible reconstruction. On the other hand, with a 

large number of screws, drilling more screw holes on the corresponding bone will inevitably increase the 

surgical operation time. 

4.2 Effects of customised MRP designs on system fixation stability  

In addition to the concern about fracture of the MRP itself under the peak stress concentration, another 

issue is the stability of the MRP fixed on the bone by screws, which is equally critical for the MRP to 

transfer and share loading under masticatory activities and to guarantee bone healing. Clinical studies have 

revealed that an unstable MRP in mandible reconstruction has the high potential to cause postoperative 

complications, such as screw loosening, plate fracture, bone segment dislocation, plate exposure, and 

infections [23]. Fig. 13 illustrates the screw loosening process during incisor clenching and left molar 

clenching. To better illustrate the mechanism behind the loss of implant fixation stability under a relative 

shift between the MRP and the mandible, the screw threads are shown in Fig. 13, although they were 

simplified in the FEA. In fact, the threaded fastener has an inherent tendency to loosen because of the helical 

slope on the threads. The upper portion of Fig. 13b shows an enlarged view to highlight the screw reaction, 

R, to the preload, FP, at a typical point on a thread. After the fixation of the MRP on the reconstructed 

mandible during surgery, the system remains stable since the loosening moment developed from the 
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circumferential component, RL, can be balanced by the circumferential friction force transferred from the 

stuck bone-screw interface and plate-screw interface (Fig. 13b). The stuck interface is highlighted by black 

spots in Fig. 13. 

During incisor clenching, RDRadial and negative RDAxial are produced, causing screw bending and 

compressing (Fig. 13a). However, during left molar clenching, the RDAxial is positive combined with RDRadial, 

so that the screw bends and stretches (Fig. 13c). It is widely acknowledged that the stress concentration at the 

thread tip can be easily formed considering its sharp-angled effect, probably resulting in a plastic strain of 

the thread tip after a certain number of loading-unloading cycles. Furthermore, the strain on the thread could 

occur at positions with compressive stress during screw bending, as highlighted by the orange rectangles in 

Fig. 13; consequently, the bone-screw interface and plate-screw interface at the opposite sides of the 

deformed thread are separated, as highlighted by red triangles. Biomechanically, excessive compression on 

the edge of screw holes on the bone can cause abrasion losses, as highlighted by the red oval in Fig. 13. The 

loss of bone further increases the bone-screw interface separation. With the increase in the separated thread 

interface, the circumferential friction force reduces. As a result, the screw turns loose, forming a so-called 

‘localised thread slip’ [38] and lowering the fixation stability. On the other hand, the fracture of the screw 

itself by screw bending, compressing and stretching is also a key factor that can impact the system fixation 

stability, especially considering that the fatigue strength of titanium can be dramatically decreased with the 

increase of loading-unloading cycles [40]. In this study, Fig. 11 reveals much lower RDTotal, RDAxial and 

RDRadial on the customised MRP designs with short plates (Design 3 [LL61 mm/RL166 mm] and Design 4 

[RL61 mm/ML91 mm/RL67 mm]) than on the conventional single long plate in Design 1 [TL246 mm], 

indicating lower risk of ‘localised thread slip’. Therefore, it is reasonable to consider that the short MRPs 

could provide higher fixation stability than the conventional single long plate in mandible reconstruction. 
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Fig. 13. Screw loosening process during masticatory activities: (a) screw loosening during incisor clenching, 

(b) no screw loosening during surgery, and (c) screw loosening during left molar clenching. 

4.3 Effects of customised MRP designs on bone segment stability 

Many experimental and clinical studies have evaluated the efficiency of different fixation systems in 

mandible reconstruction. However, most of them only paid attention to safe fixation to avoid premature 

fracture of MRP. This can be accomplished by simulating the peak tensile stress on the plate during 

masticatory activities and comparing it with the material fatigue strength [26]. Nevertheless, adequate 

fixation stability and rigidity were typically not considered. A bone segment dislocation greater than 150 μm 

is clinically considered to lack stability, potentially resulting in nonunion or bone infection [41]. Although in 

this study there are different bone segment dislocation values at various junctions (Fig. 12), the dislocations 

in the customised four designs do not exceed the criteria value of 150 μm. Furthermore, Design 3 [LL61 

mm/RL166 mm] reveals the lowest dislocation values for the three designs with short plates. The bone 

segment dislocation values of Design 3 [LL61 mm/RL166 mm] are even lower than the conventional design 

(Design 1 [TL246 mm]) under incisor clenching and are comparable under left molar clenching. This 

indicates that using a combination of a long plate and a short plate (Design 3 [LL61 mm/RL166 mm]) to 

replace a conventional single long plate (Design 1 [TL246 mm]) can provide greater bone fixation stability 

to aid the bone healing process. However, it should also be noted that the plate length needs to be considered 

carefully during MRP design, since an inappropriate plate length assignment may fail to lower the bone 

segment dislocation, as reflected by Design 2 [LL119 mm/RL121 mm] and Design 4 [RL61 mm/ML91 

mm/RL67 mm] having much higher bone segment dislocations than the conventional Design 1 [TL246 mm]. 

On the other hand, the screw hole arrangement inevitably tends to be denser when the plate is too short. The 
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dense distribution of screw holes on the corresponding bone may cause bone cracks when the screw is 

squeezed into the screw hole, due to the excessive loss of bone volume locally. Therefore, careful 

consideration is needed of the trade-off between plate length, bone safety, and implant fixation stability. 

5. Conclusions 

The biomechanical feasibility of a combination of short MRPs to replace a conventional single long 

plate for complete mandible reconstruction was preclinically assessed. The following are the main 

conclusions of this study. 

(1) Implant deformation generated during the SLM can be reduced by 30% to 59% on the short MRPs, 

decreasing the maximum displacement to 1.5–2.6 mm on Designs 2–4 from 3.7 mm on Design 1. The 

reduced implant deformation could increase the implant placement precision and thus benefit clinical 

outcomes. 

(2) The combination of a long plate and a short plate (Design 3) shows superior biomechanical properties to 

having a conventional single long plate (Design 1) and reveals the most reliable fixation stability among 

the three designs with short plates (Designs 2–4). Compared to the conventional Design 1, Design 3 

provides higher plate safety (maximum tensile stress on plates reduced by 6.3%), lower system fixation 

instability (relative total displacement reduced by 41.4%), and good bone segment stability (bone 

segment dislocation below 42.1μm) under masticatory activities. Therefore, the biomechanical feasibility 

and fixation stability of using short MRPs for complete mandible reconstruction can be preclinically 

demonstrated. Notedly, plate length should be carefully designed to obtain reliable biomechanical 

properties. 

(3) The results in this work are expected to provide valuable information for the treatment of other large-

sized bone defects using short, customised implants, expanding the potential of additive manufacturing 

in implant applications. 

(4) Randomised clinical trials and in vivo investigations are suggested to verify the actual clinical 

performance and usefulness of using short SLM-fabricated MRPs for complete mandible reconstruction. 
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Highlights 

 Biomechanics of short plates for complete mandible reconstruction was studied. 

 Implant deformation caused by 3D printing was predicted to assist plate design. 

 Specific short plates combination has superior biomechanics to a single long plate. 

 Short plates can be biomechanically feasible to treat large-sized bone defects. 
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