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Abstract: 

Achieving optimal mechanical stability while minimizing stress concentration remains a major challenge in the fixation of 
mandibular angle fractures. Therefore, it is of interest to evaluate the stress distribution and fracture segment displacement of four 
miniplate fixation designs using 48 standardized polyurethane mandibular angle fracture models subjected to vertical loading. Three-
dimensional strut miniplates showed the lowest peak strain (812.7 ± 93.8 με), least fracture-gap displacement (0.32 ± 0.05 mm) and 
highest load resistance at 1-mm displacement (274.6 ± 31.9 N), significantly outperforming the other fixation systems (p<0.001). Dual 
straight and locking miniplates provided greater mechanical stability than a single superior straight miniplate but showed less 
uniform stress distribution than the three-dimensional configuration. Thus, data shows that three-dimensional strut miniplates offer 
superior biomechanical performance and may provide more stable fixation for mandibular angle fractures. 
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Background: 

Mandibular fractures are one of the most common injuries 
treated in the oral and maxillofacial trauma practice due to the 
following reasons: the mandible is exposed to direct impact, it 
transmits complex masticatory forces and it has curved 
anatomical areas which react differently under compression, 
bending and torsion. The restoration of occlusion and facial form 
must not only be anatomical, but also stable and fixed to permit 
early function without hardware-related complications. The 
biological rationale for miniplates is that they are semirigid load-
sharing plates, which allow for minimal periosteal stripping, 
maintain vascularity and offer adequate resistance to functional 
displacement in specific fracture patterns [1]. In the 
biomechanical concept of miniplate osteosynthesis, the ideal 
lines of osteosynthesis have been developed, in which a plate 
placed near the superior border neutralizes tensile forces and 
allows compression at the inferior border. The popularity of 
monocortical miniplates for many mandibular fractures is due to 
Champy's technique, which has been influential due to its 
intraoral access, low operative morbidity and short operating 
time [2]. In some cases, however, the same semirigid properties 
that make miniplates attractive for biological purposes can be a 
mechanical disadvantage in certain angle fractures, fractures 
with high torsional moments, or models with limited inferior 
border buttressing [3]. In vitro biomechanical studies have 
showed that in some situations of mandibular angle fracture, a 
single miniplate is not sufficient to control bending and torsional 
forces [4]. Conventional straight miniplates, dual-plate systems, 

locking plates and three dimensional strut plates are therefore 
used to provide added stability. Dual straight miniplates share 
the load between the superior and inferior segments, but need 
additional hardware and may involve more soft tissue 
manipulation. Locking miniplates minimize compression of the 
screws on the bone and form an internal fixator-like construct, 
whereas 3-dimensional plates offer a geometrically closed 
rectangular frame that is resistant to torsion in multiple planes 
[5]. Stress concentration at the implant, screw holes and 
surrounding bone has been investigated using finite element and 
physical models to better understand the effect of implant 
geometry, plate position, screw configuration and loading 
direction [6]. Ji et al. applied finite element modelling to assess 
the stress shielding and local stress transfer of titanium 
miniplates used for symphyseal fracture fixation and found that 
the arrangement of miniplates had an impact on the stress 
shielding and local stress transfer [7]. Recent validated models 
have verified that finite element results can closely match the 
mechanical testing of the polymeric mandibles under standard 
boundary conditions, plate locations and loading [8]. Therefore, 
it is of interest to compare the stress distribution and mechanical 
stability of four commonly used miniplate fixation systems in an 
in vitro mandibular angle fracture model using standardized 
biomechanical testing. 
 
Materials and Methods: 
Study design:  
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This in-vitro experimental study was performed in a dental 
materials and biomechanics laboratory with standardized 
synthetic mandibular hemimandible models. Four miniplate 
fixation configurations were compared in the study, using the 
same fracture geometry and loading conditions. Since no human 
or animal tissue was used, institutional ethical approval was not 
necessary, but the experimental protocol was reviewed by the 
departmental research committee prior to initiation.  
 
Sample size:  

A pilot test with eight specimens showed a mean difference of 
0.20 mm between the displacement of fracture gaps using single 
and three-dimensional miniplates, with an estimated pooled 
standard deviation of 0.10 mm and an alpha of 0.05 and a power 
of 80% required. To account for the variability in testing, 12 
models were used in each group, for a total of 48 models.  
 
Specimen preparation:  
To minimize biological variability, commercially available 
polyurethane mandibular hemimandible models with 
homogeneous simulation of the cortical-cancellous structure 
were used. A standardized unfavorable mandibular angle 
fracture was created using a custom cutting guide. The 
osteotomy was performed in a reproducible oblique direction 
from the retromolar area to the inferior border. All models were 
visually examined for even adaptation prior to mechanical 
testing and the fracture gap was kept below 0.2 mm during 
fixation with a reduction jig.  
 
Randomization of specimens:  
The specimens were randomly divided into four groups of equal 
size. Group I (single superior straight miniplate (SSP)) was given 
a single 2.0-mm four-hole titanium miniplate on the superior 
border. Group II was given one superior and one inferior 
straight miniplate (DSP). Group III (3DMP) was given one 
rectangular 2.0 mm 3D titanium miniplate placed laterally across 
the fracture line. One superior 2.0-mm locking miniplate with 
locking screws was used in group IV (locking straight miniplate 
(LSP)). All plates were bent and secured to the bone with 
monocortical screws of 6 mm length, following the 
manufacturer's instructions. Three uniaxial strain gauges were 
cyanoacrylate bonded to each specimen: one near the superior 
fracture line, one near the inferior border and one at the plate 
midspan or central strut region. Digital strain indicator was 
connected with lead wires. The gauges were calibrated prior to 
testing and baseline readings were taken after fixation but before 
loading. The strain values were reported in microstrain and 
analyzed as peak equivalent strain.  
 
Mechanical testing protocol:  
All specimens were placed in a custom jig that simulated 
condylar support and anterior stabilization. The vertical 
compressive loading was applied at the region of the 
mandibular first molar by a universal testing machine with a 
rounded loading tip made of stainless steel. The specimen was 
then preloaded with 5 N and then loaded continuously at a 

crosshead speed of 1 mm per minute until 1 mm displacement or 
mechanical failure. The load-displacement curves were 
continuously recorded. The interfragmentary displacement at 
100 N was determined by measuring the displacement with a 
digital displacement transducer across the fracture gap.  
 
Outcome measures:  
Primary outcomes were peak plate strain and fracture-gap 
displacement at 100 N. Secondary outcomes were superior-
border strain, inferior-border strain, load at 1-mm displacement 
and failure mode. Failure mode was classified as plate bending, 
screw loosening, fracture gap opening and combined 
deformation. Data extraction was conducted by one calibrated 
investigator, who was blinded to group codes, for all 
measurements.  
 
Data analysis:  
Data were analyzed using statistical analysis in the software 
SPSS version 26.0. The Shapiro-Wilk test was used to determine 
normality. Data for normally distributed variables were 
presented as mean ± SD. One-way analysis of variance 
(ANOVA) and Tukey post-hoc test were used for intergroup 
comparisons. The chi-square test was used to compare 
categorical failure modes. A p-value of < 0.05 was considered 
statistically significant. 
 
Results: 

All 48 specimens completed mechanical testing without pre-test 
fracture or detachment of strain gauges. Baseline model 
dimensions and screw adaptation were comparable across the 
four groups. No visible plate fracture occurred before the 1-mm 
displacement endpoint, although plate bending and screw 
loosening were observed after peak loading in some specimens. 
Table 1 summarizes the descriptive characteristics of the 
specimens and fixation systems. Mean model weight, fracture 
length, plate thickness and screw number were consistent within 
the intended design of each group. The DSP group used the 
greatest number of screws and plates, whereas the 3DMP group 
used a single plate with a closed-frame geometry. Peak strain 
values differed significantly among the four fixation systems. 
The SSP group demonstrated the highest plate midspan strain, 
indicating concentrated stress over the superior plate. The 3DMP 
group demonstrated the lowest mean peak plate strain and more 
balanced superior and inferior strain values. DSP and LSP 
groups showed intermediate values, with the dual-plate system 
reducing inferior-border distraction more effectively than the 
locking single-plate system. Intergroup differences were 
statistically significant for all strain parameters (Table 2). 
Mechanical stability outcomes are shown in Table 3. The highest 
fracture-gap displacement at 100 N was recorded in the SSP 
group (0.71 ± 0.09 mm), whereas the lowest displacement was 
recorded in the 3DMP group (0.32 ± 0.05 mm). Load at 1-mm 
displacement was significantly higher in 3DMP (274.6 ± 31.9 N) 
than in DSP (232.8 ± 28.4 N), LSP (218.5 ± 25.6 N) and SSP (151.3 
± 21.7 N). Tukey post-hoc analysis showed that all groups 
differed significantly from SSP (p<0.001), while the difference 
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between DSP and LSP was not statistically significant (p=0.218). 
Failure mode analysis demonstrated that plate bending was 
most frequent in SSP specimens, whereas 3DMP specimens most 
commonly reached the displacement endpoint without obvious 
hardware distortion. Screw loosening occurred most frequently 
in SSP specimens, particularly near the posterior superior screw. 

DSP specimens showed better inferior border control but 
required longer fixation time. LSP specimens demonstrated 
reduced screw loosening compared with SSP, but the single-
plate configuration still showed higher plate strain than the 
3DMP construct. 

 
Table 1: Specimen and fixation characteristics across groups 

Parameter SSP (n=12) DSP (n=12) 3DMP (n=12) LSP (n=12) p-value 

Model weight (g) 84.2 ± 3.9 85.1 ± 4.2 84.7 ± 3.6 85.4 ± 4.1 0.861 
Fracture length (mm) 31.6 ± 1.2 31.8 ± 1.3 31.5 ± 1.1 31.7 ± 1.2 0.934 
Plate thickness (mm) 1.00 1.00 1.00 1.00 - 
Number of plates 1 2 1 1 - 
Number of screws 4 8 6 4 - 
Mean fixation time (min) 6.8 ± 0.9 11.4 ± 1.3 8.9 ± 1.1 7.6 ± 1.0 <0.001 

 
Table 2: Stress distribution expressed as peak strain values under simulated molar loading 

Outcome SSP DSP 3DMP LSP p-value 

Superior-border strain (microstrain) 1184.5 ± 126.2 864.3 ± 102.7 741.8 ± 88.9 902.6 ± 97.4 <0.001 
Inferior-border strain (microstrain) 934.7 ± 111.6 702.5 ± 84.3 685.1 ± 76.2 781.4 ± 91.8 <0.001 
Peak plate strain (microstrain) 1328.4 ± 142.6 948.6 ± 118.3 812.7 ± 93.8 1016.9 ± 124.5 <0.001 
Strain difference, superior-inferior 249.8 ± 48.1 161.8 ± 42.5 56.7 ± 22.6 121.2 ± 39.8 <0.001 
Stress concentration index 1.42 ± 0.14 1.25 ± 0.11 1.11 ± 0.08 1.30 ± 0.12 <0.001 

 
Table 3: Mechanical stability and failure behavior of fixation systems 

Outcome SSP DSP 3DMP LSP p-value 

Displacement at 100 N (mm) 0.71 ± 0.09 0.44 ± 0.07 0.32 ± 0.05 0.39 ± 0.06 <0.001 
Load at 1-mm displacement (N) 151.3 ± 21.7 232.8 ± 28.4 274.6 ± 31.9 218.5 ± 25.6 <0.001 
Construct stiffness (N/mm) 148.7 ± 18.9 226.1 ± 25.2 282.4 ± 29.8 238.6 ± 24.1 <0.001 
Plate bending, n (%) 7 (58.3) 3 (25.0) 1 (8.3) 4 (33.3) 0.031 
Screw loosening, n (%) 4 (33.3) 2 (16.7) 1 (8.3) 1 (8.3) 0.284 
Combined deformation, n (%) 5 (41.7) 2 (16.7) 1 (8.3) 3 (25.0) 0.177 

 
Discussion: 
The present in vitro study showed that the stress distribution and 
mechanical stability were significantly different in the different 
miniplate configurations in the standardized models of 
mandibular angle fractures. The three-dimensional strut 
miniplate resulted in the lowest peak plate strain, the smallest 
fracture-gap displacement and the highest load at 1 mm 
displacement. Thus, the null hypothesis was rejected. The results 
confirm the idea that the closed-frame geometry can spread the 
functional load across a larger area and minimize stress 
concentration at the midspan of the plate and at the screw holes. 
The SSP group exhibited the highest strain concentration and 
displacement. This is biomechanically logical as a single superior 
miniplate offers strong resistance to tensile opening near the 
alveolar border and weak resistance to torsional and inferior-
border displacement. The bending and plate deformations were 
relatively high in the single-plate specimens in the present study, 
which is in agreement with the bending and torsional forces 
reported by Kroon et al. for mandibular angle fracture models [4] 
where miniplate fixation was found to be insufficient. The data 
presented here indicate that mechanically more stable constructs 
are necessary for unfavorable angle fractures under molar 
loading, although Champy's technique is still clinically useful for 
favorable and simple fractures. The DSP group enhanced 
stability by sharing load between the superior and inferior 
borders, as compared to SSP. This decrease in displacement is in 
keeping with the rule that further inferior border fixation will 
reduce the rotational movement of the proximal and distal 

segments. But there was a drawback to dual plating: it also 
required more hardware and fixation time. In a clinical context, 
more hardware can lead to more soft-tissue manipulation and 
isn't always required for simple fractures. The current results 
therefore indicate that selective use of dual plates is indicated, 
rather than routine, particularly if further stability is required 
because of the fracture orientation or increased functional 
demand. The rectangular strut configuration of the 3DMP group 
could be the reason for their superior performance. A three 
dimensional plate is a geometrically connected plate, where both 
horizontal and vertical bars are able to resist bending and 
torsion. The previous clinical and biomechanical studies have 
indicated that 3D miniplates can offer good stability with the 
relatively small amount of hardware volume compared to two 
separate straight plates [9]. Srinivasan et al. also found that 3D 
miniplates performed better in the unfavorable mandibular 
angle fracture testing, which corroborates the findings of the 
present study [10]. Locking miniplates showed superior 
mechanical performance compared to the single conventional 
miniplate, but not to the 3D strut plate. Locking systems 
decrease compression between the plate and bone and provide a 
more stable screw-plate interface. This can be helpful in 
comminuted fractures, osteoporotic bone, or situations where 
there is a limited ability to adapt the plate. Harjani et al. noted 
that locking plates offer more stability and similar clinical results 
to non-locking systems [11]. The locking plate, in the present in 
vitro model, did not provide torsional control as good as the 3D 
plate, but it did decrease the loosening of screws, which is a 
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linear construct. The pattern of stress distribution is clinically 
significant as it may result in the concentration of strain at a local 
area, which can lead to plate bending, screw loosening, or 
fatigue failure during repeated mastication. Using finite element 
analysis, Ji et al. showed that the position and number of 
miniplates affect stress shielding and stress distribution in the 
fixation of symphyseal fractures [7]. Likewise, finite element and 
polymeric mandible studies have showed that the position of the 
plates and the geometry of the plate construction influence the 
displacement patterns in symphysis, parasymphysis and angle 
fractures [8]. The current physical testing method complements 
those studies by supplying strain-gauge data under controlled 
loading conditions. The largest displacement in the SSP group 
was about twice as large as in the 3DMP group. The in vitro 
endpoint of 1 mm displacement is not necessarily a clinical 
failure, but a lower displacement under functional loading 
indicates better maintenance of reduction during early healing. 
The authors of Xu et al., Coskunses et al., Liokatis et al. and Daqiq 
et al. highlighted the importance of validated physical and 
computational models of the mandible as direct clinical 
measurement of strain and stress in fracture hardware is 
challenging [12-15]. In the present experimental design, synthetic 
mandibles were used to reduce anatomical variability, so that 
differences in the results were attributed primarily to the type of 
fixation. In recent computational studies, the importance of 
validation of finite element models through mechanical testing 
has also been highlighted. In simple mandibular fracture 
fixation, Ellis found that finite element analysis and polymeric 
mandible mechanical testing yielded similar results and that 
two-plate combinations often resulted in the best stability 
compared to inferior-border-only plating [16]. The present study 
focuses on the strain-gauge stress mapping of commonly used 
clinical miniplate configurations (3D plate and locking plate) and 
the overall conclusion is the same configuration and position are 
as important as the plate material. There are some limitations of 
the study. First, polyurethane models are unable to fully mimic 
the anisotropic and viscoelastic properties of human mandibular 
cortical and cancellous bone. Secondly, only vertical loading was 
tested, while in vivo mastication involves multidirectional cyclic 
loading from muscles of mastication. Thirdly, there was no 
fatigue testing and repeated cyclic loading may show different 
patterns of screw loosening or plate deformity. Fourth, only one 
fracture pattern and one plate thickness were studied. Thus, 
results should be considered as comparative mechanical data 
and not as direct evidence of clinical superiority. The study 
offers useful data for fixation planning, although it has its 
limitations. A single superior miniplate was adequate in selected 
favorable fractures, but the least favorable stress profile in an 
unfavorable angle fracture model. Dual straight miniplates and 
locking miniplates provided more stability and the 3D strut 
miniplate had the most even stress distribution and the lowest 
displacement. Future studies should include patient-specific 
three-dimensional printing and finite element validation with 
cyclic fatigue testing to assess other fracture sites, plate 
thicknesses and hybrid fixation configurations [17-18]. Finite 
element analysis has shown that the material and thickness of 

miniplates significantly influence stress distribution during 
mandibular fracture fixation, with magnesium plates 
demonstrating lower stress levels than titanium plates under 
several loading conditions [1]. The biomechanical performance 
of mandibular fixation systems varies with plate configuration, 
and single superior-border miniplate fixation may provide 
adequate stability with lower stress concentration than double-
plate and three-dimensional plate designs [19]. Clinical evidence 
indicates that three-dimensional plating systems can provide 
stable fracture fixation and favourable functional rehabilitation 
compared with conventional titanium miniplates in the 
management of mandibular fractures [20]. 
 
Conclusion: 
We show that miniplate design significantly influenced stress 
distribution and fracture stability in mandibular angle fracture 
fixation. The 3D strut miniplate showed the lowest strain and 
displacement with the greatest mechanical stability. Thus, 
clinical selection should balance fracture characteristics, loading 
conditions, bone quality and biological preservation. 
 
References: 

[1] Michelet FX et al. J Maxillofac Surg. 1973 1:79 [PMID: 
4520558]  

[2] Champy M et al. J Maxillofac Surg. 1978 6:14 [PMID: 274501]  
[3] Jackson IT et al. Plast Reconstr Surg. 1986 77:729 [PMID: 

3517906]  
[4] Kroon FH et al. J Craniomaxillofac Surg. 1991 19:199 [PMID: 

1894737]  
[5] Budhraja NJ et al. Ann Maxillofac Surg. 2018 8:73. [PMID: 

29963428] 
[6] Arbag H et al. J Oral Maxillofac Surg. 2008 66:1225 [PMID: 

18486788]  
[7] Ji B et al. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 

2010 109:e21 [PMID: 20219581]  
[8] Daqiq O et al. Sci Rep. 2024 14:11795. [DOI: 10.1038/s41598-

024-62011-4]  
[9] Al-Moraissi EA & Ellis E. J Oral Maxillofac Surg. 2014 

72:2507. [PMID: 25315317]  
[10] Srinivasan S et al. J Pharm Bioallied Sci. 2022 14:S638. [PMID: 

36110762] 
[11] Harjani B et al. Natl J Maxillofac Surg. 2012 3:159 [PMID: 

23833491]  
[12] Xu X et al. BioMed Eng OnLine. 2021 20:15. [PMID: 

33546713]  
[13] Coskunses FM et al. J Craniofac Surg. 2015 26:e445 [PMID: 

26091053]  
[14] Liokatis P et al. J Oral Maxillofac Surg. 2022 123:184 [PMID: 

34186228]  
[15] Daqiq O et al. Sci Rep. 2025 15:15216. [PMID: 40287549]  
[16] Ellis E 3rd. Int J Oral Maxillofac Surg. 1999 28:243 [PMID: 

10416889]  
[17] Zix J et al. J Oral Maxillofac Surg. 2007 65: 1758 [PMID: 

17719394]  
[18] de Oliveira JCS et al. Int J Oral Maxillofac Surg. 2018 47:330. 

[PMID: 28928010] 



ISSN 0973-2063 (online) 0973-8894 (print)  

©Biomedical Informatics (2026) Bioinformation 22(7): 4153-4158 (2026) 
 

4158 

 

[19] Prakhyath GJS et al. Int J Innov Sci Res Technol. 2025 10:3515. 
[DOI: 10.38124/IJISRT/25APR1799] 

[20] Mithra MLVS et al. Bioinformation. 2026 22:2435. [PMID: 
42282317] 

 
 

Caveat Emptor is applicable among the literate community where  
required and possible. The publisher, its journal, editors and the  
internal/external reviewers take adequate steps to check, evaluate, correct,  
edit, revise and improve content where possible and required. 

 


