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Objective: Clavicle hook plates are widely used for internal fixation of clavicle 
fractures, yet little biomechanical evidence exists to guide optimal plate con-
touring, screw selection, and screw-hole management. This study aimed to sys-
tematically evaluate the biomechanical effects of plate bending configuration, 
screw type, empty hole location, and invalid hole placement on clavicle hook 
plate fixation strength to optimize surgical strategies for clavicle fracture fixation.
Methods: This was a controlled bench-top biomechanical study. A series of bio-
mechanical tests were conducted using an electronic universal testing machine. 
Clavicle hook plates were fixed onto synthetic clavicle models under different 
experimental conditions: (1) plate bending (forward bend, no bend, reverse bend), 
(2) screw type (common screws vs. locked screws), (3) empty screw hole location 
(distal vs. proximal), and (4) invalid hole placement (under the plate vs. beyond 
the plate). Axial force was applied to the distal hook until fracture occurred, 
and the maximum fracture force was recorded. One-way ANOVA with post-
hoc Bonferroni correction was used for statistical analysis (p < 0.01 considered 
significant).
Results: Plate bending significantly influenced fixation strength, with the forward 
bend group exhibiting the highest fracture force (202.75 N), significantly greater 
than the no bend and reverse bend groups (p < 0.01). Common screws provided 
greater mechanical stability than locked screws, with significantly higher fracture 
force (204.08 N vs. 145.76 N, p < 0.0001). Distal empty screw holes significantly 
reduced fixation strength (135.38 N) compared to proximal empty holes (160.3 N, 
p < 0.0001). Invalid holes beyond the plate weakened structural integrity more 
than holes under the plate (144.75 N vs. 169.27 N, p < 0.0001).
Conclusion: The study demonstrates that forward bending of the plate, the use of 
common screws, and avoiding distal empty screw holes or invalid holes beyond 
the plate significantly improve fixation strength in clavicle hook plate fixation. 
These findings provide critical biomechanical insights to enhance surgical deci-
sion-making and reduce the risk of implant failure. Future research should focus 
on clinical validation, multi-axial loading analysis, and long-term fatigue testing 
to further refine fixation techniques for optimal patient outcomes.
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Introduction

Clavicle fractures, particularly those involving the distal clavicle, 
are common orthopedic injuries that often require surgical fixation to 
ensure proper healing and functional recovery (1). The use of clavicle 
hook plates has been widely adopted for internal fixation, particularly 
for complex fractures near the acromioclavicular joint. These plates 
provide structural stability by anchoring the distal clavicle while 
allowing for early mobilization (2, 3).

However, complications such as implant failure, malunion, non-
union, and discomfort due to implant prominence remain significant 
challenges in clinical practice (4–6). Several factors influence the 
mechanical strength of clavicle hook plates, including plate bending 
configuration, screw type and placement, and the presence of empty 
or invalid screw holes in the clavicle (7–9). Although these factors 
have been studied individually, there is no consensus on the optimal 
biomechanical configuration to maximize fracture stability while 
minimizing implant failure. This gap in knowledge highlights the need 
for a systematic evaluation of these parameters under controlled 
experimental conditions.

Previous studies have investigated the influence of plate bending 
on mechanical stability. The rate of clavicular midshaft fracture after 
hook plate fixation was 6.0%. Some studies suggest that pre-bending 
the plate may improve bone-plate contact, thereby increasing fixation 
strength (10–12). However, the effect of different bending directions 
(forward or reverse) remains unclear, with conflicting results reported 
in the literature (13–16). In terms of screw selection, both common 
cortical screws and locked screws are used for clavicle fracture fixa-
tion. Common screws allow for compression at the fracture site, which 
may enhance stability, while locked screws provide fixed-angle sup-
port, potentially offering better resistance to angular deformation (17, 
18). However, it is not well understood which screw type provides 
superior biomechanical performance in clavicle hook plate fixation. 
Additionally, empty screw holes in the plate can significantly impact 
construct stability. Studies on other orthopedic implants suggest that 
empty holes may act as stress concentrators, leading to early implant 
failure (19–21). However, the specific impact of empty holes in differ-
ent locations on a clavicle plate has not been fully quantified. Lastly, 
the effect of drilled but unused (invalid) holes in the clavicle itself is a 
concern. Such holes may weaken bone integrity and reduce fracture 
resistance, yet there is limited biomechanical data on how their place-
ment (under or beyond the plate) affects mechanical performance.

Despite these existing studies, no comprehensive biomechanical 
analysis has simultaneously evaluated the effects of plate bending, 
screw selection, empty holes, and invalid holes on the mechanical sta-
bility of clavicle hook plates. The lack of systematic comparative data 
makes it difficult for orthopedic surgeons to make evidence-based 
decisions when selecting implant configurations. This study aims to 
fill this critical research gap.

The primary objective of this study is to systematically evaluate the 
biomechanical effects of different plate bending configurations, screw 
types, empty hole locations, and invalid hole placements on clavicle 
hook plate fixation strength. Using a controlled mechanical testing 

setup, we will assess the impact of plate bending (forward, no bend, 
reverse) on fracture resistance, compare the biomechanical stability of 
common screws vs. locked screws in clavicle fixation, determine the 
effect of empty screw holes at distal and proximal locations on struc-
tural integrity, and investigate the influence of invalid holes under and 
beyond the plate on overall mechanical performance. By addressing 
these questions, this study aims to provide clinically relevant biome-
chanical insights that can inform optimal surgical techniques for 
clavicle fracture fixation. Our hypothesis is that forward-bend-plate, 
unlocked screw will decrease the incidence of clavicle fracture, but the 
distal-empty-hole plate will increase the incidence of clavicle fracture. 
Invalid hole covered by plate has enough strength to decrease the inci-
dence of clavicle fracture, compare to normal clavicle.

Methods

Experimental design

This study investigated the mechanical stability of clavicle hook 
plates (Double Medical Technology Co., Ltd., Xiamen, China) under 
different bending conditions, screw types, and hole placements using 
an electronic universal testing machine (CMT4104GD, Shenzhen 
Sansi Testing Equipment Co., Ltd., China) (Figure 1). Synthetic clav-
icle bone models (Pacific Research Laboratories, Inc., Washington 
State, USA) were used to ensure uniformity across trials. The plates 
were fixed using cortical screws, and different experimental conditions 
were applied. The clavicle hook plate was secured at the distal clavicle 
while the proximal clavicle was fixed within the testing machine. A 
progressively increasing force was applied to the distal hook until 

FIGURE 1

Electronic universal testing machine. Photograph of the mechanical 
testing apparatus used to evaluate construct stability. The clavicle 
hook plate was fixed in the distal synthetic clavicle specimens. The 
proximal clavicle was fixed in the machine. The compressive force 
was increasing on the distal hook until the clavicle was fracture, 
meanwhile the electronic machine will record the forces in the 
experiment.
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fracture occurred. The force at fracture was recorded for all tested 
configurations. The experimental clavicle models include distal clavi-
cle fractures (Neer type V) and acromioclavicular joint dislocations.

Pre-bend plate conditions

The experimental groups were designed to evaluate the biome-
chanical effects of plate bending configurations, screw types, and screw 
hole occupancy (Figure 2). Fifteen synthetic clavicle models were used 
in each group, and each specimen was used only once. In the forward-
bend group, the central portion of the clavicle hook plate was elevated 
approximately 1–2 cm from the clavicle surface prior to fixation, simu-
lating anterior curvature. The central angle of the plate arc is 0.54°, and 
the radius of curvature is 107 mm. In the no-bend group, the plate was 
applied in its native, unbent form without any pre-contouring. In the 
reverse-bend group, the center of the plate was in direct contact with 
the clavicle, while both ends were elevated, creating a posterior curva-
ture. The central angle of the plate arc is 0.57°, and the radius of cur-
vature is 101 mm. To assess the influence of screw type, two groups 
were established: the common screw group (Group A) used a conven-
tional cortical screw at the proximal position, whereas the locked 
screw group (Group B) employed a locking screw in the same location. 
To evaluate the role of unfilled screw holes on construct stability, the 
distal empty hole group (Group C) had one unoccupied hole at the 
distal end of the plate, while the proximal empty hole group (Group 
D) featured an unfilled hole adjacent to the proximal screw.

Invalid hole placement

To evaluate the influence of invalid hole positioning on the mechani-
cal integrity of the construct, two configurations were established 
(Figure 3). Fifteen synthetic clavicle models were used in each group, and 
each specimen was used only once. In the “under-plate” condition, a 
cortical hole was drilled between the first and second proximal screw 
positions, located directly beneath the clavicle hook plate. In the 
“beyond-plate” condition, a similar hole was placed proximal to the plate, 
outside the area covered by the implant and corresponding to a theoreti-
cal proximal screw site if a longer plate were used. These configurations 
were designed to simulate unintended drilling during surgery and to 
assess the biomechanical consequences of misplaced or unused holes.

Mechanical testing procedure

Each clavicle specimen was mounted in the electronic universal 
testing machine (Figure 1). A compressive force was applied at the 
distal hook of the clavicle plate at a constant rate until fracture 
occurred. The force at the point of fracture was automatically recorded.

Mechanical testing of clavicle hook plates

The mechanical testing was conducted using an electronic univer-
sal testing machine (Figure 1). The clavicle hook plate was fixed in the 
distal clavicle while the proximal clavicle was secured in the machine. 
The applied force was progressively increased at the distal hook until 
clavicle fracture occurred, and the machine recorded the maximum 
fracture force.

The maximum fracture force (N) was measured for each specimen 
across all experimental conditions. Three independent sets of experi-
ments were performed with bending conditions (Table 1), screw type 
and empty hole location (Table 2), and invalid hole placement (Table 3).

Statistical analysis

The analysis of the data was conducted using SPSS version 26.0 
software, developed by IBM Corporation, based in Armonk, New 
York, USA. All data were analyzed using one-way ANOVA with post-
hoc Bonferroni correction for multiple comparisons. The results were 
presented as mean ± standard deviation (SD). Statistical significance 
levels were set at p < 0.05. Statistical comparisons were visualized in 
Figure 4, where significant differences were observed between differ-
ent bending conditions, screw types, and hole locations.

Results

Influence of pre-bent plate condition on 
maximum fracture force

The bending experiments investigated three different configura-
tions: forward bend, no bend, and reverse bend (Figure 2). The results 

FIGURE 2

The bending plate experiments. Schematic illustration of the three plate bending configurations used in the study. The forward-bend group is that the 
middle of plate has a 1–2 cm gap to the surface of clavicle. The no-bend group is that the plate is not bend before fixed in the clavicle. The reverse-
bend group is that the middle of plate is touch the clavicle and the two end of plate are raised up.
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(Table 1) demonstrated that the forward bend group exhibited the 
highest fracture force (mean: 202.64 ± 3.20 N), significantly greater 
than both the no bend group (mean: 141.39 ± 3.67 N, p < 0.01) and 
the reverse bend group (mean: 145.30 ± 2.60 N, p < 0.01). Statistical 
analysis confirmed that the forward bend significantly improved 
structural stability, whereas the reverse bend and no bend groups had 
lower fracture resistance (Figure 4, top left).

Influence of screw type on fracture 
resistance

Comparing common screws and locked screws (Figures 5A,B), 
the results in Table 2 show that the common screw group exhibited a 
significantly higher fracture force (mean: 203.33 ± 2.71 N) compared 
to the locked screw group (mean: 145.92 ± 3.32 N, p < 0.0001). This 

FIGURE 3

The influence of drilled an invaild hole in clavicle experiments. (A) Distal-empty-hole group (red arrow): a screw hole at the distal end of the plate was 
left unfilled. (B) Proximal-empty-hole group (red arrow): a screw hole near the proximal end of the plate was left unfilled.

TABLE 1  The force data of bend plate groups.

Group Maximum fracture force (N)

Forward bend 202.75 200.98 203.76 201.88 197.94 197.93 203.81 205.42 200.53 200.64 207.75 207.87 205.85 203.43 199.11

No bend 138.76 144.78 144.57 134.9 138.7 144.57 143.86 140.37 142.91 144.82 142.74 145.95 135.5 136.7 141.65

Reverse bend 145.76 141.9 146.67 141.84 148.97 145.99 143.75 143.76 147.99 144.77 140.57 147.86 148.96 145.98 144.76

TABLE 2  The force data of screw type and location groups.

Group Force (N)

A (common 

screw)

202.33 205.78 205.54 204.86 203.42 204.17 205.48 199.35 198.17 205.79 200.88 206.45 204.44 199.16 204.08

B (lock 

screw)

145.76 148.56 145.67 150.36 148.9 144.85 142.75 146.63 149.74 142.83 149.06 143.07 141.14 149.16 140.27

C (distal 

empty hole)

138.76 143.26 135.38 133.57 140.38 133.68 135.47 137.86 135.26 139.65 140.36 143.05 137.4 143.08 135.38

D (proximal 

empty hole)

160.3 160.76 163.6 164.56 163.85 164.27 163.28 163.69 160.38 161.57 159.47 160.72 162.58 165.26 156.73

TABLE 3  The force data of invalid hole in the clavicle.

Group Force (N)

Hole under 

the plate

168.01 172.35 169.89 171.74 173.26 171.87 173.38 171.45 165.98 171.07 164.09 170.02 164.05 164.17 169.27

Hole beyond 

the plate

144.75 147.72 149.34 141.35 147.97 148.65 145.05 142.08 143.78 143.36 143.25 150.18 144.26 147.57 143.38
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suggests that common screws provide superior stability over locked 
screws in this experimental setup (Figure 4, top right).

Influence of empty holes in the plate

The effect of empty holes at different locations was evaluated by 
comparing distal empty holes (Figure 5C) versus proximal empty 
holes (Figure 5D). Table 2 shows that the proximal empty hole group 
demonstrated significantly higher resistance (mean: 162.07 ± 2.33 N) 
compared to the distal empty hole group (mean: 138.17 ± 3.37 N, 
p < 0.0001). This indicates that the presence of an empty hole at the 
distal plate region compromises structural integrity more than a proxi-
mal empty hole (Figure 4, bottom left).

Effect of invalid holes in the clavicle

The final set of experiments (Figure 3) examined the effect of 
drilled invalid holes in the clavicle, distinguishing between a hole 

located under the plate and a hole beyond the plate. The results 
(Table 3) indicate that the fracture force was significantly higher in the 
hole under the plate group (mean: 169.37 ± 3.34 N) compared to the 
hole beyond the plate group (mean: 145.51 ± 2.81 N, p < 0.0001). This 
suggests that the presence of an invalid hole beyond the plate weakens 
the structure more than a hole located directly beneath the plate 
(Figure 4, bottom right).

Discussion

This study systematically evaluated the biomechanical effects of 
plate bending configuration, screw type, empty screw hole position, 
and the presence of invalid holes on the fixation strength of clavicle 
hook plates. The results demonstrated that plate bending signifi-
cantly influences fracture resistance. The forward-bend group 
exhibited the highest fracture force (mean: 202.64 ± 3.20 N), while 

FIGURE 4

The maximum force of these groups were measured in the figures, when the clavicles were fractured. The force of forward-bend group is bigger than 
no-bend group and reverse-bend group. The force of common-screw group is bigger than locked screw. The force of distal-empty-hole group is 
smaller than the proximal-empty-hole group. The force of hole-under-the-plate group is bigger than the hole-beyond-the-plate group. Means 
p < 0.01, ****means p < 0.0001.
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the no-bend and reverse-bend groups showed significantly lower 
fixation strength (p < 0.01). Additionally, common screws provided 
greater stability than locked screws. The fracture force in the com-
mon-screw group (mean: 203.33 ± 2.71 N) was significantly higher 
than in the locked-screw group (mean: 145.92 ± 3.32 N, p < 0.0001), 
suggesting that common screws may offer superior mechanical sta-
bility in clavicle hook plate fixation. The location of empty screw 
holes affected structural integrity. Plates with a distal empty screw 
hole had significantly lower fracture force (mean: 138.17 ± 3.37 N) 
compared to those with a proximal empty hole (mean: 
162.07 ± 2.33 N, p < 0.0001). Furthermore, invalid holes in the 
clavicle weakened overall mechanical stability. Invalid holes beyond 
the plate (mean: 145.51 ± 2.81 N) reduced structural strength more 
than those located under the plate (mean: 169.37 ± 3.34 N, 
p < 0.0001).

This finding suggests that bone drilling outside the plate coverage 
area may increase the risk of fixation failure. These findings provide 
valuable biomechanical insights for optimizing surgical techniques 
in clavicle hook plate fixation.

Numerous studies on femoral and tibial fracture fixation have 
demonstrated that empty screw holes act as stress concentrators, 
weakening mechanical stability (22, 23). Our findings further reveal 
that distal empty screw holes have a more significant impact on fixa-
tion strength than proximal empty holes. Preserving a proximal 
empty screw hole can reduce concentrated shear stress at the proxi-
mal clavicle, which may decrease the incidence of midshaft clavicle 
fractures. This observation suggests that adjusting the location of 

empty screw holes can help prevent postoperative fractures. There is 
limited research on how invalid holes in the clavicle affect fixation 
strength. However, previous studies have shown that cortical bone 
drilling reduces mechanical resistance, particularly when holes are 
located outside load-bearing areas (24). Our study found that invalid 
holes beyond the plate weakened structural strength more than those 
under the plate. This suggests that drilling outside the plate coverage 
area should be avoided to minimize the risk of fixation failure. 
Additionally, if an invalid hole is inadvertently drilled, using a longer 
plate to ensure the hole remains under the plate may help maintain 
stability.

This study makes several key academic contributions to evaluate 
multiple biomechanical factors. Unlike previous studies that focus on 
a single parameter, this study systematically analyzed plate bending, 
screw type, empty hole location, and invalid hole presence, providing 
a holistic understanding of clavicle hook plate fixation biomechanics. 
Identification of optimal fixation strategies. Our results suggest that 
forward bending, common screws, avoiding distal empty screw holes, 
and minimizing bone drilling beyond the plate coverage area signifi-
cantly improve mechanical stability. These findings provide evidence-
based recommendations for orthopedic surgeons. Bridging the 
knowledge gap in clavicle biomechanics. Most biomechanical studies 
focus on long bone fracture fixation, whereas clavicle fixation has 
unique biomechanical challenges (25–27).

Our study addresses this gap in the literature and may contribute 
to future improvements in clavicle implant design. These findings 
provide valuable new insights into clavicle fracture fixation 

FIGURE 5

The screws type and location experiments. Comparison of screw types used at the proximal hole of the plate. (A) The proximal screw (red arrow) is 
common screw. (B) The proximal screw (red arrow) is lock screw. (C) The empty hole (red arrow) of the plate is located in the distal plate. (D) The 
empty hole (red arrow) of the plate is located near the proximal screw. The remaining holes of C, D plates were fixed by screws.
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mechanics and have direct clinical implications for improving surgi-
cal success rates and reducing implant failure risks. However, clavicu-
lar hook plates are primarily indicated for distal clavicle fractures 
(Neer type V) and acromioclavicular joint dislocations.

The forward-bent plate is unlikely to increase soft-tissue irrita-
tion or implant prominence because the degree of anterior curvature 
is mild and the distal clavicle region has substantial soft-tissue cover-
age. In contrast, the traditional plate is positioned more horizontally, 
often leaving a gap between its proximal end and the clavicular sur-
face; under loading, the proximal screws may therefore be more 
prone to loosening or pull-out. With forward bending, the proximal 
end of the plate better conforms to the clavicular surface, which may 
reduce proximal screw loosening and pull-out under stress.

The forward-curved design is also unlikely to complicate implant 
removal. In our technique, removal is initiated by loosening the distal 
end, then applying gentle anteroposterior wobbling to gradually 
release the distal fixation. After the distal hook is mobilized, the 
proximal end is lifted while maintaining controlled wobbling to allow 
smooth, progressive extraction of the plate.

Despite its strengths, this study has some limitations that should 
be addressed in future research. This study used synthetic clavicle 
models for experimental consistency, but they do not fully replicate 
real human bone properties, such as cortical thickness, bone density, 
and fracture healing potential. The model does not include the acro-
mioclavicular (AC) joint articulation or ligamentous structures; 
therefore, it cannot assess joint-constrained stability or clinically rel-
evant instability patterns. Future studies should consider cadaveric or 
in vivo models for more clinically relevant results. This study primar-
ily assessed axial loading until fracture, whereas physiological loads 
on the clavicle involve complex multidirectional forces (e.g., torsion, 
bending, and shear). Future studies should investigate multi-axial 
loading conditions to better simulate real-world mechanical stress. 
While we assessed initial fracture resistance, real-world implants 
experience cyclic loading over time, which may lead to fatigue failure. 
Future studies should explore fatigue testing and long-term implant 
stability.

Our experimental model simulates a Rockwood type III acro-
mioclavicular joint dislocation. In clavicle hook plate fixation, we 
investigated risk factors for proximal-end stress fractures and strate-
gies to prevent midshaft clavicular stress fractures. Based on our 
experimental results, modifications in surgical technique—such as 
plate bending, screw selection, and occluding unused holes—may 
reduce the incidence of stress fractures, offering practical guidance 
for clinical application.

This study provides biomechanical evidence, but clinical valida-
tion is necessary to confirm the impact of these factors on patient 
outcomes. Prospective clinical trials comparing different fixation 
strategies would help translate these findings into evidence-based 
surgical guidelines.

Conclusion

This study systematically evaluated the biomechanical effects of 
plate bending, screw type, empty hole location, and invalid hole 
placement on clavicle hook plate fixation strength. The findings indi-
cate that forward bending enhances mechanical stability, common 

screws provide superior fixation compared to locked screws, distal 
empty screw holes weaken structural integrity more than proximal 
ones, and invalid holes beyond the plate significantly reduce fixation 
strength. The findings of this study are based on a synthetic bone 
model; clinical translation will require further validation in cadaveric 
clavicle experiments. Future research should focus on cadaveric clav-
icle validation, multi-axial loading conditions, and long-term fatigue 
analysis to further refine these findings and enhance surgical 
decision-making.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding authors.

Author contributions

PN: Writing – original draft, Resources, Validation, Formal anal-
ysis, Methodology, Data curation. XH: Methodology, Writing – origi-
nal draft, Data curation, Formal analysis, Software. ZZ: 
Writing – original draft, Formal analysis, Data curation, Methodology, 
Investigation. PC: Methodology, Data curation, Software, Writing – 
original draft. RW: Writing – original draft, Methodology, Data cura-
tion, Formal analysis. QF: Data curation, Formal analysis, 
Methodology, Writing – original draft. JG: Validation, Supervision, 
Investigation, Writing – original draft. WH: Writing – review & edit-
ing, Investigation, Supervision, Funding acquisition, Visualization, 
Project administration, Conceptualization.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This study was supported by Science and 
Technology Innovation Joint Fund Project of Fujian Province: (Grant 
number: 2023Y9323).

Acknowledgments

The authors would like to thank the Department of Emergency 
Trauma Surgery at Fujian Provincial Hospital for providing technical 
support and access to laboratory equipment essential for conducting 
the biomechanical experiments.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

https://doi.org/10.3389/fmed.2026.1752369
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Nie et al.� 10.3389/fmed.2026.1752369

Frontiers in Medicine 08 frontiersin.org

Generative AI statement

The author(s) declared that Generative AI was used in the creation 
of this manuscript. The author(s) verify and take full responsibility for 
the use of generative AI in the preparation of this manuscript. The AI 
tool ChatGPT (OpenAI) was utilized to enhance the linguistic fluency 
and readability of the manuscript. All scientific content, data analysis, 
interpretations, and conclusions remain the sole responsibility of the 
authors. The authors have thoroughly reviewed and edited all 
AI-assisted content to ensure accuracy and adherence to academic 
standards.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 

intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
	1.	Eskandar M, Saed M, Yusuf S. Functional outcomes of tension band wiring versus hook 
plating in displaced, closed, and isolated distal clavicle fractures in adults: a com-
parative retrospective study. Ann Med Surg. (2024) 86:6409–15. doi: 10.1097/
MS9.0000000000002475

	2.	Feng D, Liu Y, Li Z, Huang J, Fan M, Kang X, et al. Treatment of bipolar clavicle injury 
with internal plating: a case series and literature review. BMC Musculoskelet Disord. 
(2023) 24:8. doi: 10.1186/s12891-023-06126-1

	3.	Wang D-L, Ruan D-K, Yin Q, Li HF, Wang PJ, He Q, et al. Clinical application of hook 
plate for the treatment of distal clavicular trauma and analysis on its complications. 
Zhongguo Gu Shang. (2009) 22:655–7.

	4.	Kim D-W, Kim D-H, Kim B-S, Cho C-H. Current concepts for classification and treat-
ment of distal clavicle fractures. Clin Orthop Surg. (2020) 12:135–44. doi: 10.4055/
cios20010

	5.	Nicholson JA, Makaram N, Simpson A, Keating JF. Fracture nonunion in long bones: 
a literature review of risk factors and surgical management. Injury. (2021) 52:S3–S11. doi: 
10.1016/j.injury.2020.11.029

	6.	von Rüden C, Rehme-Röhrl J, Augat P, Friederichs J, Hackl S, Stuby F, et al. Evidence 
on treatment of clavicle fractures. Injury. (2023) 54:110818. doi: 10.1016/j.
injury.2023.05.049

	7.	Alito A, Fenga D, Tropeano G, Milardi D, Leonetti D, Migliorato A, et al. Screw stress 
distribution in a clavicle fracture with plate fixation: a finite element analysis. 
Bioengineering. (2023) 10:1402. doi: 10.3390/bioengineering10121402

	8.	Vancleef S, Wesseling M, Duflou JR, Nijs S, Jonkers I, Vander Sloten J. Thin patient-
specific clavicle fracture fixation plates can mechanically outperform commercial 
plates: an in silico approach. J Orthop Res. (2022) 40:1695–706. doi: 10.1002/ 
jor.25178

	9.	Zheng Y, Zhang J-K, Wu J-L, Yuan X-H. Finite element analysis of anatomic plate fixa-
tion for proximal clavicular fractures. Zhongguo Gu Shang. (2024) 37:917–20. doi: 
10.12200/j.issn.1003-0034.20220970

	10.	 Demirhan M, Bilsel K, Atalar AC, Bozdag E, Sunbuloglu E, Kale A. Biomechanical 
comparison of fixation techniques in midshaft clavicular fractures. J Orthop Trauma. 
(2011) 25:272–8. doi: 10.1097/BOT.0b013e3181ee3db7

	11.	 Uzer G, Yildiz F, Batar S, Bozdag E, Kuduz H, Bilsel K. Biomechanical comparison of 
three different plate configurations for comminuted clavicle midshaft fracture fixation. J 
Shoulder Elbow Surg. (2017) 26:2200–5. doi: 10.1016/j.jse.2017.06.034

	12.	 Wilkerson J, Paryavi E, Kim H, Murthi A, Pensy RA. Biomechanical comparison of 
superior versus anterior plate position for fixation of distal clavicular fractures: a new 
model. J Orthop Trauma. (2017) 31:e13–7. doi: 10.1097/bot.0000000000000707

	13.	 Kim B-S, Kim D-H, Choi B-C, Cho C-H. Comparison of locking plate osteosynthesis 
versus coracoclavicular stabilization for Neer type IIB lateral clavicle fractures. Clin 
Orthop Surg. (2022) 14:319–27. doi: 10.4055/cios22080

	14.	 Salazar LM, Koso RE, Momtaz DA, Dutta AK. Results of pre-contoured titanium 
anterior plating of midshaft clavicle fractures. J Shoulder Elb Surg. (2022) 31:107–12. doi: 
10.1016/j.jse.2021.05.021

	15.	 Sinkler MA, Wang M, Kuo A, Furdock RJ, McMellen CJ, Boes K, et al. Anterior and 
superior plate positions in diaphyseal clavicle fractures produce similar patient outcomes. 
Eur J Orthop Surg Traumatol. (2023) 33:2331–6. doi: 10.1007/s00590-022-03428-3

	16.	 Toogood P, Coughlin D, Rodriguez D, Lotz J, Feeley B. A biomechanical comparison 
of superior and anterior positioning of precontoured plates for midshaft clavicle fractures. 
Am J Orthop (Belle Mead NJ). (2014) 43:E226–31.

	17.	 Miller DL, Goswami T. A review of locking compression plate biomechanics and their 
advantages as internal fixators in fracture healing. Clin Biomech (Bristol). (2007) 
22:1049–62. doi: 10.1016/j.clinbiomech.2007.08.004

	18.	 Miller DL, Goswami T, Prayson MJ. Overview of the locking compression plate and 
its clinical applications in fracture healing. J Surg Orthop Adv. (2008) 17:271–81.

	19.	 Kim D-G, Min Kim S, Kim Y. Numerical simulation and biomechanical analysis of 
locking screw caps on clavicle locking plates. Medicine (Baltimore). (2022) 101:e29319. 
doi: 10.1097/md.0000000000029319

	20.	 Zhang N-Z, Liu B-L, Luan Y-C, Zhang M, Cheng C-K. Failure analysis of a locking 
compression plate with asymmetric holes and polyaxial screws. J Mech Behav Biomed 
Mater. (2023) 138:105645. doi: 10.1016/j.jmbbm.2022.105645

	21.	 Basci O, Aydemir S, Acan AE, Gursan O, Uzun B, Erduran M. The effect of screw hole 
inserts for the unused screw holes on the strength of a plate. J Orthop Surg Res. (2025) 
20:312. doi: 10.1186/s13018-025-05686-3

	22.	 Sandra ML, Johnson MD, Daniel LD. Reply to plate stress does not decrease when 
working length is increased. Vet Comp Orthop Traumatol. (2020) 33:458–60. doi: 
10.1055/s-0040-1718727

	23.	 Urbanová L, Blažek-Fialová I, Srnec R, Pěnčík J, Kršek P, Nečas A. Mathematical 
model of mechanical testing of bone-implant (4.5 mm LCP) construct. Acta Vet Brno. 
(2012) 81:211–5. doi: 10.2754/avb201281020211

	24.	 McChesney GR, Morris RP, Al Barghouthi A, Travascio F, Latta LL, Lindsey RW. 
Relationship to drill bit diameter and residual fracture resistance of the distal tibia. Clin 
Biomech (Bristol) 2022. 97:105686. doi: 10.1016/j.clinbiomech

	25.	 Itou J, Kuwashima U, Itoh M, Kuroda K, Yokoyama Y, Okazaki K. Monocortical fixation 
for locking plate distal screws does not impair mechanical properties in open-wedge high 
tibial osteotomy. BMC Musculoskelet Disord. (2021) 22:157. doi: 10.1186/s12891-021-03999-y

	26.	 Bernstein J. Nonoperative treatment compared with plate fixation of displaced mid-
shaft clavicular fractures. A multicenter, randomized clinical trial. J Bone Joint Surg Am. 
(2007) 89:1–10. doi: 10.2106/JBJS.F.00020

	27.	 Hulsmans MH, van Heijl M, Houwert RM, Burger BJ, Verleisdonk EJM, Veeger DJ, 
et al. Surgical fixation of midshaft clavicle fractures: a systematic review of biomechanical 
studies. Injury. (2018) 49:753–65. doi: 10.1016/j.injury.2018.02.017

https://doi.org/10.3389/fmed.2026.1752369
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1097/MS9.0000000000002475
https://doi.org/10.1097/MS9.0000000000002475
https://doi.org/10.1186/s12891-023-06126-1
https://doi.org/10.4055/cios20010
https://doi.org/10.4055/cios20010
https://doi.org/10.1016/j.injury.2020.11.029
https://doi.org/10.1016/j.injury.2023.05.049
https://doi.org/10.1016/j.injury.2023.05.049
https://doi.org/10.3390/bioengineering10121402
https://doi.org/10.1002/jor.25178
https://doi.org/10.1002/jor.25178
https://doi.org/10.12200/j.issn.1003-0034.20220970
https://doi.org/10.1097/BOT.0b013e3181ee3db7
https://doi.org/10.1016/j.jse.2017.06.034
https://doi.org/10.1097/bot.0000000000000707
https://doi.org/10.4055/cios22080
https://doi.org/10.1016/j.jse.2021.05.021
https://doi.org/10.1007/s00590-022-03428-3
https://doi.org/10.1016/j.clinbiomech.2007.08.004
https://doi.org/10.1097/md.0000000000029319
https://doi.org/10.1016/j.jmbbm.2022.105645
https://doi.org/10.1186/s13018-025-05686-3
https://doi.org/10.1055/s-0040-1718727
https://doi.org/10.2754/avb201281020211
https://doi.org/10.1016/j.clinbiomech
https://doi.org/10.1186/s12891-021-03999-y
https://doi.org/10.2106/JBJS.F.00020
https://doi.org/10.1016/j.injury.2018.02.017

	Optimizing clavicle hook plate fixation through biomechanical analysis of pre-bent plate condition and screw configurations
	Introduction
	Methods
	Experimental design
	Pre-bend plate conditions
	Invalid hole placement
	Mechanical testing procedure
	Mechanical testing of clavicle hook plates
	Statistical analysis

	Results
	Influence of pre-bent plate condition on maximum fracture force
	Influence of screw type on fracture resistance
	Influence of empty holes in the plate
	Effect of invalid holes in the clavicle

	Discussion
	Conclusion

	Acknowledgments
	References



