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Abstract

:

The clavicle hook plate is commonly used in acromioclavicular injuries; however, the biomechanical effect of the posterior hook offset and hook position is unclear. This study applied a finite element analysis (FEA) to evaluate these parameters to improve the clinical strategy. Nine FEA models with 0-mm, 5-mm, and 10-mm posterior hook offsets implanted in the anterior, middle, and posterior acromion were established to evaluate the stress distribution and the reaction force on the acromion. The 5-mm and 10-mm posterior hook offsets at all acromion positions reduced the reaction force on the acromion but slightly increased the stress on the clavicle. The 0-mm offset increased the reaction force at all acromion positions and was relatively lower at the middle acromion. The clavicle hook plate with a posterior hook offset reduces the reaction force on the acromion, providing a flexibility of the hook position. These results provide surgeons with the biomechanical basis for the hook offset and position and engineers with the mechanical basis for the implant design.
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1. Introduction


A clavicle hook plate is widely used to treat acromioclavicular dislocation and distal clavicle fracture [1,2,3,4,5,6], as its unique hook shape can provide a good stability and partial rotational mobility of the acromioclavicular joint [7]. Although it is a convenient, simple, and effective treatment [5,6], some complications still occur, such as subacromial osteolysis [8,9,10], rotator cuff impingement [11], rotator cuff tear [11], and peri-implant fracture [10,12,13,14,15]. Furthermore, there is much variation in the anatomy of the acromion between individuals [16,17,18,19]. Nonetheless, biomechanical analysis has revealed many design parameters of the clavicle hook plate [20,21,22], and therefore, if an individualized clavicle hook plate designed for the patient’s anatomy can be implanted, postoperative complications may be reduced [19,23,24,25].



A cadaver study indicated that the implantation position of the hook may be incorrect due to the wide range of anatomical acromion structures, possibly leading to subacromial osteolysis or rotator cuff impingement [16]. Another cadaver study indicated that the limited hook depth designs were not sufficient for acromion polymorphisms [17]. The relative position of the acromion and the hook is important, with an incorrectly positioned hook causing complications. At present, there is no clinical research or biomechanical analysis on the effect of the hook being fixed at different acromion positions in the acromioclavicular joint.



Finite element analysis (FEA) is commonly used to analyze orthopedic biomechanics, such as the biomechanics of the material and geometry of the clavicle hook plate. A longer plate length or a deeper hook depth can reduce the reaction force on the acromion, reducing the stress on the clavicle [20,21], whereas a smaller hook angle increases the stress on the clavicle, and a larger hook angle increases the reaction force on the acromion [22]. Among the many clavicle hook plate designs, some of the posterior hook offset designs are different, but they have not been biomechanically evaluated in the acromioclavicular joint.



There is no relevant mechanical analysis research on the influence of the clavicle hook plate being fixed on the acromioclavicular joint at different acromion positions using various posterior hook offsets. Therefore, this study applied FEA for the biomechanical analysis of clavicle hook plates with different posterior hook offsets implanted at different acromion positions in the acromioclavicular joint and explored the possible causes of clinical subacromial osteolysis and peri-implant fracture. The orthopedic surgeon can select the clavicle hook plate that is suitable for the patient according to the different anatomical structures of the acromioclavicular joint, thereby minimizing surgical complications [10].




2. Materials and Methods


2.1. The Simulation Geometry Model


A computer model of FEA was established (Figure 1) comprising four parts including the clavicle, acromion, clavicle hook plate, and six screws. The model of the clavicle and acromion was built using computed tomography (CT) images provided by the US National Institutes of Health (NIH), and the medical image software Mimics (Mimics Medical 20.0, Materialise, Leuven, Belgium) was used to circle the clavicle and acromion on the CT image. The bone model was divided into two parts including the cortical bone and cancellous bone, with computer-aided design (CAD) software (SolidWorks 2016, Dassault Systemes SolidWorks Corp, Waltham, MA, USA) being used to obtain the model of the clavicle hook plate and six screws.



This study referred to the existing clinical clavicle hook plate system to establish three models of the clavicle hook plate with different posterior hook offsets. The offset sizes were 0 mm, 5 mm, and 10 mm (Figure 2), and the hook was fixed on three different acromion positions including the anterior, middle, and posterior at an interval of 5 mm; therefore, there were nine different sets (Figure 3). The CAD software SolidWorks was used to combine the clavicle, acromion, clavicle hook plate, and six screws, creating a total of nine sets of computer finite element models. After three-dimensional computer modeling, the models were imported into the FEA software (ANSYS Workbench 18.0, ANSYS, Inc., Canonsburg, PA, USA).




2.2. Loading Conditions and Boundary Conditions


One loading condition and two boundary conditions (Figure 4) were based on previous research measurements of the force on the sternocleidomastoid muscle when the arm picked up a cup [26] (The force of the loading condition was measured by the sternocleidomastoid muscle strength in the static position when the arm held the cup, which was established from the AnyBody Modeling System computer model with both the clavicle and acromion.). The loading condition was the upward-pull force on the medial clavicle with a sternocleidomastoid muscle attached (X-axis: −1.5 N, Y-axis: 14.2 N, Z-axis: −4.2 N). The boundary conditions defined the fixation of the inferior proximal clavicle and the inferior posterior acromion. The inferior proximal clavicle was fixed on a single point without displacement (i.e., the displacement of the X-axis, Y-axis, and Z-axis was set as zero); therefore, the clavicle could rotate when force was applied. The inferior posterior acromion was fixed to simulate the actual situation of a clavicle hook plate implanted in the acromioclavicular joint. In addition, to make this study closer to the actual situation, the contact between the clavicle hook plate and screws and between the clavicle hook plate and acromion was set as “no separation” in this study. The definition of “no separation” simulates a clavicle hook plate attached to the acromion surface with no gap existing between the two parts, but with a small amount of sliding being allowed [27].




2.3. Material Properties of the Model


The computer models comprised four parts including the clavicle, acromion, clavicle hook plate, and screws. All materials were assumed to be homogeneous, isotropic, and linear elastic. Table 1 shows the Young’s modulus (E) and Poisson’s ratio (ν) of the material properties. The mesh models were established using quadratic tetrahedral elements, with convergence tests to control the mesh size being performed to achieve convergence and more accurate data. The mesh size in this study was 0.9 mm (Figure 5), and Table 2 shows the number of elements and nodes in each group after mesh.



After FEA, the von Mises stress distribution diagram was used as the observation index:


    σ  v o n     =    1 2  [    (   σ 1  −  σ 2   )   2  +   (  σ 1  −  σ 3  )  2  +   (  σ 2  −  σ 3  )  2  ]     



(1)




where σ1, σ2, and σ3 are the principal stresses in the three axial directions. The stress distribution diagram of the clavicle hook plate and the clavicle was observed, recording the stress on the six screws and at point P on the clavicle, the turning point of the mid-clavicle. The reaction force on the acromion after the external force was applied by the loading condition was also recorded.





3. Results


The biomechanical effects of the clavicle hook plate with different posterior hook offsets implanted at various acromion positions were evaluated. Figure 6 shows the distribution of von Mises stress on the clavicle hook plate, with the greatest stress located at the corners of the hooks in all groups and a higher stress distributed on the part of the plates in the groups with a posterior hook offset. Figure 7 shows the distribution of von Mises stress on the clavicle, with the groups with posterior hook offsets generating a higher stress on the clavicle. Figure 8 shows the reaction force on the acromion, showing that groups without a posterior hook offset generated a greater reaction force on the acromion. Table 3 shows the value of the reaction force on the acromion and the stress on the clavicle hook plate, each screw, and at point P of the clavicle.




4. Discussion


This FEA study explored the biomechanical effects of different posterior hook offsets of clavicle hook plates implanted at various acromion positions. The reaction force on the acromion was greater in the groups without a posterior hook offset and lower in the groups with posterior hook offsets, with the groups with 5-mm or 10-mm offsets showing a similar reaction force. The different reaction forces are attributed to the increased lever arm length in the clavicle hook plate with a posterior hook offset when compared to those without an offset. The fulcrum was set at the fixed point of the proximal clavicle, and the lever arm length was measured between the fulcrum and the contact point of the acromion and hook (Figure 9); therefore, the larger the posterior hook offset, the longer the lever arm, thereby resulting in a smaller reaction force on the acromion. The clavicle hook plate with the posterior hook offset reduces the reaction force by 26.75–38.66% on the acromion when compared to the one without a posterior hook offset.



The stress on the mid-third clavicle was lower in the groups without a posterior hook offset and greater in the groups with a posterior hook offset, with groups with a 5-mm or 10-mm offset exhibiting similar stress. This is assumed to be due to the distance between the hook fixed on the acromion and the proximal clavicle becoming longer in the clavicle hook plate with a posterior hook offset than in the one without. When the same force is applied, the longer distance leads to a larger deformation of the mid-third clavicle. Strain is related to deformation, and the Young’s modulus of the clavicle in all of the groups in this study was constant; therefore, the larger the deformed clavicle in the groups with a posterior hook offset, the greater the strain and the stress on the clavicle. Clinically, the high-stress distribution on the clavicle may correlate with the high incidence of peri-implant fractures in the mid-third clavicle [20,21,22].



Based on the above analysis, the existence of a posterior hook offset is the key variable of this mechanical analysis. The clavicle hook plate without a posterior hook offset has a greater reaction force on the acromion but less stress on the mid-third of the clavicle, which may increase the probability of subacromial osteolysis [8,9,13]. The clavicle hook plate with a posterior hook offset has less reaction force on the acromion but greater stress on the mid-third of the clavicle, which may increase the risk of peri-implant fracture [10,12,13].



The reaction force analysis of the different posterior hook offsets fixed at the anterior, middle, and posterior acromion shows that the groups without a posterior hook offset have a higher reaction force on the acromion than the groups with a posterior hook offset. In the group without a posterior hook offset, the hook fixed at the middle acromion exhibits a relatively lower reaction force on the acromion, whereas in the groups with a posterior hook offset, the hook fixed in three different positions causes little difference in the reaction force. There is a little difference in the reaction force at different fixed positions of the hook in the acromion, which can be explained biomechanically. The distance from the fixed end of the acromion to the hook fixed in the acromion can be used as a factor to discuss the change in the reaction force. However, for the overall structure, the differences in the distance between the hooks fixed in the anterior acromion, middle acromion, and posterior acromion are tiny when compared with the overall structure. Therefore, there is a little difference between the results on this factor. Clinically, using a clavicle hook plate with a posterior hook offset is more flexible and tolerant for fixing it at any acromion position during surgery in order to reduce the reaction force on the acromion. If a clavicle hook plate without a posterior hook offset is used, hook fixation at the middle acromion is recommended if space permits it.



The greatest stress was located on the bend of the hook plate in contact with the acromion in all groups. In the groups with a posterior hook offset, the stress was also distributed on part of the plate, indicating that the shape of the posterior hook offset may cause a larger deformation in the plate of the clavicle hook plate, leading to greater stress on the plate according to Hooke’s law. However, the maximum stress in all models was less than the yield strength of the material of the clavicle hook plate, with the yield strength of stainless steel and titanium being 700 MPa and 490 MPa, respectively [28]. Hence, if a higher stress is located on the hook corner and the plate, deformation or fracture of the implants rarely occurs.



Regarding the stress on the six screws in the clavicle, the highest stress was located on the innermost screw (S6) in all groups. The groups without a posterior hook offset experienced less stress, whereas the groups with a posterior hook offset had greater stress. Although the stress on the innermost screw was less than the yield strength of the bone, the innermost screw must be placed carefully in order to avoid high stress on the clavicle that may increase the risk of peri-implant fracture, especially for the clavicle hook plate with a posterior hook offset.



This study has several limitations. The model simulates an acromioclavicular joint with an implanted clavicle hook plate which assumes that the acromioclavicular ligament and coracoclavicular ligament are total torn, so the external force is only applied to the sternocleidomastoid muscle. Since this study only discusses the biomechanical analysis of the clavicle hook plate, acromioclavicular joint, and clavicle, the scapula model was simplified to the acromion only. Due to the anatomic differences among individuals, verifying the models with the computer research data established in this study and other previous research data was difficult. This study only selected representative bone models for analysis. Therefore, only the computer models established in this study were verified by a mesh convergence test. In addition, the material properties are assumed to be homogeneous, isotropic, and linearly elastic based on the assumptions of previous studies [20,21,22]. Although we also wanted to use anisotropic material properties to set the bone tissue, the finite element analysis of nonlinear material properties was challenging to solve. Therefore, it was possible that the nonlinear material setting used in this study could lead to more influencing factors for the topic discussed in this study. Thus, this study simplified the establishment of computer models and material properties, mainly to make biomechanical evaluations for the main issues discussed in this study so as to avoid too many factors that affect the results of computer simulation studies. Given the experimental design of this study, it was indeed unable to prove directly that variations in the posterior hook offset led to peri-implant fracture or subacromial osteolysis; however, this study can still explain that the posterior hook offset made the biomechanical difference in the strain on the clavicle. Although these assumptions are slightly different from the actual situation, this study evaluated the biomechanical trends of the implantation of clavicle hook plates with different posterior hook offsets at various positions in the acromion.



This FEA of the biomechanical impact of a clavicle hook plate with different posterior hook offsets fixed at various acromion positions provides the basis for a new-design clavicle hook plate, as well as a clearer understanding of the posterior hook offset design of the clavicle hook plate. It is anticipated that clavicle hook plates specific to each patient can be used to get better stress and reaction force distributions on the acromioclavicular joint [10,19,23,24,25,29]. The research on the hook plate with posterior hook offset involves not only the biomechanical effect but also the patient’s subjective feeling with different hook offset implantations. This might be interesting for clinical research in the future.




5. Conclusions


The clavicle hook plate without a posterior hook offset increases the reaction force of the hook to the acromion, which may lead to subacromial osteolysis. In contrast, the clavicle hook plate with a posterior hook offset reduces the reaction force of the hook to the acromion, slightly increasing the stress on the mid-third of the clavicle, which may increase the risk of peri-implant fracture. The hook with a posterior offset has a lower reaction force at any position in the acromion, so there is more flexibility in the surgeon’s placement of the implant to reduce the reaction force on the acromion. The hook without a posterior offset exhibits a large reaction force on the acromion, so fixation in the middle acromion is recommended if space permits it. These results provide orthopedic surgeons with the biomechanical basis for the selection of an appropriate clavicle hook plate design and implantation position.
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Figure 1. The four parts included the clavicle, acromion, clavicle hook plate, and six screws. 
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Figure 2. The posterior hook offsets were set at 0 mm, 5 mm, and 10 mm. 
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Figure 3. The hooks were fixed at the anterior, middle, and posterior of the acromion at an interval of 5 mm. 
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Figure 4. The loading conditions and boundary conditions in this study. 
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Figure 5. The mesh of the computer models used in this study. 
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Figure 6. The distribution of von Mises stress on the clavicle hook plate. 
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Figure 7. The distribution of von Mises stress on the clavicle. 
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Figure 8. The reaction force on the acromion. 
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Figure 9. The existence of a posterior hook offset increases the lever arm length, resulting in a smaller reaction force on the acromion. 
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Table 1. The material properties [20,21,22].
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	Material
	Young’s Modulus (MPa)
	Poisson’s Ratio





	Cortical bone
	17,000
	0.3



	Cancellous bone
	1000
	0.3



	Clavicle hook plate
	200,000
	0.3



	Screws
	118,000
	0.3
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Table 2. The number of elements and nodes in each group after mesh.
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Anterior Acromion

	
Middle Acromion

	
Posterior Acromion




	
Posterior Hook Offset

	
0 mm

	
5 mm

	
10 mm

	
0 mm

	
5 mm

	
10 mm

	
0 mm

	
5 mm

	
10 mm






	
Mesh nodes

	
188,882

	
190,086

	
191,971

	
188,217

	
189,421

	
191,445

	
188,467

	
189,553

	
191,507




	
Mesh elements

	
103,576

	
104,296

	
105,362

	
103,171

	
103,889

	
105,064

	
103,335

	
103,983

	
105,102
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Table 3. The reaction force on the acromion and the stress on the clavicle hook plate, each screw, and at point P of the clavicle.






Table 3. The reaction force on the acromion and the stress on the clavicle hook plate, each screw, and at point P of the clavicle.





	
Hook Position

	
Anterior Acromion

	
Middle Acromion

	
Posterior Acromion




	
Posterior Hook Offset

	
0 mm

	
5 mm

	
10 mm

	
0 mm

	
5 mm

	
10 mm

	
0 mm

	
5 mm

	
10 mm






	
Reaction force on acromion (N)

	
X-Axis

	
−3.5615

	
−0.4431

	
−0.37351

	
−3.4105

	
−0.4572

	
−0.38434

	
−4.2696

	
−0.62777

	
−0.50583




	
Y-Axis

	
−2.1026

	
−2.5631

	
−2.5622

	
−2.1436

	
−2.5634

	
−2.562

	
−2.0026

	
−2.4803

	
−2.4812




	
Z-Axis

	
0.4186

	
1.4168

	
1.4555

	
0.45633

	
1.4107

	
1.4511

	
0.25256

	
1.3597

	
1.4068




	
Total

	
4.157

	
2.9619

	
2.9703

	
4.054

	
2.9615

	
2.9694

	
4.7227

	
2.8974

	
2.8967




	
Maximum stress (MPa)

	
Plate

	
44.944

	
74.086

	
74.503

	
30.718

	
73.785

	
74.059

	
44.162

	
73.357

	
73.872




	
S1

	
2.6561

	
0.17302

	
0.17333

	
2.0829

	
0.17919

	
0.18024

	
2.6496

	
0.18685

	
0.18839




	
S2

	
2.0644

	
5.3123

	
5.3011

	
1.8372

	
5.3895

	
5.5165

	
1.9973

	
5.5796

	
5.5942




	
S3

	
3.9743

	
16.426

	
16.46

	
4.7258

	
17.008

	
17.123

	
5.2918

	
17.813

	
17.978




	
S4

	
9.4925

	
32.812

	
32.778

	
11.137

	
34.008

	
34.102

	
12.17

	
35.307

	
35.463




	
S5

	
1.7393

	
6.7224

	
6.7844

	
1.998

	
6.9667

	
7.0806

	
2.206

	
7.4543

	
7.5953




	
S6

	
10.331

	
33.743

	
33.689

	
11.943

	
35.022

	
35.112

	
13.181

	
36.512

	
36.674




	
Point P

	
0.91762

	
1.0059

	
1.0136

	
0.91661

	
1.0045

	
1.0127

	
0.90326

	
1.0195

	
1.0299
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