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Rotator cuff injuries account for 50% of shoulder disorders that can cause shoulder pain and reduced mobility. The occurrence of rotator cuff injury is related to the variation in shoulder load, but the mechanical changes in the rotator cuff caused by load remain unclear. Therefore, the mechanical results of the rotator cuff tissue during glenohumeral abduction and adduction were analyzed based on a finite element shoulder model under non-load (0 kg) and load (7.5 kg) conditions. The results showed that the maximum von Mises stress on the supraspinatus muscle was larger than that on the subscapularis, infraspinatus, and teres minor muscles during glenohumeral abduction. Compared with the non-load condition, the maximum von Mises stress on the supraspinatus muscle increased by 75% under the load condition at 30° abduction. Under the load condition, the supraspinatus joint side exhibited an average stress that was 32% greater than that observed on the bursal side. The von Mises stress on the infraspinatus muscle was higher than that in other rotator cuff tissues during adduction. The stress on the infraspinatus muscle increased by 36% in the load condition compared to the non-load condition at 30° adduction. In summary, the increased load changed the mechanical distribution of rotator cuff tissue and increased the stress differential between the joint aspect and the bursal aspect of the supraspinatus tendon.
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1 INTRODUCTION
Chronic shoulder pain ranks the third most prevalent musculoskeletal pain, following chronic headache and chronic low back pain (Noten et al., 2017). Rotator cuff tears account for 50% of shoulder injuries (Gigliotti et al., 2017), which can cause shoulder pain and limited mobility. Epidemiological studies showed that rotator cuff injury had a prevalence of 31% in people aged 60–69 years and an estimated 65% in people aged over 80 years (Doiron-Cadrin et al., 2020). The use of load-bearing exercises is often recommended for patients with rotator cuff injury to improve shoulder muscle mass and reduce pain (Kjær et al., 2018; Macías-Hernández et al., 2021). However, continuous and repetitive stress leads to muscular imbalance and degeneration of the rotator cuff tissue (Rodriguez Diez-Caballero et al., 2020; Coulet et al., 2022). The research (Rodriguez Diez-Caballero et al., 2020) found that repetitive load-bearing between 3 and 15 kg was one of the occupational risk factors for chronic injury to the shoulder tissue. Cheema et al. (2007) reported an elderly patient suffering a rotator cuff tear during progressive resistance training. Therefore, it is necessary to study the internal mechanical changes in the rotator cuff tissue under shoulder load conditions. Calver et al. (2022) examined supraspinatus and infraspinatus muscle activation patterns in different postures by electromyography. Hecker et al. (2021) analyzed the overall muscle strength of the shoulder during upper extremity activity by electronic isometric force dynamometry. However, electromyography does not reflect specific muscle forces, and it is difficult to analyze local muscle forces using a dynamometer. At present, the stress distribution in the rotator cuff tissue during shoulder activity remains unclear.
Shoulder studies have widely used finite element analysis to analyze shoulder movement, fractures, and surgical implantation (Islán Marcos et al., 2019; Chen et al., 2020). Previous finite element analyses of rotator cuff injuries mainly focused on the mechanical changes in the supraspinatus muscle (Quental et al., 2016; Quental et al., 2020). Inoue et al. (2013) analyzed the effect of abduction of the glenohumeral joint on the supraspinatus muscle under non-load conditions. Islán Marcos et al. (2019) analyzed the stress on shoulder bone and cartilage during glenohumeral motion but did not explore the stress distribution of the rotator cuff tissue in detail. Recently, Guo et al. (2022) constructed a finite element shoulder model containing rotator cuff tissue and analyzed the changes in rotator cuff muscle stress distribution induced by different recurve bow movements. However, the biomechanical effects of load changes on the rotator cuff tissue have not been investigated clearly.
Therefore, this study analyzed the mechanical effects on rotator cuff tissue under non-load and load conditions based on a finite element shoulder model and discussed the mechanical distribution and stress concentration sites of the rotator cuff tissues. First, the loading conditions under non-load and load conditions were simulated on the shoulder finite element model. Second, mechanical loads were applied to simulate the abduction and adduction movements of the glenohumeral joint. We then analyzed the effects of mechanical changes under different loads on the rotator cuff tissue during abduction and adduction.
2 MATERIALS AND METHODS
2.1 Geometry reconstruction
The image data from a healthy male volunteer (age, 30) were used to construct a finite element shoulder model. The model was constructed as described previously (Yang et al., 2023). The finite element shoulder model consisted of rotator cuff tissue, joint capsule, cortical bone, cancellous bone, joint capsule, deltoid muscle, ligaments, and articular cartilage in Figure 1. The mesh size of the cortical bone, rotator cuff, and deltoid muscle was set at 1 mm with first-order triangular elements. The cancellous bone was a solid structure formed by filling the cortical bone. First-order tetrahedral elements were applied to simulate the cancellous bones. The cortical bone and cancellous bone were made of isotropic elastic material. The joint capsule formed a dense annular package with the humeral head and glenoid. Isotropic hyperelastic material was used for the joint capsule. The ligaments included the glenohumeral ligament, acromioclavicular ligament, and coracoclavicular ligament. Ligaments and joint capsule were modeled with first-order triangular elements. The rotator cuff tissue was divided into supraspinatus, subscapularis, teres minor, and infraspinatus tissues, while the deltoid muscle was divided into anterior, middle, and posterior deltoid muscles. The aforementioned muscles were simulated as non-linear hyperelastic and incompressible (neo-Hookean) (Dao et al., 2014). The material properties of each component are summarized in Table 1 (Koh et al., 2004; Duprey et al., 2007).
[image: Figure 1]FIGURE 1 | 3D finite element model of the shoulder joint. (A) Internal structure of the humeral head. (B) Lateral view of the posterior deltoid and scapula. (C) Construction of rotator cuff tissue. (D) Composition and distribution of ligaments. (E) Whole model of the shoulder joint.
TABLE 1 | Material properties of the components.
[image: Table 1]2.2 Mesh convergence test
To test mesh convergence on the finite element shoulder model, mesh schemes were generated with element sizes of 0.5 mm (mesh 1), 1.0 mm (mesh 2), and 1.5 mm (mesh 3). A torque of 17.5 Nm was applied to the distal humeral surface for abduction, with six degrees of freedom constrained at the proximal clavicle and the inferior surface of the scapula. The maximum von Mises stresses in the rotator cuff tissue were calculated and compared in the finite element model. The mesh was considered convergent if the difference in the results between the smallest unit size and other mesh sizes compared was less than 5% (Jones and Wilcox, 2008). The results, as shown in Figure 2, indicate that the stress value difference was less than 5% in mesh 1 compared to mesh 2. Therefore, the element size in the current model was 1 mm, with a total of 143,580 nodes.
[image: Figure 2]FIGURE 2 | Difference in the percentage of the maximum von Mises stress between mesh 2 and mesh 1 and between mesh 2 and mesh 3 in the rotator cuff during shoulder abduction.
2.3 Boundary conditions and simulation
The boundary conditions and mechanical load conditions of this study were based on previous studies (Zheng et al., 2020; Asadi Dereshgi and Serbest, 2022). Loads of 0 kg (non-load condition) and 7.5 kg (load condition) were separately applied to the intercondylar center of the humerus based on the shoulder finite element model to simulate the effects of different loads on the shoulder tissues. The lower part of the scapula and the proximal clavicle were kept fixed. The contact between the rotator cuff tissue and the humerus was set as bound, and the articular cartilage was set as frictionless (Zheng et al., 2020). For glenohumeral abduction and adduction, an additional moment of 17.5 Nm was applied to the humerus (Islán Marcos et al., 2019). The aforementioned load conditions were imported into LS-DYNA software for calculation. The maximum von Mises stress distributions of the rotator cuff and average stress in the supraspinatus tendon at 0, 15, and 30° of glenohumeral abduction and adduction were recorded and analyzed to investigate the effects of load on the rotator cuff tissue with different motions.
3 RESULTS
3.1 Stress results of the supraspinatus
The results, as shown in Figure 3, indicate that the maximum von Mises stresses in the supraspinatus tendon increased under both abduction and adduction conditions. The stresses under the load and non-load conditions were 1.32 and 3.35 MPa at 0° abduction, respectively. At 30° abduction, the load condition experienced 75% more stress in the supraspinatus than the non-load condition. Compared to the non-load condition, the load condition had a 72% increase in supraspinatus stress at 0° adduction, while at 30°, the load condition had a 26% increase. Figure 4 shows that the supraspinatus tendon has a greater average stress on its joint side than its bursal side, causing the difference in stress. The joint and bursal average stresses at 30° abduction were 10.92 and 8.24 MPa under the load condition, respectively, which showed a difference of 32% between the two sides.
[image: Figure 3]FIGURE 3 | Maximum von Mises stress of supraspinatus muscle under non-load and load conditions. (A) Maximum von Mises stress of the supraspinatus during shoulder abduction. (B) Maximum von Mises stress of the supraspinatus during shoulder adduction.
[image: Figure 4]FIGURE 4 | Comparison of the average joint side and bursal side stress in the supraspinatus. (A) Stress of the articular side during shoulder abduction. (B) Stress of the bursal side during shoulder abduction. (C) Stress of the articular side during shoulder adduction. (D) Stress of the bursal side during shoulder adduction.
3.2 Stress results of the subscapularis
The stress value of the subscapularis increased under both conditions at 15° and 30° abduction, as shown in Figure 5, with the maximum stress not exceeding 12 MPa. The stress values at 15° and 30° adduction under the load condition were 5.53 and 7.65 MPa, respectively. Compared with the non-load condition, the subscapular muscle stress increased by 42% and 19% under the load condition during abduction 30° and adduction 30°, respectively.
[image: Figure 5]FIGURE 5 | Maximum von Mises stress changes in the subscapularis muscle. (A) Stress variation in the subscapularis muscle under shoulder abduction. (B) Stress variation in the subscapularis muscle under shoulder adduction.
3.3 Stress results of the infraspinatus
The maximum von Mises stress values of the infraspinatus were 5.99 and 9.67 MPa under the non-load and load conditions at 30° abduction, respectively, indicating a 61% increase in stress under the load condition compared to the non-load condition. At 30° adduction, the stresses in the infraspinatus muscle were 9.15 and 12.44 MPa under the non-load and load conditions, respectively, with a difference of 36%. As shown in Figure 6, the infraspinatus tendon–humerus junction was the area of the humerus where the stress was concentrated.
[image: Figure 6]FIGURE 6 | Maximum von Mises stress results of infraspinatus muscle. (A) Stress variation in the infraspinatus muscle during shoulder abduction. (B) Stress variation in the infraspinatus muscle during shoulder adduction.
3.4 Stress results of the teres minor
At 0° abduction, the two conditions had a stress of 0.63 and 1.54 MPa, respectively, on the teres minor. The stress under the load condition was 51% and 33% higher than that under the non-load condition at 15° abduction and adduction, respectively. Figure 7 shows that the load condition experienced higher stress than the non-load condition during glenohumeral movement. The maximum stress values under the load condition reached 6.24 and 6.87 MPa at 30° abduction and adduction, respectively.
[image: Figure 7]FIGURE 7 | Maximum von Mises stress of the teres minor muscle. (A) Maximum von Mises stress of the teres minor during shoulder abduction. (B) Maximum von Mises stress of the teres minor during shoulder adduction.
4 DISCUSSION
Rotator cuff muscles are divided into subscapularis, supraspinatus, infraspinatus, and teres minor muscles, which provide stability to the shoulder joint (Medina et al., 2021). Each shoulder movement is completed by the combined action of muscles and joints. Movement of the shoulder causes a redistribution of stress in the shoulder tissues, and excessive or prolonged mechanical stress can increase degeneration and injury to the rotator cuff tissues (Rodriguez Diez-Caballero et al., 2020). Therefore, analyzing the mechanical distribution of shoulder tissues resulting from changes in the load can help explain the biomechanical factors that cause rotator cuff injuries.
Epidemiological studies of rotator cuff injuries showed that the supraspinatus muscles were a common type of rotator cuff injury (Xu et al., 2020), which may be due to tissue degeneration as a result of prolonged repetition of certain movements and sustained loads (Pozzi et al., 2022; Riddervold et al., 2022). Our results showed that higher stress was concentrated in the supraspinatus during abduction and in the infraspinatus during adduction. The supraspinatus muscle plays an abductor role in the shoulder joint. The load condition was found to have more rotator cuff tissue stress than the non-load condition. Activation of the myoelectric signals in the rotator cuff tissues increases the stability of the shoulder joint under load conditions (Reed et al., 2016). Andersen et al. (2010) found that load exercises require greater activation of rotator cuff tissue forces and are more likely to result in muscle fatigue. The increase in load changes the mechanical distribution of the rotator cuff tissues, which increases the local tissue stress concentration.
A stress nephogram revealed that the maximum stress in the rotator cuff was near the tendon–humeral junction, which was consistent with the common site of injury to the rotator cuff (Inoue et al., 2013). Compared to the bursal side, supraspinatus muscle stresses increased by up to 32% on the joint side. The difference in stress between the joint and bursal sides was one of the main causes of supraspinatus injury. A tensile test of the supraspinatus tendon conducted by Huang et al. (2005) revealed mechanical differences between the joint and bursal sides, with the joint side having a higher mechanical index than the bursal side. One possible injury factor was the irregular arrangement of collagen in the articular side of the supraspinatus muscle compared with the more regular arrangement of collagen in the bursal layer of the rotator cuff tendon (Nakajima et al., 1994). A comparison of the load and non-load conditions showed that the load condition increased the stress concentration in the supraspinatus during shoulder movement and increased the stress difference between the joint side and the bursal side. Rotator cuff injuries were associated with repetitive loads (Pozzi et al., 2022), but there is still no specific numerical definition of repetitive load, which requires further experimental study.
In this study, rotator cuff tissue stresses were used to reflect the biomechanical changes in shoulder tissue under load. Under the abduction and adduction conditions, the rotator cuff tissue stresses showed different degrees of increase and stress concentration under the non-load and load conditions. However, the load condition further increased the stresses in the rotator cuff tissues and the stress difference between the supraspinatus joint side and bursal side stress compared to the non-load condition and changed the mechanical distribution of the rotator cuff tissues.
The current study has some limitations. The shoulder model was constructed based on imaging data from only one normal individual, and more studies should be included in future cohort studies. The shoulder model lacks other structures such as the bursa, biceps, and triceps. A more detailed model needs to be constructed in further studies. The muscle belly becomes bigger when it activates in vivo, which could not be modeled in the finite element simulation directly. The active muscular action of the muscle is not considered, but it is treated as a passive structure. It requires multidisciplinary cooperation in the future to build material parameters that are more consistent with the human body. In the validation section, we only analyzed the tension of the supraspinatus muscle and the validated metrics correlated with the result, while we did not validate the mechanical changes in other rotator cuff tissues due to the lack of previous literature. This study examined only the mechanical changes in the rotator cuff tissues during abduction and adduction, and subsequent simulation analysis should consider more movements and other mechanical outcomes of shoulder tissues.
5 CONCLUSION
The present study assessed the mechanical effects of shoulder load on the rotator cuff tissue using a finite element model. We found that increased loads changed the mechanical distribution of the rotator cuff tissues and increased the stress difference between the supraspinatus joint and the bursal side. In summary, increased load leads to stress concentrations in certain rotator cuff tissues, which may lead to tissue injury.
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 author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Shenzhen Pingle Orthopedic Hospital (KY2022088). The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
XL and JY planned the computational experiment. GX performed the processing of the model analysis. GX and ZY wrote the original draft. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by the Research Project Support of Guangdong Provincial Bureau of Traditional Chinese Medicine (Grant No. 20190409160642).
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
 Andersen, L. L., Andersen, C. H., Mortensen, O. S., Poulsen, O. M., Bjørnlund, I. B., and Zebis, M. K. (2010). Muscle activation and perceived loading during rehabilitation exercises: Comparison of dumbbells and elastic resistance. Phys. Ther. 90 (4), 538–549. doi:10.2522/ptj.20090167
 Asadi Dereshgi, H., and Serbest, K. (2022). A finite element model of the deltoid muscle and biomechanical analysis of the standing dumbbell fly for shoulder exercises. J. Braz Soc. Mech. Sci. Eng. 44, 439. doi:10.1007/s40430-022-03745-y
 Calver, R., Alenabi, T., Cudlip, A., Dickerson, C. R., Mondal, P., and Kim, S. Y. (2022). Regional activation of supraspinatus and infraspinatus sub-regions during dynamic tasks performed with free weights. J. Electromyogr. Kinesiol 62, 102308. doi:10.1016/j.jelekin.2019.05.009
 Cheema, B. S., Lassere, M., Shnier, R., and Fiatarone Singh, M. A. (2007). Rotator cuff tear in an elderly woman performing progressive resistance training: Case report from a randomized controlled trial. J. Phys. Act. Healt 4 (1), 113–120. doi:10.1123/jpah.4.1.113
 Chen, H., Zhu, Z. G., Li, J. T., Chang, Z. H., and Tang, P. F. (2020). Finite element analysis of an intramedulary anatomical strut for proximal humeral fractures with disrupted medial column instability: A cohort study. Int. J. Surg. 73, 50–56. doi:10.1016/j.ijsu.2019.11.026
 Coulet, B., Teissier, J., Fattal, C., Taïeb, L., and Gelis, A. (2022). Weight-bearing shoulder and rotator cuff tear. Orthop. Traumatol. Surg. Res. 108 (1), 103170. doi:10.1016/j.otsr.2021.103170
 Dao, T. T., Pouletaut, P., Charleux, F., Tho, M. C., and Bensamoun, S. (2014). Analysis of shear wave propagation derived from MR elastography in 3D thigh skeletal muscle using subject specific finite element model. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2014, 4026–4029. doi:10.1109/EMBC.2014.6944507
 Doiron-Cadrin, P., Lafrance, S., Saulnier, M., Cournoyer, É., Roy, J. S., Dyer, J. O., et al. (2020). Shoulder rotator cuff disorders: A systematic review of clinical practice guidelines and semantic analyses of recommendations. Arch. Phys. Med. Rehabil. 101 (7), 1233–1242. doi:10.1016/j.apmr.2019.12.017
 Duprey, S., Bruyere, K., and Verriest, J. P. (2007). Human shoulder response to side impacts: A finite element study. Comput. Methods Biomech. Biomed. Engin 10 (5), 361–370. doi:10.1080/10255840701463986
 Gigliotti, D., Xu, M. C., Davidson, M. J., Macdonald, P. B., Leiter, J. R. S., and Anderson, J. E. (2017). Fibrosis, low vascularity, and fewer slow fibers after rotator-cuff injury. Muscle Nerve 55 (5), 715–726. doi:10.1002/mus.25388
 Guo, C., Liu, X., Yang, Y., Zhang, D., Yang, D., and Yin, J. (2022). Analysis of rotator cuff muscle injury on the drawing side of the recurve bow: A finite element method. Comput. Math. Methods Med. 2022, 8572311–8572410. doi:10.1155/2022/8572311
 Hecker, A., Aguirre, J., Eichenberger, U., Rosner, J., Schubert, M., Sutter, R., et al. (2021). Deltoid muscle contribution to shoulder flexion and abduction strength: An experimental approach. J. Shoulder Elb. Surg. 30 (2), 60–68. doi:10.1016/j.jse.2020.05.023
 Huang, C. Y., Wang, V. M., Pawluk, R. J., Bucchieri, J. S., Levine, W. N., Bigliani, L. U., et al. (2005). Inhomogeneous mechanical behavior of the human supraspinatus tendon under uniaxial loading. J. Orthop. Res. 23 (4), 924–930. doi:10.1016/j.orthres.2004.02.016
 Inoue, A., Chosa, E., Goto, K., and Tajima, N. (2013). Nonlinear stress analysis of the supraspinatus tendon using three-dimensional finite element analysis. Knee Surg. Sports Traumatol. Arthrosc. 21 (5), 1151–1157. doi:10.1007/s00167-012-2008-4
 Islán Marcos, M., Lechosa Urquijo, E., Blaya Haro, F., D'Amato, R., Soriano Heras, E., and Juanes, J. A. (2019). Behavior under load of A human shoulder: Finite element simulation and analysis. J. Med. Syst. 43 (5), 132. doi:10.1007/s10916-019-1248-y
 Jones, A. C., and Wilcox, R. K. (2008). Finite element analysis of the spine: Towards a framework of verification, validation and sensitivity analysis. Med. Eng. Phys. 30 (10), 1287–1304. doi:10.1016/j.medengphy.2008.09.006
 Kjær, B. H., Magnusson, S. P., Warming, S., Henriksen, M., Krogsgaard, M. R., and Juul-Kristensen, B. (2018). Progressive early passive and active exercise therapy after surgical rotator cuff repair - study protocol for a randomized controlled trial (the CUT-N-MOVE trial). Trials 19 (1), 470. doi:10.1186/s13063-018-2839-5
 Koh, S. W., Cavanaugh, J. M., Leach, J. P., and Rouhana, S. W. (2004). Mechanical properties of the shoulder ligaments under dynamic loading. Stapp Car Crash J. 48, 125–153. doi:10.4271/2004-22-0006
 Macías-Hernández, S. I., García-Morales, J. R., Hernández-Díaz, C., Tapia-Ferrusco, I., Velez-Gutiérrez, O. B., and Nava-Bringas, T. I. (2021). Tolerance and effectiveness of eccentric vs. concentric muscle strengthening in rotator cuff partial tears and moderate to severe shoulder pain. A randomized pilot study. J. Clin. Orthop. Trauma 14, 106–112. doi:10.1016/j.jcot.2020.07.031
 Medina, G., Buckless, C. G., Thomasson, E., Oh, L. S., and Torriani, M. (2021). Deep learning method for segmentation of rotator cuff muscles on MR images. Skelet. Radiol. 50 (4), 683–692. doi:10.1007/s00256-020-03599-2
 Nakajima, T., Rokuuma, N., Hamada, K., Tomatsu, T., and Fukuda, H. (1994). Histologic and biomechanical characteristics of the supraspinatus tendon: Reference to rotator cuff tearing. J. Shoulder Elb. Surg. 3 (2), 79–87. doi:10.1016/s1058-2746(09)80114-6
 Noten, S., Struyf, F., Lluch, E., D'Hoore, M., Van Looveren, E., and Meeus, M. (2017). Central pain processing in patients with shoulder pain: A review of the literature. Pain Pract. 17 (2), 267–280. doi:10.1111/papr.12502
 Pozzi, F., Sousa, C. O., Plummer, H. A., Andrade, B., Awokuse, D., Kono, N., et al. (2022). Development of shoulder pain with job-related repetitive load: Mechanisms of tendon pathology and anxiety. J. Shoulder Elb. Surg. 31 (2), 225–234. doi:10.1016/j.jse.2021.09.007
 Quental, C., Folgado, J., Monteiro, J., and Sarmento, M. (2016). Full-thickness tears of the supraspinatus tendon: A three-dimensional finite element analysis. J. Biomech. 49 (16), 3962–3970. doi:10.1016/j.jbiomech.2016.11.049
 Quental, C., Reis, J., Folgado, J., Monteiro, J., and Sarmento, M. (2020). Comparison of 3 supraspinatus tendon repair techniques - a 3D computational finite element analysis. Comput. Methods Biomech. Biomed. Engin 23 (16), 1387–1394. doi:10.1080/10255842.2020.1805441
 Reed, D., Cathers, I., Halaki, M., and Ginn, K. A. (2016). Does load influence shoulder muscle recruitment patterns during scapular plane abduction?J. Sci. Med. Sport 19 (9), 755–760. doi:10.1016/j.jsams.2015.10.007
 Riddervold, B., Andersen, J. H., and Dalbøge, A. (2022). Occupational lifting, carrying, pushing, pulling loads and risk of surgery for subacromial impingement syndrome: A register-based cohort study. Occup. Environ. Med. 79 (9), 618–623. doi:10.1136/oemed-2021-108166
 Rodriguez Diez-Caballero, B., Alfonso-Beltrán, J., Bautista, I. J., and Barrios, C. (2020). Occupational risk factors for shoulder chronic tendinous pathology in the Spanish automotive manufacturing sector: A case-control study. BMC Musculoskelet. Disord. 21 (1), 818. doi:10.1186/s12891-020-03801-5
 Xu, M., Li, Z., Zhou, Y., Ji, B., Tian, S., and Chen, G. (2020). Correlation between acromiohumeral distance and the severity of supraspinatus tendon tear by ultrasound imaging in a Chinese population. BMC Musculoskelet. Disord. 21 (1), 106. doi:10.1186/s12891-020-3109-8
 Yang, Z. Z., Xu, G. M., Yang, J. Y., and Li, Z. F. (2023). Effect of different loads on the shoulder in abduction postures: A finite element analysis. Sci. Rep .
 Zheng, M., Qian, Z., Zou, Z., Peach, C., Akrami, M., and Ren, L. (2020). Subject-specific finite element modelling of the human shoulder complex Part 1: Model construction and quasi-static abduction simulation. J. Bionic Eng. 17, 1224–1238. doi:10.1007/s42235-020-0098-0
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Yang, Xu, Yang and Lin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1193376-g005.gif
Non-osd conditon 8
Loadcontion





OPS/images/fbioe-11-1193376-g006.gif





OPS/images/fbioe-11-1193376-g003.gif





OPS/images/fbioe-11-1193376-g004.gif





OPS/images/fbioe-11-1193376-g007.gif





OPS/images/fbioe-11-1193376-t001.jpg
Component Material type p (kg/L) Material parameter
Cortical bone
Humerus Isotropic elastic 2 E = 15,000 MPa; v = 03
Scapula Tsotropic elastic 2 E = 15,000 MPa; v = 03
Clavicle Isotropic elastic 18 E = 17,000 MPa; v = 03
Cancellous bone Tsotropic elastic 15 E = 1,000 MPa; v = 0.3
Capsule Isotropic hyperelastic 1 Cl1=027C2=44
Muscle
Supraspinatus
Infraspinatus
Teres minor
Non-linear hyperelastic and incompressible (neo-Hookean) 1
Subscapularis

Deltoid muscle
Ligament

Acromioclavicular ligament

Coracoclavicular ligament

Glenohumeral ligament

Non-linear elastic

b Vs iiadaing o Do ceallosiat 5 visil Sinmte:

E =104 MPa; v =03

E=9.6 MPa; v =03

E =150 MPa; v = 03






OPS/xhtml/nav.xhtml
Contents

		Cover

		Finite element study of the biomechanical effects on the rotator cuff under load		1 Introduction

		2 Materials and methods		2.1 Geometry reconstruction

		2.2 Mesh convergence test

		2.3 Boundary conditions and simulation





		3 Results		3.1 Stress results of the supraspinatus

		3.2 Stress results of the subscapularis

		3.3 Stress results of the infraspinatus

		3.4 Stress results of the teres minor





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1193376-g001.gif





OPS/images/fbioe-11-1193376-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





