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Introduction: A novel titanium tilting suture anchor was designed and fabricated using additive manufacturing. The anchor enjoyed a nonsymmetrical structure to facilitate its insertion procedure through a weight-induced tilt, a saw-teeth penetrating edge to provide a strong initial fixation into cancellous bones of various densities, and an appropriate surface texture to enhance the longterm fixation strength through bone ingrowth.



Methods: Biomechanical tests were performed on 10 ovine and 10 human cadaveric humeri to examine the insertion procedure and assess the initial fixation strength of the anchor, in comparison with a standard screw-type anchor as control.



Results: This study indicated a simple yet reliable insertion procedure for the tilting anchor. All anchors survived after 400 cycles of cyclic loadings and failed in the load-to-failure step. There were no significant differences between the displacements and fixation stiffnesses of the anchors in either group. The ultimate failure load was significantly smaller (p<0.05) for tilting anchors in ovine group (273.7 ± 129.72 N vs. 375.6 ± 106.36 N), but not different in human group (311.8 ± 82.55 N vs. 281.9 ± 88.35). Also, a larger number of tilting anchors were pulled out in ovine group (6 vs. 3) but a smaller number in human group (4 vs. 6).



Conclusion: It was concluded that the biomechanical performance of the designed tilting anchor is comparable with that of the standard screw-type anchors.
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1. Introduction

Suture anchors are orthopedic implants that are primarily used in minimally invasive surgical procedures to facilitate the reattachment of damaged soft tissues, such as tendons and ligaments, to bones (1). The primary function of anchors is to provide a secure attachment site for the soft tissues by forming a strong and stable fixation into the bone (2). The design of suture anchors has been improved over the years to maximize their functionality by modifying both the material composition and the operational mechanism (2–5).

Regarding the material, suture anchors are commonly fabricated using either biodegradable or metallic materials. Biodegradable anchors can rapidly form a robust biological fixation with the bone following implantation, but they eventually decompose. Nevertheless, there are reports of their inflammatory reactions or complications (6). In contrast, metallic anchors have stronger initial fixation than biodegradable anchors and are considered safer for immune-mediated reactions. Also, the changes in their position can be easily assessed using simple radiographic imaging techniques (7). Titanium exhibits higher biocompatibility than other metallic materials and can activate the human osteoblasts to deposit more calcium-based minerals (8).

Although metallic suture anchors have demonstrated strong initial fixation, previous clinical studies have documented potential complications that may arise later, such as migration, loosening, breakage, and interference with surrounding tissues (9–11). One approach to avoid these complications is providing appropriate conditions for osseointegration and bone ingrowth, hence ensuring the durability of fixation in the long term. New advancements in additive manufacturing technologies, i.e., three-dimensional (3D) printing, have made it possible to create optimized microstructures on the surface of implants that closely match the cancellous bone (12). For example, a study conducted on animals has shown that 3D printed implants exhibit a higher capacity for bone ingrowth than solid implants (13). Based on these insights, several recent studies have developed novel designs of suture anchors that can be fabricated using metallic 3D printing. These designs have been subjected to pull-out tests to evaluate their performance. For instance, Hsieh et al. (9) designed a threadless suture anchor using 3D printing with a rectangular cross section, and Chen et al. (14) utilized 3D printing to develop a novel hybrid suture anchor made of titanium for patients with osteoporosis.

In terms of anchoring mechanism, suture anchors are divided into two main categories: screw-type and impaction-type (7). Screw-type anchors are designed with self-drilling and self-tapping tips to achieve rapid and secure fixation into the bone. They are well-established devices in surgical practice and have excellent clinical outcomes in general. However, their machined-polished surfaces prevent them from fixing biologically into the bone. Consequently, there is a possibility that they may gradually loosen and migrate into the joint space, which can cause serious complications. On the other hand, impaction-type anchors, e.g., press-fit anchors, barbed anchors, winged anchors, and toggling or tilting anchors, are inserted into a predrilled hole within the bone, establishing a mechanical connection with the surrounding walls of the hole (15, 16). The tilting suture anchors are more attractive among impaction-type anchors, due to their secure initial fixation. These anchors are configured to be inserted along their length into the hole and subsequently tilted inside through maneuvers performed by the surgeon', e.g., pulling the suture threads that pass through the anchor's eyelet (6). Some essential advantages of these anchors include the capability of fixation under cortical bone in low-density bones and providing higher resistance to increasing pull-out force by increasing the tilt angle (up to 90°) and the load-bearing area. Moreover, the tilting anchors have the capability of being fabricated using 3D printers, due to their simple geometry and, hence, can enjoy surfaces with favored microstructures for bone ingrowth. The fixation strength of the tilting anchors has been investigated in previous studies using in vivo and in vitro mechanical testing. For instance, Pietschmann et al. (17) investigated the pull-out strength of BioKnotless RC and UltraSorb suture anchors, and Barber et al. (19) examined the pull-out strength of BioKnotless RC and BioKnotless BR tilting suture anchors.

Considering the advantageous features of the tilting suture anchors on one side and the 3D printed metallic implants on another side, the objective of this study was to develop a titanium tilting suture anchor with improved biomechanical and clinical performance, which could be fabricated using 3D printing. A novel design was introduced for the anchor to fulfill three main functional requirements, including easy surgical procedure, strong initial and long-term fixation, and applicability to cancellous bones of various densities. Subsequently, in vitro tests were performed on bone specimens from both animal and human subjects, which exhibited different densities, to assess the implantation procedure and the initial fixation strength, i.e., pull-out strength, of the designed anchor compared with screw-type suture anchors used as the control.



2. Method


2.1. Anchor design

A 3D schematic representation of the new tilting suture anchor is shown in Figure 1A. It is 5 mm in diameter and 8 mm in height and has a non-symmetrically located eyelet at a distal corner. The eyelet is large enough to allow for the passage of several suture threads and has round fillets at its edges to preserve the threads from being cut. The anchor has a sinusoidal shape sidewall at the same side of the eyelet to increase the horizontal offset between the eyelet and the anchor's center of mass. This offset is important for facilitating the surgical procedure since it would cause a weight-induced tilt; once the suture is pulled, the anchor would be readily engaged with the walls of the hole, eliminating the need for holding it from sliding during the insertion procedure. In fact, for the insertion of the anchor, a suitable method would involve positioning it in the predrilled hole using a rod-shaped handle, which is connected to the female connector at the anchor's top surface through a slip-fit mechanism, releasing the anchor, and then pulling the suture threads (Figure 2).


[image: Figure 1]
FIGURE 1
Newly designed tilting suture anchor: (A) design schematics and (B) 3D printed sample.
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FIGURE 2
Surgical insertion procedure of the newly designed tilting suture anchor: (A) anchor is placed inside the predrilled holes using a handle, (B) anchor is released inside the hole, and (C) suture is pulled.


The designed anchor is equipped with deep saw teeth on a 0.5 mm radius round surface at its proximal bone engagement edge, which provides an excellent penetration ability into the bone, even that of a high density. This round surface, as well as that of the distal concave portion of the sinusoidal sidewall, also provides a large bone–implant contact area, which helps us to make a strong engagement with the bone, even that of a low density. All these design features are critical to guarantee an initial secure fixation into cancellous bones with different qualities.

Samples of designed tilting anchors were fabricated using a selective laser melting (SLM) machine (M100P, NOURA, Iran) from medical-grade titanium alloy, i.e., Ti6AL4V ELI (Figure 1B). The SLM method enabled applying a proper texture to the 'surface of the anchor with a roughness of Ra = 8 μm to enhance the bone ingrowth into the anchor and improve its long-term fixation strength.



2.2. Bone specimens

The experiments of this study were approved by the ethics committee of Tehran University of Medical Science (ethical ID: IR.TUMS.MEDICINE.REC.1400.374). Two groups of bone specimens were used for biomechanical tests. The first group included 10 ovine humeri aged between 4 and 6 months (18, 20–22), which were taken from a local abattoir. Previous studies have reported that the pull-out strength observed in ovine humeri is close to that observed in healthy human humeri (18, 23).

The second group included 10 humeri specimens obtained from human cadavers, with a mean age of 44.6 at the time of death (ranging from 30 to 60 years old). The bone mineral density of the metaphyseal region of the specimens was found using quantitative computed tomography (QCT) with 0.5 mm slice thickness; QCT images were segmented using in-house segmentation software (Avin, Tehran, Iran) to find the HU numbers of the bone voxels, which were then mapped onto the bone mineral density using a linear relationship with the constants obtained from the calibrating phantom (24). The average density of the human humerus specimens was 0.70 g/cm3 (standard deviation: 0.17).



2.3. Preparation and insertion procedure

All ovine and human specimens were stored at a temperature of −21 °C and were thawed prior to the tests. Subsequently, the specimens were subjected to a thorough removal of soft tissues and sectioned at the proximal third of the shafts. The shafts were embedded in cubic frames composed of dental resin and then fixed into an adjustable fixture with three rotational degrees of freedom.

A commonly used screw-type suture anchor was chosen as a control to be compared with the designed anchor (25). The control anchor was 5 mm Super Revo (ConMed Linvatec, Utica, NY, USA), made from titanium alloy, which has the same diameter as the designed tilting anchor and 14 mm length (Figure 3). A total of 20 tilting suture anchors of the novel design of this study and 20 screw-type suture anchors were prepared for each group of bone specimens. Two strands of #2 Hi-Fi sutures were used for each anchor with the same lengths and similar non-sliding knots (Figure 4). Holes with 5 mm diameter and 15 mm depth were drilled in the metaphyseal parts of the bone specimens perpendicular to their cortical surfaces. The holes were spaced at least 10 mm apart so to ensure that any potential damages incurred during testing would not affect the adjacent holes (3, 26).


[image: Figure 3]
FIGURE 3
Suture anchors of the novel tilting design (top) and screw-type (bottom) prepared for biomechanical tests.
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FIGURE 4
Biomechanical test on (A) ovine humerus and (B) human humerus specimens.


Finally, the suture anchors were inserted into the holes. The tilting anchors were placed in the holes along their longitudinal axes using a handle connected to the female connector at the anchor's top surface and then released inside the hole. The screw-type anchors were inserted and fixed in the holes in accordance with the standard insertion procedure and using the instruments recommended by the manufacturer.



2.4. Biomechanical tests

Biomechanical tests were performed using a servo-hydraulic testing machine (Amsler HCT 25-400; Zwick/Roell AG, Germany). For each anchor, the suture threads were first looped around a pin attached to the moving jaw of the test machine (Figure 4). The position and orientation of the bone were carefully controlled using the adjustable fixture such that the traction angle of the sutures remained perpendicular to the bone surface. The loading conditions were selected from previous studies (27–29). The anchors were first preloaded to 40 N using the force-control mode of the system to simulate the construct stability testing by surgeons. For tilting anchors, this loading also simulated the surgical maneuver for tilting inside the hole and engaging with the bone. In the second step, 200 cycles of cyclic loading, with a range of 10–50 N, were applied at a frequency of 0.5 Hz. The third step included 200 cycles of cyclic loading with a range of 10–100 N at a frequency of 0.5 Hz. Finally, the anchors were pulled until failure, with a constant velocity of 15 mm/s. The force and displacement data were recorded during tests at a frequency of 25 Hz, and the magnitudes of the following parameters were determined: (1) ultimate failure load, (2) stiffness (determined in the load-to-failure step), and (3) displacements at the end of the first cyclic loading and second cyclic loading, as well as that of the failure point. At the end of the biomechanical tests, radiographs were taken for the test specimens that failed due to the suture breakage in the load-to-failure step to check the ’’configurations of the anchors inside the bone.



2.5. Statistical analysis

The Kolmogorov–Smirnov test showed a normal distribution of the data across samples. Two-tailed t-tests were used to compare the results. A p-value of less than 0.05 indicated a statistically significant difference between results.




3. Results

All the tilting and screw-type anchors were found to be securely affixed to the bone samples, following their relevant insertion procedures. A sample of the recorded data of a tilting anchor during a biomechanical test is shown in Figure 5. The force–displacement diagram included portions from the first cyclic loading step, the second cyclic loading step, and the load-to-failure step, which involved suture breakage. The averaged force–displacement diagrams obtained for each combination of the bone specimens and anchor types during the load-to-failure steps are shown in Figure 6.


[image: Figure 5]
FIGURE 5
Force–displacement data recorded for a sample of the designed tilting anchor during three steps of the biomechanical test.
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FIGURE 6
Average and standard deviation of force–displacement curves obtained from load-to-failure steps in pull-out tests. (A) Force–displacement curve of tilting bone anchor resulted from pull-out tests on human humeri. (B) Result of pull-out tests of screw bone anchors in human humeri. (C) Force–displacement curve of tilting bone anchor results from pull-out tests on ovine bones. (D) Force–displacement curve of screw bone anchor obtained from pull-out tests on ovine bones.


The results of the biomechanical tests are summarized in Figure 7. For all specimens of both the ovine and human humerus groups, the anchors survived after 400 cycles of cyclic loading and failed in the load-to-failure step, either due to the suture breakage or the pull out of the anchor from the bone. No significant differences were observed between the displacements of the tilting and screw-type anchors at the end of the cyclic loading and the load-to-failure steps in either of the ovine and human test groups (Figures 7A, D). Similarly, the ultimate failure loads (Figures 7B, E) and fixation stiffnesses (Figures 7C, F) of the two types of anchors were not significantly different. In the ovine group, six tilting anchors and three screw-type anchors experienced pull-out in the load-to-failure step. For the human group, there were four tilting anchors and six screw-type anchors that exhibited pull-out in the load-to-failure step.


[image: Figure 7]
FIGURE 7
Results of biomechanical tests on ovine and human humerus specimens. Including displacement at the end of the cylic and load to failure steps for ovine group (A) and human group (D), magnitudes of ultimate loads for ovine group (B) and human group (E), and stiffness magnitudes, calculated at load to failure step, for ovine group (C) and human group (F).


The radiograph of a sample of human humerus specimens, taken after the load-to-failure step, is shown in Figure 8. In the first image, the failure occurred due to the suture breakage, and the tilting anchor remained fixed under the cortex following an approximately 80° tilt. In the second image, the screw anchor was pulled out of the bone, and the tilting bone anchor was fixed horizontally under the cortical bone. Finally, a radiograph was provided to show a state that the tilting bone anchor was pulled out of the bone, and the suture breakage happened for the screw bone anchor.


[image: Figure 8]
FIGURE 8
Frontal and sagittal radiographs of sample human humerus specimens taken after the load-to-failure step. (A) Human sample #4: suture breakage occurred in both suture anchors. (B) Human sample #6: the failure occurred due to suture breakage for the tilting anchor and due to the anchor pull out for the screw-type anchor. (C) Human sample #9: the tilting bone anchor was pulled out, but suture breakage happened in the screw suture anchor.




4. Discussion

This study examined the insertion procedure and assessed the initial fixation strength of a novel design of titanium tilting anchor intended to provide a facilitated surgical procedure, a strong initial fixation in cancellous bones of various densities, and a long-term secure fixation through osseointegration and bone ingrowth. The results provided evidence that the designed anchor exhibits an easy and reliable insertion procedure using only a limited number of instruments; the anchor consistently achieved a significant degree of tilting inside the hole, resulting in a reliable mechanical engagement with the bone. This simplified and facilitated procedure is of great importance from a clinical point of view, particularly for minimally invasive surgeries; it makes the designed anchor uniquely advantageous not only over the screw-type anchors, which are hardware-demanding and sensitive to surgical mistakes, but also over the conventional tilting anchors, which require surgical maneuvers involving the use of two hands for holding the insertion handle and simultaneously pulling the suture.

The results of our biomechanical tests also revealed that the designed tilting anchor has a comparable initial fixation with that of the standard screw-type anchor. For both the ovine and human humerus groups, the tilting anchor could tolerate the two steps of cyclic loading, with displacements not significantly larger than those of the screw-type anchor (Figure 7). Moreover, it exhibited similar stiffness, ultimate failure load, and displacement at failure to those of the screw-type anchor.

For the failure mode, however, the results were different for the designed tilting anchor and the screw-type anchor. In the ovine group, with an insignificant difference in ultimate failure loads (273.7 ± 129.72 N vs. 375.6 ± 106.36 N), a larger number of tilting anchors were pulled out compared with the screw-type anchors. Interestingly, this trend was the opposite for the human group. Although the difference between the ultimate failure loads was also insignificant in the human group (311.8 ± 82.55 N vs. 281.9 ± 88.35 N), the tilting anchors experienced fewer pull-outs and a higher number of suture breakages. This observed behavior could potentially be attributed to the significant variations in the densities of the ovine bone specimens (18) and the human bone specimens, as reflected in the substantial standard deviations observed in the corresponding results. It is hypothesized that under conditions of very low-density bones and high loads, the tilting anchor may undergo a substantial tilt angle exceeding 90°, resulting in dislodgment from the hole.

Although the above observation might question the capability of the designed tilting anchor to be used in a wide range of cancellous bone densities, it should be noticed that the failure load remained sufficiently high compared with the physiological loads, which are approximately 50 N in the shoulder and hip (28). Nevertheless, the initial fixation strength of the designed anchor can be improved by some minor modifications, i.e., increasing the height of the anchor from 5 to 7 mm. Considering the mechanism of failure of the anchor in low-density bones, this design modification is expected to enhance its mechanical engagement with the bone at small and medium tilt angles, such that tilt angles larger than 90° are avoided.

The biomechanical results obtained in our study for the tilting and screw-type anchors are comparable with those reported in the literature for different types of anchors. For instance, Pietschmann et al. (29) reported ultimate failure loads in the range of 150–250 N for tilting and 150–225 N for screw-type anchors fixed into human humeri. In another study (18), they found the mean ultimate failure forces of two types of tilting anchors and a similar screw-type anchor of our study as 192, 225, and 187.5 N in the human group and 191, 182.5, and 195 N in the ovine humerus specimens, respectively. Also, Barber et al. (3) reported the means of the ultimate failure loads of two types of tilting anchors fixed into porcine humeri as 242.6 and 268.5 N.

Finally, the selected roughness, applied to the surface of the designed tilting anchor using the SLM fabrication method, is promising for the long-term performance of the anchor. This potential feature of the anchor was not investigated in the current study and is planned to be assessed in future in vivo investigations on live animals.

Our study suffered from some limitations, particularly in the number of specimens examined. To enhance the reliability of the results, studies on a larger number of human bone specimens from different ages and genders are required. Also, to provide a deep insight into the results, it is necessary to classify the bone specimens based on their mineral densities and assess the biomechanical performance of the designed anchor in each class separately. Moreover, this study did not investigate the promising features of the designed tilting anchor for long-term fixation strength. In vivo examinations on animal models can unveil whether the 3D printed surface texture and improved initial fixation of the anchor provide sufficient requirements for osseointegration and bone ingrowth, guaranteeing that fixation remains strong in the long term. Finally, considering the advantageous capabilities of additive manufacturing over the traditional techniques, the designed tilting anchor can potentially benefit from hybrid materials (30), porous structures (31), and/or special surface treatments (32), the effects of which on the anchor's biomechanical performance will be studied in future investigations.



5. Conclusion

Considering the advantages of 3D printing manufacturing and tilting bone anchors, a novel titanium tilting bone anchor was developed to facilitate surgical procedures, a strong initial fixation in cancellous bones of various densities, and a long-term secure fixation through osseointegration and bone ingrowth. The biomechanical tests on ovine and human humeri revealed that the designed tilting bone anchor exhibits an easy yet reliable insertion procedure with minimal instruments and a comparable initial fixation with that of the standard screw-type anchor.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the ethics committee of Tehran University of Medical Science. The studies were conducted in accordance with the local legislation and institutional requirements. The human samples used in this study were primarily isolated as part of previous study, which obtained ethical approval. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements. The animal study was approved by the Ethics Committee of Tehran University of Medical Science. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

FF, LZ, and MN conceptualized this study. AA, FP, and ME performed the biomechanical studies. AA, FP, ME, and MN wrote the manuscript and created the tables. AMA and MN did the final revision of the manuscript. FF and LZ did the final proof of the article. All authors contributed to the article and approved the submitted version.



Funding

This study was funded and approved by the Tehran University of Medical Sciences.



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.



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. Barber FA, Herbert MA. All-suture anchors: biomechanical analysis of pullout strength, displacement, and failure mode. Arthrosc J Arthrosc Relat Surg. (2017) 33(6):1113–21. doi: 10.1016/j.arthro.2016.09.031

2. Visscher LE, Jeffery C, Gilmour T, Anderson L, Couzens G. The history of suture anchors in orthopaedic surgery. Clin Biomech. (2019) 61:70–8. doi: 10.1016/j.clinbiomech.2018.11.008

3. Barber FA, Herbert MA, Beavis RC, Oro FB. Suture anchor materials, eyelets, and designs: update 2008. Arthrosc J Arthrosc Relat Surg. (2008) 24(8):859–67. doi: 10.1016/j.arthro.2008.03.006

4. Green JL, Ruppert D, Glisson R, Ibrahim M, Gall K, Levinson H. Application of a novel suture anchor to abdominal wall closure. Am J Surg. (2019) 218(1):1–6. doi: 10.1016/j.amjsurg.2019.04.016

5. Philippon MJ, Faucet SC, Briggs KK. Arthroscopic hip labral repair. Arthrosc Tech. (2013) 2(2):e73–6. doi: 10.1016/j.eats.2012.11.002

6. Chaudhry S, Dehne K, Hussain F. A review of suture anchors. Orthop Trauma. (2019) 33(4):263–70. doi: 10.1016/j.mporth.2016.12.001

7. Ma R, Chow R, Choi L, Diduch D. Arthroscopic rotator cuff repair: suture anchor properties, modes of failure and technical considerations. Expert Rev Med Devices. (2011) 8(3):377–87. doi: 10.1586/erd.11.4

8. MacBarb RF, Lindsey DP, Bahney CS, Woods SA, Wolfe ML, Yerby SA. Fortifying the bone-implant interface part 1: an in vitro evaluation of 3D-printed and TPS porous surfaces. Int J Spine Surg. (2017) 11(3):105–15. doi: 10.14444/4015

9. Hsieh Y-Y, Wu L-C, Tsuang F-Y, Chen C-H, Chiang C-J. Pull-out capability of a 3D printed threadless suture anchor with rectangular cross-section: a biomechanical study. Appl Sci. (2021) 11(24):12128. doi: 10.3390/app112412128

10. Kaar TK, Schenck Jr RC, Wirth MA, Rockwood Jr CA. Complications of metallic suture anchors in shoulder surgery: a report of 8 cases. Arthrosc J Arthrosc Relat Surg. (2001) 17(1):31–7. doi: 10.1053/jars.2001.18246

11. Silver MD, Daigneault JP. Symptomatic interarticular migration of glenoid suture anchors. Arthrosc J Arthrosc Relat Surg. (2000) 16(1):102–5. doi: 10.1016/S0749-8063(00)90136-1

12. Patel V, Kovalsky D, Meyer SC, Chowdhary A, Lockstadt H, Techy F, et al. Prospective trial of sacroiliac joint fusion using 3D-printed triangular titanium implants. Med Devices Evid Res. (2020) 9:173–82. doi: 10.2147/MDER.S253741

13. MacBarb RF, Lindsey DP, Woods SA, Lalor PA, Gundanna MI, Yerby SA. Fortifying the bone-implant interface part 2: an in vivo evaluation of 3D-printed and TPS-coated triangular implants. Int J Spine Surg. (2017) 11(3):116–28. doi: 10.14444/4016

14. Chen C-H, Chang W-J, Chen Y-S, Chen KH, Huang S-F, Hsueh H-R, et al. Development of a novel hybrid suture anchor for osteoporosis by integrating titanium 3D printing and traditional machining. Int J Bioprinting. (2022) 8(4):171–81. doi: 10.18063/ijb.v8i4.608

15. Barber FA, Boothby MH, Richards DP. New sutures and suture anchors in sports medicine. Sports Med Arthrosc. (2006) 14(3):177–84. doi: 10.1097/00132585-200609000-00010

16. McFarland EG, Park HB, Keyurapan E, Gill HS, Selhi HS. Suture anchors and tacks for shoulder surgery, part 1: biology and biomechanics. Am J Sports Med. (2005) 33(12):1918–23. doi: 10.1177/0363546505282621

17. Pietschmann MF, Froehlich V, Ficklscherer A, Wegener B, Jansson V, Müller PE. Biomechanical testing of a new knotless suture anchor compared with established anchors for rotator cuff repair. J Shoulder Elbow Surg. (2008) 17(4):642–6. doi: 10.1016/j.jse.2007.11.017

18. Pietschmann MF, Hölzer A, Rösl C, Scharpf A, Niethammer T, Jansson V, et al. What humeri are suitable for comparative testing of suture anchors? An ultrastructural bone analysis and biomechanical study of ovine, bovine and human humeri and four different anchor types. J Biomech. (2010) 43(6):1125–30. doi: 10.1016/j.jbiomech.2009.12.021

19. Barber FA, Herbert MA, Hapa O, Rapley JH, Barber CA, Bynum JA, et al. Biomechanical analysis of pullout strengths of rotator cuff and glenoid anchors: 2011 update. Arthrosc J Arthrosc Relat Surg. (2011) 27(7):895–905. doi: 10.1016/j.arthro.2011.02.016

20. Bynum CK, Lee S, Mahar A, Tasto J, Pedowitz R. Failure mode of suture anchors as a function of insertion depth. Am J Sports Med. (2005) 33(7):1030–4. doi: 10.1177/0363546504271746

21. Coons DA, Barber FA, Herbert MA. Triple-loaded single-anchor stitch configurations: an analysis of cyclically loaded suture-tendon interface security. Arthrosc J Arthrosc Relat Surg. (2006) 22(11):1154–8. doi: 10.1016/j.arthro.2006.05.020

22. Koganti AK, Adamson GJ, Gregersen CS, Pink MM, Shankwiler JA. Biomechanical comparison of traditional and locked suture configurations for arthroscopic repairs of the rotator cuff. Am J Sports Med. (2006) 34(11):1832–8. doi: 10.1177/0363546506289701

23. Locatelli L, Martins CA, Santos AP, Cubillos PO, Roesler CR. Does the anchor eye alignment affect the performance of the rotator cuff repair? A biomechanical study. Arthrosc Sports Med Rehabil. (2021) 3(2):e421–5. doi: 10.1016/j.asmr.2020.10.005

24. Mortazavi J, Farahmand F, Behzadipour S, Yeganeh A, Aghighi M. A patient specific finite element simulation of intramedullary nailing to predict the displacement of the distal locking hole. Med Eng Phys. (2018) 55:34–42. doi: 10.1016/j.medengphy.2018.03.004

25. Ergün S, Akgün U, Barber FA, Karahan M. The clinical and biomechanical performance of all-suture anchors: a systematic review. Arthrosc Sports Med Rehabil. (2020) 2(3):e263–75. doi: 10.1016/j.asmr.2020.02.007

26. Dwyer T, Willett TL, Dold AP, Petrera M, Wasserstein D, Whelan DB, et al. Maximum load to failure and tensile displacement of an all-suture glenoid anchor compared with a screw-in glenoid anchor. Knee Surg Sports Traumatol Arthrosc. (2016) 24:357–64. doi: 10.1007/s00167-013-2760-0

27. Barber FA, Herbert MA. Cyclic loading biomechanical analysis of the pullout strengths of rotator cuff and glenoid anchors: 2013 update. Arthrosc J Arthrosc Relat Surg. (2013) 29(5):832–44. doi: 10.1016/j.arthro.2013.01.028

28. Douglass NP, Behn AW, Safran MR. Cyclic and load to failure properties of all-suture anchors in synthetic acetabular and glenoid cancellous bone. Arthrosc J Arthrosc Relat Surg. (2017) 33(5):977–85.e5. doi: 10.1016/j.arthro.2016.11.022

29. Pietschmann MF, Fröhlich V, Ficklscherer A, Gülecyüz MF, Wegener B, Jansson V, et al. Suture anchor fixation strength in osteopenic versus non-osteopenic bone for rotator cuff repair. Arch Orthop Trauma Surg. (2009) 129:373–9. doi: 10.1007/s00402-008-0689-4

30. Bahraminasab M, Farahmand F. State of the art review on design and manufacture of hybrid biomedical materials: hip and knee prostheses. Proc Inst Mech Eng H. (2017) 231(9):785–813. doi: 10.1177/0954411917705911

31. Hindy A, Farahmand F, Pourdanesh F, Torshabi M, Al Janabi AH, Rasoulianboroujeni M, et al. Synthesis and characterization of 3D-printed functionally graded porous titanium alloy. J Mater Sci. (2020) 55:9082–94. doi: 10.1007/s10853-020-04645-z

32. Hindy A, Farahmand F, Tabatabaei FS. In vitro biological outcome of laser application for modification or processing of titanium dental implants. Lasers Med Sci. (2017) 32(5):1197–206. doi: 10.1007/s10103-017-2217-7



OPS/images/fsurg-10-1195728-g002.jpg
A

Suture
threads \ —

Handle

Cortical

bone

\Cancellous






OPS/images/fsurg-10-1195728-g001.jpg
A 0.7 mm hole for insertion tool Saw teeth B

Sinusoidal shape portion
$mm height

2 mm diameter eyelet

|
/3mm

4mm width thickness

S diamete”






OPS/images/fsurg-10-1195728-g004.jpg





OPS/images/fsurg-10-1195728-g003.jpg





OPS/images/fsurg-10-1195728-g006.jpg
Force (N)

05

1 15
Displacement (mm)

1 15
Displacement (mm)

Force (N)

Force (N)

120

00

0.5

1
Displacement (mm)

L5

0.5

1
Displacement (mm)

15






OPS/xhtml/Nav.xhtml




Contents





		Cover



		An additively manufactured titanium tilting suture anchor: a biomechanical assessment on human and ovine bone specimens

		1. Introduction



		2. Method



		2.1. Anchor design



		2.2. Bone specimens



		2.3. Preparation and insertion procedure



		2.4. Biomechanical tests



		2.5. Statistical analysis











		3. Results



		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Surgery

An additively manufactured
titanium tilting suture anchor: a
biomechanical assessment on
human and ovine bone specimens





OPS/images/fsurg-10-1195728-g005.jpg
350

300

250

Force(N)
Ny
8

a
3

=}
3

50

[" 1% cyclic
loading step

20 cyclic
loading step

load-to-failure step

4 5 6 7
Displacement(mm)





OPS/images/fsurg-10-1195728-g008.jpg
Survived iling anchor
Survived serew anchor
Survived screw anchor d h

Survived tilting

Frontal view Sagittal view

Frontal view Sagittal view

B

-

Frontal view Sagittal view





OPS/images/fsurg-10-1195728-g007.jpg
Displacement (mm)

0

2nd eyclic load

Failure

Failure

500 250
/I Screw anchor
| Tilting anchor |
400 200 1
Py £
] 300 =3 150
_é 200 g 100
3’ £
3 3
100 50 ‘
- 0 0










OPS/images/ld.jpg





OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Surgery





