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Abstract: Biodegradable suture anchors based on Mg-Nd-Zn-Zr alloy were developed for ligament-
to-bone fixation in rotator cuff surgeries. The Mg alloy anchors were designed with structural features
of narrow tooth and wide tooth, and simulated through finite element analysis (FEA). Meanwhile,
the corrosion behaviors of the Mg alloy anchors were studied by immersion test and the mechanical
properties were investigated by measuring the maximum torque and pull-out force. The simulation
result showed that the wide-tooth anchor exhibited more a uniform stress distribution and lower
shear stress in the torsion process, suggesting a satisfactory torsional resistance of this structure.
Meanwhile, the wide-tooth anchor exhibited a lower Von-Mises stress after applying the same pull-
out force in the simulation, indicating a higher resistance to pull-out failure of the anchor. The result
of the immersion test indicated that the wide-tooth anchor exhibited a slightly slower corrosion
rate in Hank’s solution after 14-day immersion, which was beneficial to enhance the structural and
mechanical stability of the biodegradable suture anchor. Furthermore, the results of the mechanical
properties test demonstrated that the wide-tooth anchor showed superior performance with higher
maximum torques and axial pull-out forces before and after corrosion. More importantly, the axial
pull-out force and maximum torque for the wide-tooth anchor decreased by 5.86% and 8.64% after
corrosion, which were significantly less than those for the narrow-tooth anchor. Therefore, the
wide-tooth suture anchor with lower corrosion rate, higher mechanical properties and structural
stability is a promising candidate for ligament-bone fixation in the repair of rotator cuff injuries.

Keywords: biodegradable Mg alloy; suture anchor; finite element analysis; mechanical properties;
corrosion behaviors

1. Introduction

Tendon and ligament injuries account for more than 30% of musculoskeletal diseases,
with approximately 4,000,000 new cases worldwide every year, which seriously affect
people’s health and quality of life [1,2]. The standard surgical intervention for tendon
and ligament injuries involves ligation of the torn tendon and fixation of the affected joint
for several weeks to restore the integrity of tissue. In clinical practice, suture anchors
have been used for the repair of tendon and ligament injuries by compressing the soft
tissue against the humeral surface, and then the torn tendon and ligament can be fixed
at its appropriate attachment point, enabling close adherence to the bone and facilitating
tendon—bone fusion [3].

Currently, biomaterials used to fabricate suture anchors can be classified into two types:
non-absorbable and absorbable [4]. The non-absorbable materials include titanium (Ti) and
its alloys, and polyetheretherketone (PEEK). Ti-based anchors with a high modulus may
create a stress shielding effect during load transfer between the implant and bone interface,
which is unfavorable for the growth and repair of bones [2]. Furthermore, the long-term
presence of Ti-based anchors can lead to postoperative complications such as rejection and

Metals 2024, 14, 288. https:/ /doi.org/10.3390/met14030288

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met14030288
https://doi.org/10.3390/met14030288
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met14030288
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14030288?type=check_update&version=1

Metals 2024, 14, 288

20f12

chronic inflammation. On the other hand, the radiolucency of suture anchors fabricated
from PEEK may complicate their repositioning in cases of displacement or dislodgment [5,6].
In an ideal clinical scenario, a suture anchor should be able to disappear completely after its
function has been completed [4,7]. Therefore, a biodegradable suture anchor becomes one
choice. However, biodegradable polymers with insufficient mechanical properties cannot
meet the requirements of surgical implants for load-bearing applications [8].

Compared to polymers, the high mechanical strength and fracture toughness of Mg
alloys make them more suitable for load-bearing applications such as bone plates and
screws, tissue scaffolds and joint replacement [9-11]. As the lightest structural metal, Mg
alloys exhibit similar elasticity to bone and can degrade completely in the human body;
they are more suitable for developing biodegradable suture anchors without additional
surgery to remove them after their period of use [12-14]. Furthermore, Mg could stimulate
bone formation during the degradation process [12]. Ma et al. [2] reported that the ZE21C
suture anchor promoted bone healing above the suture anchor and regeneration of the fibro-
cartilage interface of the ligament-bone junction. Chen et al. [15] developed a high-purity
Mg suture anchor for sheep rotator cuff repair that provided reliable anchoring function
within 12 weeks with no toxic effects on animal organs. It is well accepted that the structure
design determines the performance of a biodegradable suture anchor by means of affecting
its corrosion behaviors and mechanical properties [16-18]. A biomechanical investigation
of suture anchors found that the pull-out strength was positively correlated with the contact
surface area between the anchor screw thread and the surrounding bone [17]. Furthermore,
the interaction between devices and the surrounding tissue at the implant interface is
essential for success or failure of implants. As an implantable tissue fixation device, it
is necessary to optimize the tooth structure of a Mg-based suture anchor to enhance the
mechanical properties during the processes of pulling out and torsion, and reduce the
corrosion rate, which highly affects the outcomes of tissue repair and healing.

In this study, two suture anchors based on biodegradable Mg-Nd-Zn-Zr alloy were
designed with different structural features of wide-tooth and narrow-tooth, and the pull-out
force and torsion of the anchor were analyzed through finite element analysis. Additionally,
the corrosion behaviors of the Mg alloy suture anchors in terms of hydrogen evolution and
corrosion rate were evaluated through in vitro immersion tests. Furthermore, the maximum
torque and the axial pull-out force of the suture anchors before and after corrosion were
also studied through mechanical testing equipment.

2. Materials and Methods
2.1. Structural Design of Mg Suture Anchor

The suture anchors utilized in this study were fabricated from Mg-2.8Nd-0.2Zn-0.4Zr
(wt.%) alloy supplied by Shanghai Innovation Medical Technology Co., Ltd., Shanghai,
China. The design of anchors adhered to the specifications illustrated in Figure 1, featuring
a total length of 18.8 mm, a shaft outer diameter of 4.5 mm and a pitch of 1.6 mm. Before ex-
periment, all samples underwent a pre-cleaning process using anhydrous ethanol followed
by washing with distilled water to ensure optimal cleanliness.
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Figure 1. Structure of the designed suture anchor: (a) the narrow-tooth anchor; (b) the wide-tooth
anchor.
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2.2. Finite Element Analysis of Mg Suture Anchor

The 3D structural model of the suture anchor was established using SolidWorks 2023
SP0.1 software and imported into the ANSYS Workbench 2023 R1 platform. The material
parameters for the polyurethane block and Mg Alloy were added to the engineering data
listed in detail in Table 1.

Table 1. Mechanical parameters of simulated materials (Reprinted from Refs. [19,20]).

Material Material Parameters

p=178g/cm?
E=4.2 x 1010 Pa
v =035
ot=3 x 108 Pa

p=032g/cm?
E=2.67 x 108 Pa
v=02
oy =59 x 10° Pa

Mg alloy

Polyester block

Meshing of suture anchor and the polyester block was carried out in the meshing
module, using ten-node tetrahedral cells. A cell size of 0.15 mm was employed for the
threaded surfaces of both the anchors and polyester blocks. The anchor model consisted of
approximately 200,000 nodes, while the polyester block model had roughly 300,000 nodes.

According to YY /T 1867-2023 [21], the bone drill matching the anchor specification
was utilized to prefabricate the necessary holes in the polyester block. To simulate the actual
application scenario, inserts and anchors of the suture anchor were employed together
under rotation in the torsion model. A distal displacement with zero degrees of freedom
was applied to the end of anchor, while a clockwise torque of 0.2 Nm was applied to the six
inner surfaces to calculate the maximum Von-Mises and shear stresses on the anchor.

The pull-out simulation model consisted of a Mg alloy suture anchor and a high-
density polyurethane block. Considering the extraction speed is relative and slow, the
simulation can be regarded as a static load. The model was established with frictional
contact, utilizing a friction coefficient of 0.2. The polyester block was fixed. After that,
upward forces of 100, 200 and 300 N were exerted on the overline hole of the anchor. The
distributions of equivalent stress and strain for anchors were observed under different pull-
out forces to determine the various responses of the suture anchor during axial pull-out.

2.3. In Vitro Corrosion Experiments of Mg Suture Anchor

The surface areas were 397 mm? and 402 mm? for the narrow-tooth and wide-tooth
anchors, and the volume of solution was calculated based on a volume-to-sample area
ratio of 1 mL-mm™2, which was in conformation with ASTMG F3268 [22]. The suture
anchors were suspended vertically in Hank’s solution, and the volume of hydrogen gas
produced by the samples was collected using an acid buret, kept at a temperature of 37 °C
and buffered at pH 7.4 & 0.02 for a duration of 14 days. The volume of hydrogen gas
was recorded at 24 h intervals, and the solution was replaced with a fresh one every 48 h.
After 14-day immersion, the samples were cleaned for removing the corrosion products
using a standard chromium trioxide (CrO3) solution recommended in ASTM G1-90 [23].
The hydrogen evolution and weight loss were measured repeatedly by 5 samples and the
average corrosion rate was calculated by the following equation:

CR=95.03 x Vii/(A x T x D)

CR = (8.76 x 10* x W)/(A x T x D)
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where Vi (mL) is the amount of hydrogen produced, W (g) is the weight change before
and after immersion, A (cm?) is surface area of the Mg alloy suture anchors, T (h) is the
immersion time, and D (g/cm?) is the density of the Mg-Nd-Zn-Zr alloy.

After degradation for 14 days, the surface morphologies of the suture anchors were
documented and analyzed. The corrosion morphologies of the suture anchor samples
were observed using a field emission scanning electron microscopy (FE-SEM, Gemini
SEM 300, ZEISS, Baden-Wurttemberg, Germany). Element contents were analyzed using
energy dispersion spectroscopy (EDS, Aztec X-Manx 80, Oxford Instruments, Oxford, UK)
equipped with SEM.

2.4. Pull-Out Force and Torsion Tests of Mg Suture Anchor

To assess the performance of the experimental structures, a PBSC-RP30 Splice Screw
Performance Tester was employed. During the pull-out trial, a hole was pre-drilled into the
synthetic bone and a tap was used to create a threaded channel. Suture anchors, equipped
with #2 suture threads, were screwed in and firmly secured. A controlled pulling force
was applied at a speed of 5 mm/minute to simulate realistic conditions and evaluate
the anchoring performance of the sutures. The failure of anchor was anticipated, either
through extraction from the solid bone or suture breakage. The maximum load experienced
during this process was recorded which was regarded as an essential indicator of the
pull-out strength.

In the torsion test, one end of the insert was securely fastened to the testing equipment,
while the suture anchor was secured at the opposing end. Torque was gradually applied
at an appropriate speed (3 mm/min) and the highest achieved torque was documented.
Throughout the test, a constant axial preload load of 3.00 N was maintained, while the
rotation rate remained at a constant of 3 revolutions per minute.

3. Results
3.1. FEA of Mg Suture Anchor

The simulation results of the anchor in the torsion process are presented in Figure 2a-d,
which show the distributions of Von-Mises and shear stress with the application of 0.2 Nm
torque to the anchor. It was obvious that the narrow-tooth anchor experienced a maximum
shear stress of 244.9 MPa and a maximum Von-Mises stress of 483.67 MPa. However, the
local maximum Von-Mises stress exceeded the yield strength of the material, indicating a
high risk of damage of the narrow-tooth anchor in the process of torsion. Conversely, the
wide-tooth anchor experienced a maximum shear stress of 92.36 MPa and a maximum Von-
Mises stress of 261.13 MPa, with the local maximum Von-Mises stress within the acceptable
range of the material, suggesting the satisfactory torsional resistance and strength of the
anchor with the wide-tooth structure. However, the distribution of stress on the anchor was
not even, with greater stress created around the screw holes for the two groups. Based on
the maximum Von-Mises stress, three points of A, B and C on the anchor (Figure 2e) were
selected for further analysis, and the simulated numerical results during the torsion process
are displayed in Figure 2f. Following the application of 0.2 Nm torque to the anchors, the
narrow-tooth anchor exhibited a higher maximum equivalent stress (233.41, 122.17 and
97.99 MPa) compared to the wide-tooth anchor (147.09, 82.35 and 65.37 MPa) at the same
corresponding points, suggesting that the design of the wide-tooth anchor could effectively
decrease the stress concentration. It was worth noting that point A exhibited the maximum
stress concentration level for both of the anchors, representing the most vulnerable point
initiating the failure of the device during the torsion process.
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Figure 2. Simulation results of the suture anchors in the process of torsion: distributions of Von-Mises
stress and shear stress on the narrow-tooth (a,b) and the wide-tooth (c¢,d) anchors; (e) feature points
labeled on the suture anchor for force analysis; (f) results of the Von-Mises stress at different points
on the suture anchors.

Figure 3a-d show the stress distribution on the anchor under a pull-out force of
300 N. The narrow-tooth anchor exhibited a maximum Von-Mises stress of 228.34 MPa
and an equivalent elastic strain of 0.12 mm, while the wide-tooth anchor displayed a lower
maximum Von-Mises stress of 214.21 MPa and an equivalent elastic strain of 0.06 mm.
Meanwhile, the distributions of Von-Mises stress on the anchor under the two pull-out
forces of 100 N and 200 N were also analyzed through FEA, and the results are shown in
Figure 3e. It was obvious that the Von-Mises stress increased with the increasing of pull-out
force and the wide-tooth anchor exhibited a lower Von-Mises stress under the same pull-out
force condition, indicating a higher resistance to the pull-out failure of the anchor.
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Figure 3. Simulation results of the suture anchors under a pull-out force of 300 N: distributions of
Von-Mises stress and equivalent elastic strain of the narrow-tooth (a,b) and wide-tooth (c,d) anchors;
(e) results of the maximum Von-Mises stress on the two suture anchors at different pull-out forces.

3.2. In Vitro Corrosion Properties of Mg Suture Anchor

The Mg alloy suture anchors were immersed in Hank’s solution for 14 days to investi-
gate the corrosion properties in terms of variation in pH value, hydrogen evolution and
corrosion rate, as displayed in Figure 4. The pH values showed a fluctuation around 8.3 dur-
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ing the 14-day immersion for the two groups (Figure 4a). The result from Figure 4b indicates
that the variation tendency of hydrogen evolution for the two anchors was relatively close.
Figure 4c indicates that the corrosion rate of the wide-tooth anchor (0.069 £ 0.019 mm/y)
was slightly lower than that of the narrow-tooth anchor (0.073 &+ 0.011 mm/y) based on
the calculations of hydrogen evolution, while, from a weight loss point of view, the cor-
rosion rates were 0.086 + 0.011 mm/y and 0.090 £ 0.018 mm/y for the wide-tooth and
narrow-tooth anchors, respectively, which was consistent with the results calculated by
hydrogen evolution. Therefore, the results from the immersion test including variation
in pH value, hydrogen evolution and corrosion rate revealed that the wide-tooth anchor
exhibited a lower corrosion rate as compared with the narrow-tooth anchor, which was
beneficial to enhance the structural and mechanical stability of the biodegradable suture
anchor during the service of the device. The difference in corrosion rates for the two groups
can probably be attributed to the reason that the individual narrow-tooth structure which
is sharper and smaller in size is inherently more prone to corrosion.
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Figure 4. Immersion test of the Mg alloy suture anchors in Hanks’ solution for 14 days: (a) variations
in pH value in Hanks’ solution; (b) volume of hydrogen evolution; (c) corrosion rates calculated by
hydrogen evolution and weight loss.

The micrographs of the Mg alloy suture anchors before and after 14-day immersion
in Hank’s solution and cleaning are shown in Figure 5. It was obvious that the structures
of the two anchors appeared to have remained intact and the corrosion surfaces were
smooth after corrosion (Figure 5b,e). From the detailed morphological examinations of
the two anchors (Figure 5¢,f), no significant corrosion pits were found in the devices. The
result can be attributed to the slight potential difference between the second phase of
Mg1,Nd formed in the Mg-Nd-Zn-Zr alloy and the o-Mg matrix [24], which is anticipated
to lead to an improvement in surface stability and a homogeneous corrosion surface on the
suture anchors.

(d) (e)

Figure 5. Micrographs of Mg suture anchors before and after 14 days of immersion: (a,b) mor-
phologies of the narrow-tooth anchor before and after corrosion; (c) detailed morphology of the
narrow-tooth anchor after corrosion; (d,e) morphologies of the wide-tooth anchor before and after
corrosion; (f) detailed morphology of the wide-tooth anchor after corrosion.
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The SEM images and EDS results of the corrosion products on the two suture anchors
are shown in Figure 6. It was obvious that numerous granular corrosion products were
deposited on the surface, and the corrosion product layers exhibited obvious cracks for the
two groups (Figure 6a,c). The EDS results revealed that the corrosion products consisted of
C, O, Mg, P and Ca, and the contents of Mg and P for the wide-tooth anchor are higher than
those of the narrow-tooth anchor (Figure 6b,d). It was reported that the accumulation of the
P element could help to delay the degradation of Mg alloys [2]. Therefore, higher content of
the P element in corrosion products is beneficial to improve the corrosion resistance of the
wide-tooth anchor, which is consistent with the results of variation in pH value, hydrogen
evolution and corrosion rate in Figure 4.

Element  Weight% L
(b) P C 49 0.3
0 427 0.3
Ca
0 Mg 3 0.1
P 16.5 0.1
@ Ca 32.9 0.2
3
(=}
&)
Mg
il
0 5 10 15 20
Encrgy (keV)
0 Element  Weight% o
(d) P C 5.64 0.3
0 46.49 0.3
Mg 9.44 0.1
P 17.11 0.1
2 Mg Ca 21.41 0.2
3 Ca
(=]
o
i L
0 5 10 15 20

Energy (keV)

Figure 6. SEM images and EDS results of the Mg alloy suture anchors after 14-day corrosion: (a,b)
narrow-tooth anchor; (¢,d) wide-tooth anchor.

3.3. Pull-Out and Torsion Tests of Mg Suture Anchor

The results of the pull-out force of the Mg alloy suture anchors before and after
corrosion are shown in Figure 7a. It was observed that the pull-out forces of the wide-
tooth anchor before and after corrosion were 475.59 + 53.36 N and 447.73 + 27.60 N,
respectively, which were higher than those of the narrow-tooth anchor (372.05 &+ 77.07 N
and 299.05 £ 26.73 N). Obviously, the pull-out force of the wide-tooth anchor decreased
5.86% after corrosion, which is lower than that of the narrow-tooth anchor that decreased
19.62%. The results demonstrated that the wide-tooth anchor exhibited a superior resistance
to pull-out failures and maintained a stronger connection between the anchor and the
polyester block.
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Figure 7. Pull-out and torsion tests of Mg alloy anchors before and after corrosion: (a) axial pull-out
forces of the anchors; (b) maximum torques of the anchors.

The results of maximum torque for the Mg alloy suture anchors before and after
corrosion are shown in Figure 7b. The maximum torques of the wide-tooth anchors were
1.099 £ 0.10 Nm and 1.004 £ 0.06 Nm before and after corrosion, which were significantly
higher than those of the narrow-tooth anchors (0.603 &= 0.10 Nm and 0.388 4 0.14 Nm).
Obviously, the maximum torque of the wide-tooth anchor decreased 8.64% after corrosion,
which is lower than that of the narrow-tooth anchor that decreased 35.66%. Generally, a
suture anchor with a higher maximum torque is helpful to enhance the fixation strength
between the device and target tissue, and thus improve the safety of the surgery. Therefore,
the wide-tooth anchor with a higher maximum torque appears to be a preferable choice
over the narrow-tooth anchor.

The micrographs of the Mg alloy suture anchors before and after 14-day immersion
in Hank’s solution and subsequent cleaning, following pull-out and torsion tests, are dis-
played in Figure 8. It was evident that the structures of both anchors exhibited fractures at
the suture hole locations after the torsion tests (Figure 8a,b,e,f). No significant deformation
or cracks were observed in the structures of either anchor following the pull-out tests
(Figure 8c,d,g,h). These findings were corroborated by finite element simulation results
and the torsional fractures can be attributed to stress concentration.

(a) (b) (©) ! ! ! (

Smm

o BN ® (h)
et e R

Figure 8. Micrographs of Mg suture anchors before and after 14 days of immersion, following pull-out

d)
S L1

and torsion tests: (a,b) torsional morphologies of the narrow-tooth anchor before and after corrosion;
(c,d) pull-out morphologies of the narrow-tooth anchor before and after corrosion; (e,f) torsional
morphologies of the wide-tooth anchor before and after corrosion; (gh) pull-out morphologies of the
wide-tooth anchor before and after corrosion.

4. Discussion

Conventional bio-inert materials composed of metal or non-degradable polymer are
broadly used to develop suture anchors for the repair of rotator cuff injury, enabling tissue
reduction and fixation due to the high mechanical strength and fracture toughness [25-28].
However, the mechanical shunt produced by conventional anchors can cause bone loss over
time, resulting in decreased bone strength and delayed tissue healing [29]. Furthermore,
the permanent placement implants may cause some adverse effects such as infections or
irritations, while removing these implants requires secondary surgery [30].

Magnesium (Mg) and its alloys appear to be promising candidates for the application
of orthopedic implants due to the combination of biodegradability, biocompatibility and
Young’s modulus close to cortical bone [4,12]. However, Mg alloys show vulnerability to
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corrosion for physiological application, with the degradation leading to both a premature
loss of mechanical integrity and delay of the healing processes locally [24,31]. The corrosion
of Mg alloys in the physical environment is actually determined by the electrochemical
reaction between Mg and water [19]:

Mg — Mg?" + 2e (anodic reaction)

2H,0 + 2e — Hj + 20H™ (cathodic reaction)

The overall reaction can be expressed as follows:
Mg + ZHzo — Mg (OH)2 + Hy

Mg (OH); is generally insoluble in water. However, body fluids are rich in acid ions
(i.e., CO32~, PO43~ and ClI7); the existence of C1~ could transform insoluble Mg(OH); into
soluble MgCl,, then the chemical reaction could be carried out by the following equation:

Mg (OH), +2C1~ — MgCl, + 20H~

Previous studies have shown that Mg-Nd-Zn-Zr alloy presents a lower degradation
rate, excellent biocompatibility and long-term structural and mechanical durability in vivo,
and is regarded as an ideal material for developing orthopedic implants [19,24].

Structure is an important parameter for adapting the load-bearing medical device to
mechanical property needs in a desired lifetime [32,33]. In this study, two suture anchors
based on Mg-Nd-Zn-Zr alloy were designed with different tooth structures, and the me-
chanical properties and in vitro corrosion behaviors of the Mg alloy anchors were studied
by FEA and experiment. The results suggested that the wide-tooth anchor exhibited supe-
rior pull-out and torsional performances compared to the narrow-tooth anchor (Figure 7),
which can be attributed to a larger contact area of the wide-tooth anchor with surrounding
tissue and a more uniform stress distribution on the anchor during the pull-out and torsion
processes, thereby reducing stress concentration and enhancing the axial pull-out and tor-
sional resistance of the anchor [34,35]. Furthermore, the wide-tooth structure can bear more
load and improve the anti-torsion ability of the anchor. However, the axial pull-out force
and maximum torque of the wide-tooth anchor decreased after it was corroded in Hank’s
solution for 14 days. This can be attributed to the reason that the mechanical properties of
Mg alloy implants in a physiological environment are influenced by the corrosion which
results in a gradual loss in both the structural integrity and the mass of the implants [19].
In addition, the corrosion of the Mg alloy leads to cracks on the surface (Figure 6a,c), which
further reduces the axial pull-out force and maximum torque of the anchor. Although the
mechanical properties of both anchors are decreased by corrosion, the degree varies with
5.86% of axial pull-out force and 8.64% of maximum torque for the wide-tooth anchor,
which is significantly lower than those of the narrow-tooth anchor (19.62% of axial pull-out
force and 35.66% of maximum torque), indicating that the wide-tooth design is superior to
the narrow-tooth design in maintaining structural and mechanical stability and preventing
performance failure of the anchor during the service process.

A suture anchor is responsible for the fixed function of the implant which should
facilitate optimal integration into the surrounding tissues [36]. Figure 9 shows the sim-
plified force analysis of the anchor during the pull-out process. When a pull-out force is
applied, the anchor is subjected to a pull force which can be indicated as fpu1out, and a
friction between the anchor and the polyester block (indicated as f,,chor) can be generated
under these circumstances, as shown in Figure 9a. From the point of view of a single tooth,
as compared to the narrow tooth, the wide tooth can provide a better fixing effect due to
its larger surface area, consequently resulting in greater friction under the same f,y)1.out
(Figure 9b,c). In other words, a more stable fixing effect can be obtained by the anchor with
a wide tooth structure. Furthermore, under the same fp1 out, the stress distribution on the
unit area of a single wide tooth is smaller and more uniform, which makes the wide-tooth



Metals 2024, 14, 288

10 of 12

anchor possesses stronger resistance to damage and deformation [37]. In orthopedic appli-
cations, implant devices are exposed to physiologically stressed environments and usually
subjected to acute dynamic loadings during normal physical activities, leading to corrosion
fatigue and stress corrosion cracking (SCC) [29]. FEA results indicated that narrow-tooth
anchors exhibited higher and more concentrated stress distribution, subsequently accelerat-
ing corrosion rates and resulting in a diminished pull-out force and torque performance.
Therefore, the wide-tooth anchor with a smaller and more uniform stress distribution has
advantages in maintaining mechanical integrity to avoid the early failure of the device
during the healing period.

pull out
ull—out
anchor

pull out

(a)

fanchor

Figure 9. Force analysis of suture anchor during the pull-out process: (a) pull-out force applied to
anchor; force analysis of single tooth for the narrow-tooth (b) and wide-tooth anchors (c).

This study primarily focuses on the mechanical properties and in vitro degradation
behaviors of the suture anchors fabricated from Mg-Nd-Zn-Zr alloy. Animal experiments
will be scheduled to verify the effectiveness of the Mg alloy suture anchors in terms of
interactions with biological organisms and the long-term structural stability of the device.
In addition, this study confirmed the superiority of the wide-tooth anchor over the narrow-
tooth anchor, while the detailed structure parameters of the wide-tooth anchor should be
further optimized to improve its comprehensive performances.

5. Conclusions

In this study, biodegradable suture anchors based on Mg-Nd-Zn-Zr alloy were de-
veloped for the repair of rotator cuff injury. In vitro corrosion behaviors and mechanical
properties of the suture anchors were studied by FEA and experiment. The main conclu-
sions can be drawn as follows:

(1) The simulation results of the torsion and pull-out tests showed that the wide-tooth
anchor exhibited a lower shear stress (132 MPa) of 0.2 Nm and less equivalent elastic
strain (0.06 mm) under a pull-out force of 300 N than those of the narrow-tooth anchor
(244.9 MPa and 0.12 mm).

(2) The corrosion rate of the wide-tooth anchor (0.086 & 0.011 mm/y) in Hank’s solution
after 14-day immersion was slightly slower than that of the narrow-tooth anchor
(0.090 & 0.018 mm/y).

(3) The maximum torques of the wide-tooth anchor before and after corrosion were
1.099 £ 0.10 Nm and 1.004 £ 0.06 Nm, which were much higher than those of the
narrow-tooth anchor (0.603 = 0.10 Nm and 0.388 & 0.14 Nm). Moreover, the axial pull-
out forces of the wide-tooth anchor before and after corrosion were 475.59 £ 53.36 N
and 447.73 & 27.60 N, which were also higher than those of the narrow-tooth anchor
(372.05 £ 77.07 N and 299.05 £ 26.73 N).

(4) The axial pull-out force and maximum torque for the wide-tooth anchor decreased
by 5.86% and 8.64% after corrosion, which were significantly less than those for the
narrow-tooth anchor (19.62% of axial pull-out force and 35.66% of maximum torque).
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Therefore, the wide-tooth suture anchor with lower corrosion rate, higher mechanical
properties and structural stability is a promising candidate for ligament-bone fixation in
the repair of rotator cuff injuries.
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