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A B S T R A C T

Purpose: To use a finite element method to construct a patch-bridge repair model for massive rotator cuff tears 
(MRCTs) and investigate the effects of different suture methods and knot numbers on postoperative 
biomechanics.
Methods: A finite element model based on intact glenohumeral joint data was used for a biomechanical study. A 
full-thickness defect and retraction model of the supraspinatus tendon simulated MRCTs. Patch, suture, and 
anchor models were constructed, and the Marlow method was used to assign the material properties. Three 
suturing models were established: 1-knot simple, 1-knot mattress, and 2-knot mattress. The ultimate failure load, 
failure mode, stress distribution of each structure, and other biomechanical results of the different models were 
calculated and compared.
Results: The ultimate failure load of the 1-knot mattress suture (71.3 N) was 5.6 % greater than that of the 1-knot 
simple suture (67.5 N), while that (81.5 N) of the 2-knot mattress was 14.3 % greater than that of the 1-knot 
mattress. The stress distribution on the patch and supraspinatus tendon was concentrated on suture perfora
tion. Failure of the bridging reconstruction mainly occurred at the suture perforation of the patch, and the 
damage forms included cutting-through and isthmus pull-out.
Conclusion: A finite element model for the patch-bridging reconstruction of MRCTs was established, and patch- 
bridging restored the mechanical integrity of the rotator cuff. The 2-knot mattress suture was optimal for patch- 
bridging reconstruction of MRCTs.

1. Introduction

A rotator cuff tear (RCT) is one of the most common causes of 
shoulder pain and dysfunction, accounting for approximately 40 % of all 
shoulder pain cases.1 A massive rotator cuff tears (MRCTs) is defined 
when imaging or intraoperative findings show tendon retraction to the 
glenoid in the coronal or axial planes, or when 67 % or more of the 
greater tuberosity is exposed in the sagittal plane.2 MRCTs are the most 
severe type of RCT, accounting for approximately 40 % of all rotator cuff 

tears.3 Treatment of MRCTs has become challenging for surgeons as 
these severe injuries are accompanied by a high postoperative failure 
rate of 17.6%–94 %.4–7 Specifically, large cuff tears and MRCTs cannot 
be repaired by directly suturing the tendon back to the original attach
ment point. Even if repair is completed, excessive suture tension can 
lead to poor healing or retears.3

Many new surgical methods and repair materials have been devel
oped and used clinically, such as rotator cuff-enhanced patch augmen
tation8 and patch-bridging reconstruction.9 Rotator-cuff patches are 
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specialized implants designed to provide specific shapes and mechanical 
strength. Patch augmentation is used to reinforce degenerated tendons 
or in cases of severe muscle atrophy, allowing for a low-tension repair.10

Patch-bridging reconstruction is for large tears where direct suturing 
would cause excessive tension, using a patch to connect the torn tendon 
to the humerus and reduce tension.11 However, even with the successful 
use of rotator cuff patches in augmentation or bridging surgery for 
full-thickness rotator cuff tears, retears may still occur postoperatively, 
with a retear rate of approximately 2%–100 %.12 Meanwhile, higher 
mechanical requirements are needed for the patch13,14 in bridging repair 
compared to that in augmentation repair. Therefore, exploring the 
biomechanical changes of the rotator cuff patch in bridging repair sur
gery is crucial.

Finite element analysis (FEA) is a computer simulation technique 

used in biomechanics that can yield multiple mechanical results under 
specific conditions through simulation and analysis. In recent years, 
with the development of medical imaging and computer processing 
power, FEA has more accurately simulated the geometric morphology of 
human tissue structures and obtained local mechanical data at different 
time points and positions in the dynamic process of testing.15 Currently, 
there is no related finite element (FE) simulation or analysis of large or 
massive full-thickness rotator cuff tears repaired using patch-bridging 
reconstruction. Thus, FEA can be used to explore the biomechanical 
changes in different structures after patch-bridging reconstruction for 
full-thickness rotator cuff tears.

In this study, FE techniques were used to build a full-thickness ro
tator cuff tear condition based on an FE model of a normal rotator cuff. 
The tear was then repaired using a bridging technique that was clinically 

Fig. 1. Construction of the finite element model of full-thickness rotator cuff tears with different suture patterns. a) Mesh model of the bony and supraspinatus 
structures of the shoulder joint. b) Simulation of full-thickness rotator cuff tears with tendon retraction. c) Fixation of the patch on the humerus. d) Simulations of 1- 
knot simple suture bridge repair. e) Simulations of 1-knot mattress suture bridge repair. f) Simulations of 2-knot mattress suture bridge repair.
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used while constructing different conditions with varying numbers and 
types of sutures. Each condition was tested and analyzed to investigate 
the effect of different patch-bridging sutures on the biomechanics of 
each structure in order to provide a reference for optimizing surgical 
procedures and improving the design of rotator cuff patches.

2. Methods

2.1. Development of the shoulder three-dimensional FE model

All procedures of this study were performed in compliance with 
relevant laws and institutional guidelines. The study was approved by 
the Health Sciences Institutional Review Board of Huashan hospital with 
informed consent obtained from the volunteer (KY2019-410, approved 
on August 28, 2019). The volunteer model was a 26-year-old male with 
no history of shoulder injuries or conditions, such as pain, dislocation, or 
fractures, and no abnormalities found on imaging examinations.16,17

The volunteer was scanned using a high-resolution computed tomog
raphy (CT) scanner with 1.5-mm slices and a magnetic resonance im
aging (MRI) scanner with 1.0-mm slices. During both CT and MRI 
scanning, the shoulder was in a neutral position on the side of the body, 
and the body was in supine.

CT-Digital Imaging and Communications in Medicine (DICOM) and 
MRI-DICOM data were imported into the Mimics 10.0 (Materialise, 
Leuven, Belgium) software. The structures of the clavicle, scapula, hu
merus, and supraspinatus muscles were simulated based on bony 
structures in the Mimics software. Data from the FE shoulder model 
were saved as a stereolithography file for future transfer. Smoothing 
processing and solid construction were completed using Geomagic 9.0 
(3D Systems, San Diego, CA), and the structures of the normal shoulder 
joint were further reassembled and meshed using HyperMesh 11.0 
(Altair Engineering Inc., Troy, MI, USA).18 The FE mesh of the entire 
structure comprised C3D4 elements with an average edge length of 1 
mm. The cortical bone of the scapula was 1.0-mm thick. For the 
connection between the supraspinatus tendon and the cortical bone of 
the humerus at the scapular stop point, a specific tolerance was set and 
bound using the Tie method, which allowed for the transfer of stress and 
strain parameters between the two meshes. The FE model is presented in 
Fig. 1a.

2.2. Design of the full-thickness rotator cuff tears with tendon retraction

Because the supraspinatus tendon is the most common site of rotator 
cuff tears in clinical practice,19 a full-thickness supraspinatus tear with a 
tendon retraction model was used to simulate rotator cuff tears. In 
HyperMesh, a 25-mm tendon defect was created on the supraspinatus 
tendon at its humeral attachment using a cutting tool (Fig. 1b).

2.3. Simulation of different suture patterns for suture-bridge repair with 
patch

Referring to the common patch morphology,20 the design of the ro
tator cuff patch in this study was based on the shape of the side of the 
tendon stump. A smooth surface was created in the HyperMesh to con
nect the tendon stump to the attachment of the humeral tendon, and the 
surface was partially covered over the tendon stump at a thickness of 2 
mm.21 A suitable hole was created at the appropriate suture location on 
both sides of the patch to allow the suture to pass through.

The suture-bridge procedure was performed by suturing the patch to 
the tendon stump at the tendon end, inserting a wire anchor on the 
humeral side, and passing the inner row of anchor wires through the 
patch to secure it to the lateral aspect of the greater tuberosity. The 
patch was fixed to the side of the humeral head with suture anchors.22

Two anchors (4.5 mm × 14 mm, Arthrex) were implanted 45◦ to the 
horizontal plane at the area of the supraspinatus lateral tendon attach
ment and at the lateral side of the humeral greater tubercle. A 2# 

Fiberwire suture (Arthrex) with a 1-mm diameter suture was used for 
transosseous equivalent fixation at the greater tuberosity of the hu
merus.23 The fixation was performed using a multipoint constraint 
(MPC) coupling restraint with anchor nails (Fig. 1c). The patches and 
tendon stumps were sutured using different patterns.

In the experiment, the following three different suture patterns were 
constructed and compared: 1-knot simple suture bridge repair, 1-knot 
mattress suture bridge repair, and 2-knot mattress suture bridge repair 
(Fig. 1d–f, respectively).

2.4. Material properties

For different anatomical structures, the FE models were assigned 
different material properties. To investigate the differences between 
different sutures, the bony structure and anchors were set as rigid 
bodies, and the tendon, sutures, and patch were set as destructible 
deformers.15,24 To investigate the form of damage, the patch was 
defined as having the same mechanical properties as the tendon. The 
material properties of each part of the shoulder joint structure, surgical 
anchors, and sutures are summarized in Table 1.

According to the biomechanical data of the rabbit rotator cuff tendon 
in the uniaxial tensile test, the force–displacement curve of the tendon 
was converted into an engineering stress–strain curve to simulate the 
biomechanical characteristics of the human supraspinatus tendon in the 
FE model. To define the material properties of the FEA, the test data 
were input into the ABAQUS software, and the material model was fitted 
with the Marlow model (Fig. 2). To further verify the effectiveness of the 
material model and program, an analysis model similar to the test was 
established using ABAQUS 6.10. A cuboid (27.2 mm × 5 mm × 1 mm) 
was established for the uniaxial tensile simulation test, and a force
–displacement curve was obtained. To verify the accuracy of the mate
rial properties, the curve calculated from the simulation test was 
compared with the average force–displacement curve obtained from the 
experimental test. The two curves overlapped significantly, indicating 
that the fitting results of the tendon material properties were accurate 
and could reflect the actual situation, which could be used for subse
quent analysis. Combined with the VUSDFLD subroutine in the ABA
QUS, a custom program (SI Fig. 1) was written to specify that the 
element failure would be deleted at a specific stress (defined as the en
gineering stress corresponding to the maximum tensile test in this 
study).

Based on data from FiberWire in previous biomechanical studies,25

inverse force–displacement data extraction was performed using the 
Origin software, and the Marlow model was used to obtain the material 
properties of the suture.

2.5. Boundary conditions

In this study, both the humerus and scapula were set as rigid bodies, 
and all degrees of freedom were fixed at the rigid-body control points at 
the acromion and humeral stem. At the muscle of the tendon stump, a 
distribution coupling constraint was established, and displacement was 
applied at the neutral point to simulate the relative slip between the 
muscle tuberosities during muscle contraction. General, internal, and 
self-contact of the outer surface were added between all parts, and the 
method used was hard contact. Separation was allowed after contact, 
and the tangential friction coefficient was set to 0.1. The suture anchors 
adopted the embedding setting and the suture was connected to the 
anchor through the MPC. Additionally, Abaqus 6.12–1 was used as the 
finite element solver, and large deformation (Nlgeom) was enabled. The 
Newton-Raphson method was employed to solve the nonlinear equi
librium equations, with iterative controls adjusted to improve conver
gence, including the maximum computation steps and minimum step 
size.
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3. Results

3.1. Comparison of biomechanical analysis across models

In the simulation of the 1-knot simple suture bridge repair, with an 
increase in the force, the lateral patch structure of the inner needle hole 
first began to sustain minor damage at approximately 67 N, and the 
ultimate failure load was 67.5 N (Fig. 3a). When the muscle further 
contracted, the suture gradually tightened, thereby creating a cutting 
effect along the direction of the tendon fibers that led to patch 
destruction. The cutting of the patch firstly occurred on the medial side 
of the patch, and the “Z-shaped” oblique tear in the patch was formed on 
the upper surface of the patch, the lateral side of the inner suture point 
and the medial side of the inner needle hole on the lower surface of the 
patch. Simultaneously, the angle between the sutures on both sides of 
the inner needle holes gradually increased. Finally, the patch material 
between the two sutures on the patch was damaged, which led to patch 
failure. At this point, the humeral suture of the patch was partially 
damaged.

When the 1-knot mattress suture bridge repair was used, the force of 
the bridge repair system gradually increased with muscle contraction, 
and the suture was deformed (Fig. 3b). At approximately 71.3 N, the 

lateral needle hole on the upper surface of the tendon was slightly 
damaged, and the ultimate failure load was 71.3 N. When the muscle 
further contracted, the relative displacement between the patch and 
tendon continued to increase. Damage to the needle hole on the upper 
surface of the tendon further increased, and the structure of the suture 
crossing the lower surface of the tendon and the upper surface of the 
patch also began to be damaged. The patch material between the needle 
holes was strangled and completely protruded from the patch. The su
ture on the tendon side did not strangle the tendon tissue on the lower 
surface, and only part of the tissue near the needle hole was destroyed. 
The patch also demonstrated a partial microdisruption of the needle hole 
in the lateral humeral suture.

In the model of the 2-knot mattress suture bridge repair, with the 
increase of the force, at approximately 79 N, the lateral side of the 
needle hole on the upper surface of the tendon was the first to be 
damaged, and the suture was stretched and deformed (Fig. 3c). When 
the muscle further contracted, the relative displacement between the 
patch and tendon increased continuously, and the needle hole on the 
inferior surface of the tendon and the needle hole on the patch began to 
fail at approximately 81 N. The ultimate failure load was 81.5 N. As the 
deformation of the patch increased, the suture on the anchor of the 
humeral side began to cut the patch along the tendon direction. Finally, 
the patch was destroyed, and the suture on the humeral side completely 
prolapsed from the patch.

In conclusion, the FEA experiment was used to test the displacement 
of the main node and the force of the entire system during muscle 
contraction. The ultimate failure loads and failure positions for each 
working condition are listed in Table 2. The ultimate failure load of the 
1-mattress suture bridge repair was slightly larger than that of the 1-knot 
simple suture bridge repair by approximately 5.6 %, while that of the 2- 
knot mattress suture bridge repair was approximately 14.3 % higher 
than that of the 1-knot mattress suture bridge repair.

3.2. Comparison of the stress distribution across patches

As presented in Fig. 4a–c, the stress of each part of the patch was 
concentrated on the needle hole of the patch under the ultimate failure 
load in each working condition, and the stress of the remaining parts was 
small. After the local stress of the suture exceeded the set maximum 
value, the corresponding FE on the patch was considered invalid and 
deleted, which was consistent with the general appearance of the patch 
being cut and damaged by the suture.

3.3. Comparison of the stress distribution across tendon stumps

When the ultimate failure load was reached, the stress on each part of 
the tendon stump was mainly concentrated on the patch-side needle 
hole of the tendon, and the rest of the tendon-suture contact part and the 
internal stress of the tendon were relatively small (Fig. 5a–c). Under the 

Table 1 
Material properties of the each part of the finite element model.

Structure Young modulus (MPa) Poisson ratio Element type Elements Nodes

Cortical bone of the humerus 13,400 0.3 C3D4 3476 1729
Cancellous bone of the humerus 2000 0.26 C3D4 6679 4516
Cortical bone of the scapula 9000 0.3 C3D4 4026 2831
Cancellous bone of the scapula 2000 0.2 C3D4 17,439 9753
Anchor 3500 0.3 C3D4 234,356 57,792
Supraspinatus muscle 1-knot simple suture bridge repair Marlow model / C3D4 59,077 12,188

1-knot mattress suture bridge repair 60,688 12,782
2-knot mattress suture bridge repair 68,561 14,184

Patch 1-knot simple suture bridge repair Marlow model / C3D4 116,270 26,398
1-knot mattress suture bridge repair 57,767 13,890
2-knot mattress suture bridge repair 27,302 6988

Suture 1-knot simple suture bridge repair Marlow model / C3D8 3408 4775
1-knot mattress suture bridge repair 4144 5702
2-knot mattress suture bridge repair 8288 11,404

Fig. 2. Force–displacement curves of the supraspinatus tendon. The green line 
is the curve obtained from the finite element simulation test, and the black line 
is the average force–displacement curve of the experimental test. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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condition of 2-mattress suture bridge repair, the suture passed through 
the tendon four times, and the stress was mainly concentrated on the two 
outer needle holes (Fig. 5c).

4. Discussion

In this study, a normal shoulder joint FE model was constructed, 
followed by a model of a full-thickness supraspinatus tendon tear with 
retraction. Based on this, patch-bridge reconstructions with different 
types and numbers of sutures were simulated, and the maximum failure 
load, stress distribution of each model under different conditions were 
compared. The results demonstrated that the patch first failed at the 
suture where the thread passed through the patch, and the maximum 
ultimate load of the patch was achieved with the 2-knot mattress suture 
bridge repair.

Each of the three suturing methods evaluated in this study—1-knot 
simple, 1-knot mattress, and 2-knot mattress—has its own advantages 
and limitations. The 1-knot simple suture is technically easier to perform 
and less time-consuming, but it provides lower ultimate failure load, 
making it less suitable for high-stress repairs. The 1-knot mattress suture 
offers a balance between ease of use and mechanical strength, but its 
failure load is still lower compared to more complex methods. The 2- 

Fig. 3. Force–displacement curves and failure modes of each suture pattern. a) Analyses of 1-knot simple suture bridge repair. b) Analyses of 1-knot mattress suture 
bridge repair. c) Analyses of 2-knot mattress suture bridge repair.

Table 2 
Ultimate failure load and failure position of bridge repair with different suture 
patterns.

Suture patterns Ultimate failure 
load (N)

Failure position

1-knot simple suture 
bridge repair

67.5 Tendon stump side of the patch

1-knot mattress suture 
bridge repair

71.3 Tendon stump side of the patch

2-knot mattress suture 
bridge repair

81.5 Humerus and suture anchors’ 
side of the patch
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knot mattress suture, while more technically demanding, provided the 
highest ultimate failure load and better stress distribution, making it the 
most effective option for restoring mechanical integrity in patch- 
bridging repairs. Future studies could further explore how these sutur
ing techniques perform under different clinical conditions and how they 
affect long-term healing outcomes.

The type and number of sutures influenced the maximum load on the 
rotator cuff and patch. The tendon end of the rotator cuff can be sutured 
in many ways, such as simple, mattress, Mason–Allen, and Kessler su
tures. This study compared common and simple methods of using simple 
and mattress sutures. Gerber et al. tested the maximum load of the ro
tator cuff using different suture techniques in a sheep infraspinatus 
specimen and reported that the maximum load of the 2-knot mattress 
suture was significantly higher than that of simple sutures.26

Additionally, as the number of sutures increased, the maximum load did 
not increase proportionally, which was similar to the FEA results.

Previous studies have reported significant differences in the biome
chanical outcomes of bridging patch repair, which may be influenced by 
the testing methods, patch size, and patch type.27–29 Most previous 
studies only reported on parameters such as ultimate load, stiffness, and 
elastic modulus; however, both patches and tendons are viscoelastic 
materials, and the actual stress–strain curves are not completely linear, 
particularly in the region of plastic deformation beyond the elastic limit, 
where tearing may occur,30 thus making it difficult to directly use 
published data for FEA.

In this study, the Marlow constitutive model was used to fit the 
measured tendon force–displacement curve to better explore the failure 
modes of the bridged patch after suture repair. The material parameters 

Fig. 4. Contour plots of the stress of the patch. a) Stress distribution patterns of the patch in the 1-knot simple suture bridge repair. b) Stress distribution patterns of 
the patch in the 1-knot mattress suture bridge repair. c) Stress distribution patterns of the patch in the 2-knot mattress suture bridge repair.

Fig. 5. Contour plots of the stress of the tendon stump. a) Stress distribution patterns of the tendon stump in the 1-knot simple suture bridge repair. b) Stress 
distribution patterns of the tendon stump in the 1-knot mattress suture bridge repair. c) Stress distribution patterns of the tendon stump in the 2-knot mattress suture 
bridge repair.
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were adjusted such that the stress and strain were more closely aligned 
with the actual situation. The patch parameters were set consistent with 
the tendon to ensure that the patch failed before the residual tendon. In 
previous studies, patch failure modes were divided into two types28: 
suture pull-out from the patch material and patch tearing while the 
suture remained on the patch. The former is further divided into three 
forms as follows: isthmus pull-out, side pull-out, and end pull-out, with 
the isthmus pull-out being the most common. This study demonstrated 
that as the muscle contraction displacement increased, the main failure 
mode of the patch was parallel cutting in the direction of the tendon 
when using simple sutures and button-like tear-out or the so-called 
isthmus pull-out in the direction perpendicular to the tendon when 
using mattress sutures, which was consistent with the results of previous 
biomechanical studies.28,31 Meanwhile, the stress concentration and 
first failure position of the patch were both at the suture, whereas the 
stress in other parts was smaller, indicating that increasing the me
chanical strength of the contact site between the suture and patch should 
be especially considered when designing a bridged shoulder patch. 
Currently, common reinforcement methods include local thickening, use 
of composite materials, and special weaving. The effectiveness of the 
patch reinforcement design can be evaluated by testing a specific patch 
and assigning the patch material properties to the FE model.

As biomechanical studies have shown, suture techniques play a 
critical role in the success of rotator cuff repairs. In previous study, the 
ultimate load of the single simple suture (47.1 ± 23.0 N) and the 1-knot 
mattress suture (67.1 ± 27.7 N) was evaluated based on the biome
chanical test.32 These failure loads and failure modes are consistent with 
our FEA results, emphasizing the importance of analyzing optimal su
ture techniques to improve tendon stability and reduce the risk of 
postoperative retears. Therefore, careful consideration of suture 
methods is crucial for optimizing surgical outcomes and enhancing pa
tient recovery, and the reliability of the FEA results in this study sup
ports this conclusion.

It should be noted that the maximum load analyzed by FEA in this 
study was only simulated data immediately postoperatively, and the 
subsequent in vivo healing process had a significant impact on the 
biomechanics. In a review, Sunwoo has reported that after completing 
bridge patch repair, the maximum load and stiffness of the reconstructed 
rotator cuff increased with time and the healing process.27 Kimura used 
PTFE patches for bridge patch repair to compare them with the dog 
infraspinatus bridge patch repair model, and the maximum load 12 
weeks postoperatively was significantly higher than that immediately 
postoperatively (12 weeks vs. time 0, 307 N vs. 61 N).33 Adams obtained 
similar results using acellular dermal matrix patches (12 weeks vs. time 
0, 539 N vs. 63 N).34 However, the increase in mechanical strength of the 
small intestine submucosa patches was smaller than that of the other 
patches (6 months vs. time 0, 85 N vs. 31 N), and was significantly lower 
than that of the normal tendons.35 Therefore, the FEA mainly provides a 
reference for patch design and surgical operations, and specific patch 
and suture methods need to be further verified in vivo.

The FE model constructed in this study has several advantages. First, 
unlike previous FEAs that often used linear structures to simulate mus
cles and assigned a single elastic modulus value, this study not only 
constructed a three-dimensional solid structure of the supraspinatus 
muscle, but also used the Marlow constitutive model to fit the force
–displacement curve of the tendon and suture to provide different elastic 
moduli to the tendon under different stretching displacements, which is 
closer to the actual biomechanical properties of the tissue and has a 
higher degree of simulation. Second, the suture conditions were based 
on real clinical surgical procedures, and the suture parameters were 
based on the products used in the clinic. Detailed simulation calculations 
and analyses of different surgical sutures provide reference values for 
optimizing the surgical approach. Finally, this model can be reused 
multiple times, and by simply modifying the parameters, it can simulate 
and test the mechanical properties of patch materials with different 
material properties under different suture conditions. Moreover, it can 

provide a reference for patch design and a means of simulated testing for 
patch-finished products.

This study had several limitations. First, the model constructed in 
this study was based on only one healthy volunteer, which could not 
avoid the influence of individual differences. Second, rabbit tendons 
were used to simulate human tendon parameters. Differences in the 
material properties of tendons across species or the type of suturing 
techniques employed may contribute to the variation in biomechanical 
outcomes. In future research, tendons corresponding to age and disease 
should be collected and tested, and the influence of sex should be 
considered to obtain more accurate analysis results. Furthermore, this 
study only analyzed the failure mode under direct tension and did not 
consider the fatigue failure mode under low-load cyclic loading. In 
future studies, the fatigue life of different products, surgical procedures 
and other variations in experimental setup should be analyzed according 
to postoperative activity levels in humans. While other repair techniques 
and factors could be explored in clinical practice, this study focused on 
using FEA technology to provide an in-depth analysis of stress distri
bution and simulated failure across three patch-bridging reconstruction 
models for rotator cuff repair. This analysis offers valuable insights that 
could help inform the selection of suturing techniques in clinical 
settings.

5. Conclusion

An FE model for the patch bridging reconstruction of MRCTs was 
established, and it was verified that patch bridging could restore the 
mechanical integrity of the rotator cuff. Among the conditions investi
gated in this study, the 2-knot mattress suture was optimal for patch- 
bridging reconstruction of MRCTs. This study provides a theoretical 
basis for optimizing RCT treatments of rotator cuff tears using patch 
grafts.
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