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Background: The suture-tendon interface turned out to be the weak point of a repaired rotator cuff. A 
double rip-stop (DRS) technique was developed to enhance the strength of the suture-tendon interface. The 
first aim of this study was to compare the suture-tendon interface strength between mesh suture and the No. 2  
FiberWire (FW), which is commonly used in the clinic. The second aim was to compare the biomechanical 
properties of rotator cuff repair between mesh suture and No. 2 FiberWire using a typical suture-bridge (SB) 
and DRS techniques.
Methods: Eighteen porcine subscapularis tendon (SST) was randomly assigned to the Mesh-tendon group 
and FiberWire-tendon group. A single suture loop was passed through the SST with a Mesh suture or 
FiberWire. Thirty-two infraspinatus tendons (ISTs) were randomly assigned to four groups: SB-Mesh group: 
SB technique with Mesh suture, SB-FW group: SB technique with FiberWire, DRS-Mesh group: DRS 
technique with Mesh suture, and DRS-FW group: DRS technique with FiberWire. All repaired specimens 
were underwent failure testing. Failure modes, load to create a 3-mm gap, failure load, and stiffness were 
compared. 
Results: There were no significant differences between the Mesh-tendon group and FiberWire-tendon 
group regarding the failure load, stiffness, and ultimate stress. When the same technique was used, the 
rotator cuff repaired with a mesh suture had the similar load to create a 3-mm gap, failure load, and stiffness 
compared with FiberWire. When the same suture was used, the DRS technique had a significantly higher 
load to create a 3-mm gap formation and failure load compared with the SB technique. 
Conclusions: The repair failure strength and stiffness using the mesh suture were similar to the FiberWire 
suture regardless of the repair techniques. However, the repair strength in the DRS technique was 
significantly stronger than the SB technique when the same suture material was used.
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Introduction

The incidence of rotator cuff tears increases along with 
age (1). Surgical repairs are often needed to reattach the 
torn tendon to its bony insertion. With the development of 
surgical techniques, most rotator cuff tears are repaired with 
the arthroscopic approach. However, the tendon healing 
capacity decreases with age increased (2,3). Boileau et al. 
reported that the healing rate was only 43% for patients older 
than 65 years after single-row repair (2). Meanwhile, the poor 
quality of rotator cuff tendon is also related to the high retear 
rate after repair (4). Whereas many biologic augmentations 
such as scaffolds, bioactive factors, and stem cells have been 
widely investigated, the results are controversial (5-11). This 
indicated that the high retear rate could not be fully ascribed 
to poor biological healing after rotator cuff repair. Due to 
delayed healing in the elderly, the primary fixation strength 
after surgery becomes crucial to maintain the repair integrity 
for the healing process. Anchors, suture materials, as well as 
suture configuration have been shown to play an important 
role in the primary fixation strength (12-14).

Recently, a mesh suture proposed for abdominal wall 
repair showed promising results with improved early 
strength (15-18). Afterwards, mesh suture has been 
investigated in the human cadaveric flexor tendons and 
the canine cadaveric rotator cuff repair (19,20). Zhang 
et al. showed that rotator cuff repaired with a mesh suture 
significantly increased the failure load compared to the 
traditional polydioxanone suture II or FiberWire sutures (19). 
However, the study by Zhang et al. used transosseous technique 
rather than the suture anchor system, which is commonly used 
for arthroscopic surgery. Whether suture anchors could be 
loaded with mesh suture and used for rotator cuff repair have 
not been studied. The suture bridge (SB) technique has been 
widely used for rotator cuff repair in arthroscopic surgery. 
However, many biomechanical studies showed that the 
repaired tendon was cut through by the suture during the 
failure test (21,22). In order to enhance the suture-tendon 
interface, “rip-stop” configuration was developed and showed 
stronger biomechanical performance (23-25). Previously, 
the rip-stop structure was created on the bursal side of the 
tendon during a rotator cuff surgery procedure. Here we 
modified the current “rip-stop” technique and developed 
a double rip-stop (DRS) technique to further enhance the 
strength of suture-tendon interface. Therefore, the first aim 
of this study was to compare the suture-tendon interface 
strength between mesh suture and the No. 2 FiberWire, 
which is commonly used in the clinic. The second aim was 

to compare the biomechanical properties of the rotator cuff 
repair between the mesh suture and No. 2 FiberWire using 
two repair techniques (SB and DRS). The hypothesis is that 
the mesh suture has better biomechanical performance on the 
suture-tendon interface compared to the No. 2 FiberWire, 
and the rotator cuff repaired with Mesh suture had better 
biomechanical properties than the No. 2 FiberWire, 
regardless of repair technique. We present the following 
article in accordance with the MDAR reporting checklist 
(available at http://dx.doi.org/10.21037/atm-20-1065).

Methods
 

Study design

Thirty-two shoulders were harvested from mature pigs 
(average weight, 60 kg) and sacrificed for other studies, 
which was approved by the Institutional Animal Care and 
Use Committee. This study was carried out in two parts. 
Part 1: eighteen subscapularis tendons (SSTs) were randomly 
assigned to a 0 sized mesh suture or a No. 2 FiberWire suture. 
A single suture loop was placed through the SST, followed 
by biomechanical testing (Figure 1). Part 2: thirty-two 
infraspinatus tendons (ISTs) were used for rotator cuff repair 
and randomly assigned to four groups. Then the repaired 
rotator cuffs were biomechanically tested (Figure 1).

Sutures

Duramesh Suturable Mesh was provided by Mesh Suture 
Inc., Dorado, PR. Mesh suture has a cylindrical hollow 
and cylindrical shape and is fabricated by braiding twelve 
slender polypropylene filaments which are approximately 
125 microns in diameter. Each filament is bonded to the 
others at every contact point (20) with the final outer 
diameter of unstressed suture measuring 2.59 mm. The 
open structure of the mesh suture allows the filaments 
to collapse at the knot to limit its size. No. 2 FiberWire 
(Arthrex, Naples, FL) consists of a core of several small 
individual strands of polyethylene covered with braided 
polyester suture material. The diameter of No. 2 FiberWire 
is 0.69 mm (26). After a rotator cuff repair, the diameter of 
0 sized mesh suture decreased to about 1 mm. 

Part 1

Suture-tendon specimen preparation
After the SST was identified and carefully isolated, the SST 

http://dx.doi.org/10.21037/atm-20-1065
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Figure 1 Flow chart of the study design. SB, suture bridge technique; DRS, double rip-stop technique.

Figure 2 Biomechanical testing setup for suture-tendon specimens of No. 2 FiberWire group (A) and Mesh suture group (B). * denotes the 
custom-made clamp.

A B

was sharply transected at the bony insertion site. The thin 
part of SST on the insertion was trimmed. Either Mesh 
suture (size 0) or No. 2 FiberWire was passed in a simple 
fashion through the SST at 1 cm from the tendon edge 
(Figure 2). Five square knots were tied to form a 3-cm suture 
loop (12,13). The thickness of the SST at the entry where 
the suture passed through and the length between the suture 

entry and the SST edge were measured with a digital caliper 
(Johnson Level & Tool Mfg. Co., Inc. WI, USA). 

Biomechanical testing
The suture-tendon specimens were loaded to the MTS 
system (MTS-312, Eden Prairie, Minnesota). The 
subscapularis muscle was gripped in a custom-made 
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clamp and frozen by liquid CO2 (Figure 2). All samples 
were loaded to failure at a rate of 3 mm/s (27). Load-
displacement was recorded and failure load was defined as 
the peak force recorded. Stiffness was calculated from the 
slope of the linear region of the load-displacement curve. 
The ultimate stress was calculated by dividing the failure 
load with the area of tendon spanned by suture. The failure 
modes were recorded for each specimen. The tendon 
tissues were kept moist using isotonic saline (0.9% sodium 
chloride). 

Part 2

Rotator cuff repair
The IST was then sharply dissected with a scalpel from its 
bony insertion on the greater tuberosity to simulate a full-
thickness rotator cuff tear (28-31). The tendon thickness 
and the footprint dimensions at the distal and proximal end 
of the bony insertion were obtained with a digital caliper. 
The IST tendons were randomly assigned to four groups: 
(I) suture bridge technique with mesh suture (SB-Mesh) 
group; (II) suture bridge technique with No. 2 FiberWire 
(SB-FW) group; (III) DRS technique with Mesh suture 
(DRS-Mesh) group; and (IV) DRS technique with No. 2 
FiberWire (DRS-FW) group. Two 4.5-mm medial suture 
anchors (BioComposite Corkscrew FT Anchor, loaded with 
No. 2 FiberWire, Arthrex, Naples, FL) and two 3.5-mm 
lateral anchors (BioComposite Pushlock, Arthrex, Naples, 
FL) were used for each repair. The tendon tissues were kept 
moist using isotonic saline (0.9% sodium chloride).

Suture bridge technique with No. 2 FiberWire or mesh 
suture
The SB repair was performed per the manufacturer’s 
instructions. For the SB-FW group, two 4.5-mm medial 
anchors were inserted laterally to the articular margin, 
10 mm apart in the superior-inferior dimension, in a 45º 
deadman’s angle (32). The IST was reduced and perforated 
12–14 mm medially by two suture limbs of each anchor. 
One suture limb from each of the medial row anchors 
was secured to the greater tuberosity with two knotless 
PushLock anchors. The lateral row anchors were inserted 
20mm lateral from the medial anchors (Figure 3A). The 
sutures were pre-tensioned with the slits of the driver for 
the Pushlock anchor before lateral row fixation.

For the SB-Mesh group, the No. 2 FiberWire in the 
suture anchor was replaced with a mesh suture, then the 
IST was repaired in the same way as the SB-FW group 
(Figure 3B).
DRS technique with No. 2 FiberWire or mesh suture 
group
The medial row anchors were placed as described in SB 
repair (Figure 4A). After two suture limbs from one anchor 
passing through the tendon (Figure 4B), one limb passed 
the tendon from the bursal surface to the articular surface 
(Figure 4C). A loop was formed on the surface of the 
tendon (Figure 4C). After passing laterally from the anchor  
(Figure 4D), this limb passed through the tendon from the 
articular surface to the bursal surface (Figure 4E). A rip-
stop was formed at the articular surface. Finally, this limb 
passed through the loop to develop the second rip-stop  

A B

Figure 3 Final configuration of the suture bridge technique using a No. 2 FiberWire (A) and mesh suture (B).
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Figure 4 Surgical procedure and final configuration of the double rip-stop technique. Two medical anchors were inserted at the articular 
margin (A). Suture limbs of each anchor passed through the tendon (B). Then one limb passed the tendon from bursal surface to articular 
surface (C) to form a loop on the surface of the tendon (C). After passing laterally from the anchor (D), this limb passed through the tendon 
from articular surface to bursal surface (E). A rip-stop was formed at the articular surface (D). Finally, this limb passed through the loop to 
develop the second rip-stop (F). The sutures from the other anchor perforated the tendon in the same way. Thus, two rip-stops were formed 
on at the articular side (D), as well as the bursal side (F). The establishment of the lateral row was the same as the SB repair. The final 
configuration of double rip-stop technique using a No. 2 FiberWire (G) and a mesh suture (H). Black arrows denote the rip-stop. Blue and 
red arrows denote the direction of suture passing through tendon for the blue and white suture limb respectively. 
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(Figure 4F). The sutures from the other anchor perforated 
the tendon in the same way. Thus, two rip-stops were formed 
on at the articular side (Figure 4D), as well as the bursal side  
(Figure 4F). The establishment of the lateral row was the 
same as the SB repair (Figure 4G,H).

Biomechanical testing
After the rotator cuff repair, the humerus was mounted 
into a plastic tube with bone cement and positioned to 
a vertical load application in the MTS system (MTS-
312, Eden Prairie, Minnesota). The infraspinatus muscle 
was gripped in the same way as the subscapularis muscle. 
Before biomechanical testing, the specimen was marked at 
(I) medially to the medial row, (II) in between both suture 
rows, and (III) to the greater tuberosity. The repaired 
rotator cuff specimens were loaded to failure at a rate of 
50 mm/min. Load-displacement was recorded and failure 
load was defined, as the peak force recorded. Stiffness was 
calculated from the slope of the linear region of the load-
displacement curve. The failure modes were recorded for 
each specimen. During the failure testing, videos were 
recorded for each specimen and processed with Image J.

Statistical analysis

Continuous data were presented as the mean ± standard 
deviation (19). The Student t-test was used to compare 
the SST thickness, distance between the suture entry, and 
SST tendon edge, failure load, stiffness, and ultimate stress 
between the mesh suture-tendon group and FiberWire-
tendon group. The two-way ANOVA with Bonferroni test 
was used to compare the footprint and tendon dimension 
of IST, failure load, stiffness, and load to form a 3-mm gap 
among the rotator cuff repaired groups. Fisher’s exact test 
was used to compare the incidence rate of failure modes. 
The level of significance was set at P<0.05.

Results

Suture-tendon specimens

Specimen consistency
There was no significant difference between the mesh 
suture and the No. 2 FiberWire groups, with respect to the 
tendon thickness at the site of the suture passing through, 
the distance between the suture entry site and tendon edge, 
and the cross-section area of tendon (Table 1).

Biomechanical properties
All suture-tendon specimens were failed by the suture 
cutting through the SST. The failure load of the Mesh 
suture group was 54.1±22.5 and 53.6±15.2 N for FiberWire 
group. The stiffness of the Mesh suture group was 2.4±0.5 
and 2.6±1.2 N/mm for FiberWire group. The ultimate 
stress of the mesh suture group was 2.4±0.9 and 2.6± 
0.7 MPa for FiberWire group. There was no significant 
difference between the mesh suture and the FiberWire 
groups regarding the failure load, stiffness, and ultimate 
stress (Figure 5).

Repaired rotator cuff specimens

Footprint dimensions and tendon thickness
There were no grossly abnormal anatomies found in all the 
samples. There was no significant difference among the four 
groups (P>0.05) regarding the tendon thickness, footprint 
dimensions, or insertional areas (Table 2).

Biomechanical properties

Load to create 3 mm of gap formation
The mean load to create a 3-mm gap between the markers 
on the medial tendon and the humerus was 57.0±19.6 N 
for the SB-Mesh group, 80.8±20.1 N for SB-FW group, 
108.3±53.9 N for the DRS-Mesh group, and 126.9±32.5 N  
for the DRS-FW group (Figure 6A). There was no 
significant difference between the mesh and the FiberWire 
groups when the same suture technique was used. However, 
the DRS technique significantly improved the repair 
strength compared to the SB technique regardless of the 
suture materials (P<0.05 for all).

Modes of failure
The failure modes of the repaired rotator cuff were 
summarized in Table 3. All samples in the SB-FW and SB-

Table 1 Measurement of suture-tendon specimens

Variable Mesh suture FiberWire P value

Tendon thickness (mm) 1.88±0.27 1.96±0.22 0.56

Distance between suture 
entry and tendon edge (mm)

10.90±0.95 10.75±0.34 0.67

Area of tendon spanned by 
suture (mm2)

20.39±2.73 21.03±2.67 0.65

Data were shown as mean ± standard deviation.
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Mesh groups were failed due to the suture cutting through the 
tendon, except one specimen in the SB-Mesh group, which 
failed by suture breakage. Four samples in the DRS-FW group 
failed by tendon rupture at the medial row rather than suture 
cutting through the tendon. Three samples in the DRS-FW 
group were failed by anchor pullout and one failed by the 
suture cutting the medial row anchor. Suture breakage turned 
out to be the most frequent failure mode in the DRS-Mesh 
group, with six out of eight specimens. Two samples in the 
DRS-Mesh group failed by tendon rupture at the medial row.

If we combine the modes of suture-cutting through 
tendon and tendon rupture as suture-tendon disconnection, 
the incidence rate of suture-tendon disconnection was 
100% for the SB-FW group, 87.5% for SB-Mesh group, 
50% for the DRS-FW group, and 25% for the DRS-Mesh 
group. With the same suture used for the rotator cuff repair, 
the incidence rate of suture-tendon disconnection was 
56.25% for mesh suture and 75.00% for the FiberWire. No 

significant difference was observed between the mesh suture 
and the FiberWire. With the same technique used for the 
rotator cuff repair, the incidence rate of the suture-tendon 
disconnection for SB technique (93.75%) was significantly 
higher than that of DRS technique (37.50%, P<0.01).

Maximum load to tensile failure
The failure load was 168.0±72.4 N for the SB-Mesh group, 
145.5±35.0 N for the SB-FW group, 259.4±60.5 N for 
the DRS-Mesh group, and 272.5±74.6 N for the DRS-
FW group (Figure 6B). No significant difference was found 
between the SB-Mesh and SB-FW groups nor the DRS-
Mesh and DRS-FW groups (Figure 6B). The failure load was 
significantly increased when the rotator cuff was repaired 
with DRS compared with the SB technique (P<0.05 for all). 

Stiffness 
The stiffness was 11.1±5.2 N/mm for the SB-Mesh group, 
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Figure 5 Comparison of the failure load (A), stiffness (B), and ultimate stress (C) of mesh suture-tendon group and the No. 2 FiberWire-
tendon group. Data were shown as mean ± standard deviation. FW, FiberWire. 

Table 2 Footprint and tendon dimensions for each technique

Technique Tendon caliber medially (mm)
Tendon caliber  
laterally (mm)

Footprint  
width (mm)

Footprint  
length (mm)

Insertional  
area (mm2)

SB-Mesh 3.61±0.22 1.35±0.15 13.82±0.92 20.72±1.58 287.02±36.78

SB-FW 3.37±0.38 1.23±0.12 14.34±1.13 19.69±0.79 282.45±26.63

DSR-Mesh 3.40±0.23 1.16±0.22 14.22±0.93 20.03±0.96 285.21±26.66

DSR-FW 3.55±0.52 1.37±0.22 14.50±0.65 19.96±0.86 289.52±20.75

Data were shown as mean ± standard deviation. SB, suture-bridge; DRS, double rip-stop; FW, FiberWire.
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13.6±4.6 N/mm for the SB-FW group, 16.5±5.6 N/mm 
for the DRS-Mesh group, and 18.9±6.5 N/mm for the 
DRS-FW group (Figure 6C). No significant difference was 
observed between the SB-Mesh group and the SB-FW 
group nor the DRS-Mesh group and the DRS-FW group.

Discussion

In this current study, the results showed that the mesh 
suture had similar biomechanical effects on the suture-
tendon interface compared with No. 2 FiberWire with 
respect to failure load, stiffness, and ultimate stress. 
Furthermore, the repaired rotator cuff utilizing mesh suture 
demonstrated equivalent load to create a 3-mm gap, failure 
load, and stiffness compared with the No. 2 FiberWire 
under the condition that the same repair technique was 
applied. These are important findings, as repairs with a 
mesh suture have been found in in vivo animal models to 
improve over time with the ability of tissues to integrate 
around the filaments and into the body of the device (16). 
In comparison, as is well known, standard sutures tend to 
loosen immediately after placement due to softening of the 
tissues that they are holding. 

Surgical techniques of rotator cuff repair have been 
developed over the last two decades. Many studies 
reported that the clinical outcome has been improved 
after surgery regarding pain relief and range of shoulder 
motion (14,33-36). The retear rate was reported regardless 
of the repair techniques (37-39). Therefore, efforts are 
still needed to improve the healing rate and to reduce the 
retear rate after rotator cuff repair surgery. The common 
failure modes observed in repaired rotator cuff include 
suture breakage, suture cutting through the tendon, suture-
anchor disconnection, knot failure, and anchor pull-out from 
the bone (40). With significant advancement in the anchor 
and suture materials, the suture-tendon interface has been 
shown as the weakest point, resulting in the suture-tendon 
interface failure as the most common failure mode of the 
repaired rotator cuff (31,41,42). Bisson et al. investigated 
the influence of different suture materials on biomechanical 
properties of suture-interface using a simple suture loop-
tendon model (12). The results indicated that the suture 
material would influence early gap formation (12). However, 
in the present study, the type of suture materials did not 
influence the biomechanical properties of suture-tendon 
interface with the suture loop-tendon model. The possible 

Figure 6 Comparison of the load to form a 3-mm gap (A), failure load (B), and stiffness (C) of the rotator cuff repaired with a mesh suture 
or a No. 2 FiberWire using a suture bridge and double rip-stop technique. SB, suture bridge; DRS, double rip-stop technique. *, P<0.05; ***, 
P<0.001.
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Table 3 Failure modes of repaired rotator cuff

Groups
Suture cutting  

through tendon
Tendon rupture Anchor pullout Suture breakage Suture anchor disconnection Total number

SB-FW 8 – – – – 8

SB-Mesh 7 – – 1 – 8

DRS-FW – 4 3 – 1 8

DRS-Mesh – 2 – 6 – 8

SB, suture bridge; DRS, double rip-stop technique; FW, FiberWire.
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reason was that the testing protocols used in the present and 
Bisson’s studies were different. In Bisson’s study, cyclic load 
testing was first performed then followed by failure load 
testing. In the present study, all the specimens were directly 
loaded to failure. Although there were significant differences 
among the groups regarding to the stiffness and peak-to-
peak displacement in Bisson’s study, the differences were 
small in magnitude. Moreover, the failure load reported in 
Bisson’s study was similar among the tested groups. 

Mesh suture is specially fabricated with a hollow 
shape. Many studies have shown promising results with 
the application of mesh suture to hernia and abdomen 
surgeries (15-18,43-45).  Afterwards,  Zhang et  al . 
assessed the biomechanical properties of three different 
suture materials including mesh suture, FiberWire, and 
polydioxanone suture II in a canine rotator cuff repair 
model (19). The results showed that the failure load of the 
rotator cuff repaired with Mesh suture was significantly 
higher than the other two groups. On the contrary, the 
current results demonstrated that there were no significant 
differences in the biomechanical properties between mesh 
suture and FiberWire under the same condition. One 
possible reason was that the testing protocol, where the 
repair constructs, was gradually loaded to failure by the 
tensiometer. The human cadaveric finger tendon study 
that showed improved outcomes using mesh suture over 
FiberWire employed a cyclic loading protocol (20). The 
other possible reason was that the diameters of mesh 
suture and FiberWire, as well as the techniques used in 
these two studies, were different. The diameter of the mesh 
suture and FiberWire used in Zhang’s study was 1.7 and 
0.35 mm, respectively, which was 2.59 and 0.69 mm in this 
current study, respectively. Meanwhile, in Zhang’s study, 
the simple interrupted and suture-bridge (SB) techniques 
were used. While in this present study, single-loop, SB, 
and DRS techniques were all assessed. The different suture 
diameters and repair techniques could contribute to the 
different results reported in these two studies. However, the 
failure load and load to create a 3-mm gap formation were 
significantly improved in the DRS technique compared with 
that of the SB technique when the same suture material was 
used. Furthermore, when the same technique was applied, 
the suture-tendon disconnection of SB technique was 
significantly higher than the DRS technique. This implied 
that the DRS technique enhanced the strength of the 
suture-tendon interface at the medial row and transferred 
the weak point of suture-tendon interface compared with 
the SB technique, thus increasing the initial repair strength. 

The results of this current study were consistent with the 
previous study (25). Wu et al. reported that with a single 
rip-stop configuration, the failure load and stiffness were 
significantly improved compared with SB technique (25). 
However, the DRS technique takes more time than the 
commonly used SB technique. Whether it is worth the 
extra time to achieve the better biomechanical properties of 
the DRS technique needs further study. Weather the DRS 
could be performed arthroscopically also needs further 
investigation.

We acknowledged that there are some limitations for 
this current study. First, this current study tested the 
suture-tendon specimens and repaired rotator cuff at 
time zero. The rotator cuff healing after repair in vivo is a 
complicated biological process. Though the mesh suture 
has been shown to incorporate thereby creating a scar 
scaffold for healing (16), whether the mesh suture could 
improve the rotator cuff healing in vivo needs to be further 
studied. Second, the 0 sized mesh suture was chosen for 
the repair. It is possible that a larger sized mesh suture, 
or a mesh suture with thicker polypropylene filaments 
designed for orthopedic indications, would have improved 
outcomes in this ex vivo model. Third, the use of a porcine 
model limits the direct translation of our results to human 
rotator cuff repairs. Since the quality of human specimens 
is hard to control, the use of porcine rotator cuff had better 
consistency with easier availability. This would be helpful 
to reduce the unknown factors caused by tendon quality. 
Fourth, as mentioned above, the failure testing without 
cyclic testing was not tested. Though the cyclic testing 
was more likely to simulate the shoulder movement, the 
initial strength after repair still played an important role to 
reduce retear in the early motion. All the repaired rotator 
cuff specimens were tested under the same condition, so 
the influence of the suture materials on the specimens was 
comparable and convincible. 

Conclusions

The repair failure strength and stiffness using the mesh 
suture were similar to the FiberWire suture regardless 
of the repair techniques. However, the repair strength in 
the DRS technique was significantly stronger than the SB 
technique when the same suture material was used. 
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