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Abstract

Purpose—Approximately 348,000 ventral hernia repairs are performed annually in the United
States and the incisional hernia recurrence rate is approximately 20% as a result of suture and
mesh device failure. Device failure is related to changes at the suture/tissue interface that leads to
acute or chronic suture pull-through and surgical failure. To better manage mechanical tension, we
propose a modified mesh design with extensions and demonstrate its mechanical superiority.

Methods—Comparative uniaxial static tensile testing was conducted on polypropylene suture
and a modified mesh. Subsequently, a standard of care (SOC) mesh and modified mesh were
evaluated using a tensometer in an acute hernia bench-top model.

Results—Modified mesh breaking strength, extension knot breaking strength, extension
disruption, and extension anchoring were superior to suture (p<0.05). Modified mesh ultimate
tensile strength of anchoring was superior to SOC mesh (p<0.05). Various stitch patterns and
modifications in device design significantly improved device tension-free performance far beyond
clinically relevant benchmarks (p<0.05).

Conclusions—Testing demonstrates that the modified mesh outperforms SOC mesh and suture
in all tested failure modes. SOC hernia mesh tears through tissue at stress levels below maximum
physiologic stress, whereas, the modified hernia mesh is up to 200% stronger than SOC mesh at
resisting suture tearing through tissue and maintains anchoring at stresses far beyond clinically
relevant benchmarks. Modifying hernia mesh design significantly improves device mechanical
performance and enhances tension-free repair.

Introduction

A hernia is the protrusion of an organ or tissue through a defect in the surrounding walls.
Hernias are caused by excessive abdominal tension and occur in 10-30% of patients
following laparotomy (Bhangu et al., 2012; Le Huu Nho et al., 2012; Pauli and Rosen, 2013;
Sanders and Kingsnorth, 2012; Wechter et al., 2005). Surgeons have two options to perform
ventral hernia repair; sutures alone to approximate the fascia or sutures with mesh to
approximate the fascia and provide further bolster support. Both approaches aim to
counteract tension by distributing forces over a broader surface area and also shifting the
forces laterally for a successful hernia repair. In fact, several studies have shown that hernia
repair with mesh is significantly better at preventing hernia recurrence than sutures alone.
Use of sutures alone to repair hernia results in a hernia recurrence rate of approximately 30—
50% (George and Ellis, 1986; Lamont and Ellis, 1988; Luijendijk et al., 2000) and the
addition of mesh further reduces recurrence rates to approximately 20% (Fischer and Turner,
1974; George and Ellis, 1986; Hesselink et al., 1993; Korenkov et al., 2002; Luijendijk et al.,
2000; Read and Yoder, 1989; Richards et al., 1983).
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Since the first use of synthetic meshes in the 1960s, a variety of meshes, were designed with
different materials and structures. The textile properties of a mesh determine its
biomechanical behavior and affect the mechanical response of the repaired abdominal wall
(Todros et al., 2017). Synthetic meshes can be classified into two general categories: non-
absorbable and absorbable meshes (Deeken and Matthews, 2013). The advantage of non-
absorbable devices is that they permanently anchor tissue. The disadvantage is that they may
produce a prolonged foreign body response, cause chronic pain, or at risk for infection over
the long term. The advantage of absorbable devices is that most of them are resorbed by 6—
18 months (Pierce et al., 2009), while their main disadvantage is that they lose their
mechanical properties as they degrade.

Understanding how a hernia mesh performs mechanically to mitigate stress from patient
motion or increased intra-abdominal pressure is fundamental to understanding which meshes
should be used for hernia repair and how these meshes should be applied. Successful
distribution of mechanical stress laterally relates to how well the mesh and the mesh/tissue
anchor points perform under tension (Carlson, 1997). The proper fixation of the mesh is
important to prevent the recurrence. The number of fixation sites is another important factor.
To a certain extent, increasing the number of fixation sites reduces the maximal force per
single fixation point. However, as was shown by M. van’t Riet et al, the addition of more
than three fixation points per 7 cm of length did not lead to a further increase in bursting
strength (van't Riet et al., 2002)

The performance of mesh and the mesh-tissue anchor points relate to deformability and
ultimate tensile strength (UTS), where UTS is the maximum amount of stress that a material
can absorb prior to failing. A mesh whose deformability matches the abdominal walls’
deformability will perform well (Brown and Finch, 2010; Cobb et al., 2009). The UTS of
mesh and the mesh/tissue anchor point need to exceed 16N/cm because this is the maximum
amount of force placed on the abdominal wall (clinical benchmark for success) (Brown and
Finch, 2010; Deeken et al., 2011; Junge et al., 2001; Klinge et al., 1996; Klinge et al., 1998;
Melman et al., 2011). The UTS of moderate and heavy weight meshes exceeds 16N/cm;
however, changes at the suture/tissue interface will lead to acute or chronic suture pull-
through and surgical failure, which is why coughing or ileus frequently lead to mesh
dehiscence and subsequent hernia recurrence, Therefore, mesh hernia repair failure often
results from the separation of the mesh—fascia interface; not the mesh failing (Bilsel and
Abci, 2012; Brown and Finch, 2010; Lanier et al., 2016). The UTS of mesh/tissue anchor
points is determined by patient factors such as obesity, diabetes, smoking, collagen
disorders, multiple operations, and steroids and it is also determined by the mesh/tissue
anchor point area, since tension (o)=force (F)/area (A); the larger the anchor point area the
smaller the tension experienced by the anchor point (Fischer and Turner, 1974; George and
Ellis, 1986; Varghese et al., 2002). The structure of the mesh determines the
physicomechanical properties of the device. Rigid structures and stiff materials, for example,
will not absorb tension or dissipate force (Brown and Finch, 2010; Cohb et al., 2009). The
physical properties of a knitted hernia mesh are characterized as mesh thickness, filament
thickness, filament density, and pore size. The mechanical properties are measured by
testing ball burst, suture retention, tear resistance, and stress resistance (Brown and Finch,
2010; Cobb et al., 2009; Deeken et al., 2011). To demonstrate the relationship between
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mesh/tissue anchor point area, tension, and mesh failure, we created a mesh with increased
anchor point area.

We compared the performance of a standard of care (SOC) hernia mesh to our modified
mesh (Fig. 1) utilizing basic benchtop mechanical testing modalities. We then used a
benchtop swine hernia model to investigate the anchor point performance in both the SOC
mesh and the modified mesh. Lastly, we studied how varying application methods of the
modified mesh affected anchor point performance. In short, our investigation illustrates how
modifying mesh design and application significantly improves mesh performance across
multiple clinically relevant benchmarks.

Methods and Materials

Mechanical properties of suture versus mesh extension anchors

To compare the properties of suture and mesh extension anchors, tensile testing was
performed on suture (Surgipro, Covidien, Minneapolis, MN) and prototype mesh extensions
according to American Society for Testing and Materials (ASTM) D3822 and ASTM 5035
using a servohydraulic materials testing machine (Model 1321, Instron Corp., Norwood,
MA) (ASTM-Standard-D3822; ASTM-Standard-D5035, 2015). Stretch was applied at a rate
of 100 mm/min and load versus displacement was recorded at a sampling rate of 100 Hz.
Breaking force, knot breaking force, and suture pull out force were quantified (Fig. 2).
Details of the testing methods are in the supplementary materials section.

Swine abdominal wall bench-top model

Each mesh anchoring modality was then evaluated in a swine abdominal wall model (Feng
and Jasiuk, 2010). Details of the testing methods are in the supplementary materials section.

Standard of care: Hernia mesh anchored with simple interrupted polypropylene sutures
(n= 6 per group)

To measure the effectiveness of the SOC suture anchoring mesh, a 5.5 cm x 10 cm
rectangular mesh was secured to a hemi-dumbbell fascia-muscle slab with three simple
interrupted sutures (Fig. 3A). The sutures were placed at 1 cm intervals through the fascial
layer (5 mm deep) and secured with a surgeon’s knot and four square knots.

Modified hernia mesh anchored with mesh extensions

The modified hernia mesh was designed by cutting an Ultrapro Monocryl-Prolene
Composite Mesh (Ethicon, Inc. Somerville, NJ) with scissors such that three extensions
emanated from the body of the mesh on the lateral aspects (Fig. 1B) to assess the
performance of integral mesh extensions on anchoring hernia mesh. Extensions were not
placed cephalad caudal because hernia forces are from medial to lateral and not from medial
to cephalad or medial to caudal because of the rib cage and pelvis. The Ultrapro Monocryl-
Prolene Composite Mesh does not unravel when cut so it is appropriate for testing purposes.
Each mesh extension was loaded onto a curved Keith needle (Richard Allan Scientific
Company, Kalamazoo, MI) by threading the extension through the eye of the needle and
then using a silk suture to tie the extension to the needle (Fig. 1B). The mesh extensions
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were then sewn into the fascia layers varying stitch pattern and throw count between
experiments (Fig. 3A-3B). The stitch pattern, throw count, interspace distance between the
extensions and extension widths were then varied as described in the supplementary
materials section (Fig. 1B).

Elastic Modulus

described in the supplementary materials section

Statistical Analysis

Results

Mean and standard deviation of observations were reported. Comparisons between the
groups were assessed through Wilcoxon-Mann-Whitney test (WMW). The threshold for
declaring statistical significance was set to a = 0.05. All statistical analyses were performed
with R statistical software (Team, 2015).

Mechanical properties of suture and mesh extensions

Breaking force—(Fig. 5A) The suture had a mean breaking force of 51.8 £ 0.7 N (n=10),
while the composite mesh extension had a mean breaking force of 109.5 + 6.3 N (n=10),
indicating the mesh extension was two-fold stronger than suture (WMW-test, p<0.001). The
polypropylene suture had a mean elastic modulus of 1677 + 64.2 kPa (n=10), while the
composite mesh had a mean elastic modulus of 131 + 5.8 kPa (n=10), indicating the mesh
extension can deform to a greater extent and mitigate stress when exposed to applied force
more than suture (WMW-test, p<0.0001) (Fig. 5B).

Knot breaking force—(Fig. 5A) The suture knot had a mean breaking force of 41.6

+ 10.6 N (n=10), while the composite mesh extension knot had a mean breaking force of
81.8 + 12.5 N (n=10), indicating the mesh extension knot was nearly two fold stronger than
suture (WMW-test, p<0.0001). At failure, both the suture and the mesh extension fractured
directly adjacent to the knot. The surgeon knot never unraveled.

Suture pull-out force—(Fig. 5A) The mean force required to pull a suture through the
mesh was 33.4 £ 8.1 N (n=10), while the mean force required to detach a continuous mesh
extension from the mesh was 101.9 + 9.5 N (n=10), indicating the mesh extension requires
300% more force to pull-out from the mesh (WMW-test, p<0.0001).

Swine abdominal wall bench-top model

Simple interrupted stitch anchor point pull-out—The suture anchor point (Fig. 6A)
had a pull-out force of 87.13 N + 5.8 (n=4), while the composite mesh extension anchor
point had a pull-out force of 121.1 N + 22.5 (n=4), indicating that the mesh extension is 50%
stronger than suture (WMW-test, p=0.0286).

SOC Mesh anchoring

Hernia mesh was anchored with simple interrupted polypropylene sutures (Fig. 6B). The
mesh anchored with suture had a normalized breaking force of 12.7 £ 4.1 N/cm (n=5);
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consistently below the commonly reported 16 N/cm benchmark. We report 16 N/cm because
we seek to frame the clinical relevance of the study in relation to a relevant clinical standard
benchmark for necessary anchoring performance between suture, mesh, and tissue to
overcome intra-abdominal pressures that causes hernia. The proposed mesh is not
necessarily meant to have better mesh mechanics such as suture retention, ball burst, tensile
stress, etc. so these tests were not performed.

Hernia mesh anchored with mesh extensions

Stitch pattern—The RUN, XLOC, CON, and LIN suture patterns from Fig. 4 had mean
normalized breaking forces of 36.0 = 4.3 N/cm, 38.1 £ 9.1 N/cm, 41.5 £ 4.4 N/cm, and 27.6
+ 1.9 N/cm, respectively (n=3) (Fig. 6B). The RUN, XLOC, CON, and LIN suture patterns
all had significantly higher normalized breaking forces than suture (WMW:-test: p=0.00178
for all comparisons).

Throw count—Two throws, three throws, and four throws had normalized breaking forces
of 45.0 £ 19.9 N/cm, 71.4 £ 19.5 N/cm, and 38.1 + 9.1 N/cm, respectively (n=3) (Fig. 6B).
The TWO, THREE, and FOUR stitch counts all significantly outperformed the suture
(WMW-test: p=0.0178 for all comparisons).

Interspace distance—The 1 cm, 2 cm, and 3 cm interspaces had normalized breaking
forces of 31.8 + 10.0 N/cm, 33.3 £ 8.7 N/cm, and 24.7 £ 11.6 N/cm, respectively (n=3) (Fig.
6C). The 1 cm and 2 cm interspace distances significantly outperformed suture (WMW-test:
p=0.0178 and p=0.0079, respectively). The 3 cm interspace was not statistically different
from the suture (WMW-test, p=0.196).

Extension width—The 1 cm, 1.5 cm, and 2.0 cm arm wide extensions had normalized
breaking forces of 39.7 + 6.3 N/cm, 44.1 £ 9.2 N/cm, and 33.5 £+ 10.3 N/cm, respectively
(n=3) (Fig. 6C). The 1 cm, 1.5 cm, and 2 cm mesh extension widths significantly
outperformed suture (WMW-test: p=0.0178 for all comparisons). The 2 cm extension was
noted to create holes in the tissue and to curl upon itself.

Suturing time analysis—The standard of care suture takes ~20 sec to perform, the RUN
weave takes ~60 sec to perform, the XLOC pattern takes ~70 sec to perform, and the CON
takes ~52 sec to perform, and the LIN takes ~38 sec to perform (Fig 3B).

Discussion

For a hernia repair to be successful, the undeformed mesh and mesh/tissue anchor points
need to overcome four common failure modes: suture breaking, suture knot unraveling,
suture pulling through mesh, and suture tearing through tissue at 16N/cm2 of stress. Several
products have been used in recent years to provide better fixation and overcome the failure
modes of the sutures, including metallic tacks, absorbable tacks, and fibrin sealants.
However, studies have demonstrated that suture is greater than these fixation methods
(Melman et al., 2010).
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To demonstrate how modifying mesh design leads to improved device performance, a
modified hernia mesh was created and tensile testing completed. Because the modified mesh
contained elements of a suture and mesh in one device, the physico-mechanical properties of
the modified hernia mesh were compared to SOC suture and mesh using ASTM standards.
We then utilized a swine hernia benchtop model to illustrate how the anchor points of the
modified mesh perform compared to a standard mesh secured with suture. For the purposes
of this study, we attached a Keith needle to the mesh extensions manually. This labor
intensive, time-consuming technique of provisionally attaching each individual extension to
an individual needle was used so that we could sew the mesh extensions into the tissue to
test the performance of the mesh. From a commercial perspective, this approach would not
be used by instead needles would need to be secured to the mesh extensions by a
manufacturing process that involves machining and crimping through specialized dies and
specialized needles. The complex needle swaging approach is beyond the scope of this

paper.

First, uniaxial static tensile testing was conducted to compare the device breaking strength of
a mesh extension versus a suture. Mesh extension had a significantly higher breaking
strength and significantly lower elastic modulus in comparison to suture. We attribute these
observations to the larger load bearing area of the knitted extension compared to the solid
fiber polypropylene suture and the extensions greater deformability. Even though an
appropriate mechanical match to the tissue is important, the elastic modulus results
demonstrate that the mesh extension can deform to a greater extent and mitigate stress better
when exposed to applied force more than suture. From a clinical perspective, the lower
elastic modulus of an extension compared to a suture indicates that an extension will not
generate high shear forces but will accommodate a greater degree of deformation and
dissipate stress before cutting through tissue. We have chosen to report elastic modulus in
this study, as opposed to stiffness, because it has been previously reported that the elastic
modulus of a mesh contributes to the efficacy of a repair in some capacity and we wanted
the elastic modulus data to be comparable.(Saberski et al., 2011)

Next, uniaxial tensile testing was performed to determine the force required to unravel an
extension knot versus a suture knot. We found the mesh extension knot and polypropylene
suture knot never unraveled but instead both always failed adjacent to the knot. The friction
of the knot exceeded the UTS of the suture and extension and the extension failed at nearly
double the force of the suture. Hence, knot unraveling is unlikely to contribute to device
failure.

Last, we performed a suture pull-out test to evaluate the force required to pull a suture
through a standard mesh versus the force required to dismember a mesh extension from the
mesh body. Uniaxial static tensile testing revealed that a mesh extension is approximately
200% stronger than a suture placed through mesh. As such, a continuous mesh extension
would likely never tear away from the mesh body in humans.

Having completed basic benchtop mechanical testing, we proceeded to examine the forces
required to disrupt mesh-tissue anchor points. We observed that a simple interrupted
extension stitch anchor point withstands approximately 50% more stress than a simple
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interrupted suture anchor point. We attribute this finding to increased extension
deformability and increased extension surface area. To further define how distribution of
force over a large surface area enhances anchor point performance, we modified extension
stitch pattern and throw count reasoning that these anchoring approaches would significantly
improve performance based on textile literature (Karahan et al., 2010; Karahan et al., 2013;
Mouritz et al., 1997). We found that all stitch patterns had significantly higher UTS
compared to control suture and all significantly exceeded the clinically relevant benchmark
of 16 N/cm. Suture failed at 122N/cm. The two main failure modes of the mesh extensions
were serial stitch breakdown and tissue tearing distal to the anchor knot both of which were
attributed to model failure at supra-physiologic stresses. Because of model failure, we could
not determine which stitch pattern performed best but we conclude that since all patterns
exceeded 16N/cm the differences between stitch pattern performance is not critical. We
found that 2, 3, or 4 throws all had UTS above the 16 N/cm threshold and there was no
significant difference between throw counts. We speculate that the similar performance of 2,
3, and 4 throws may be attributable to the fact that 2 throws is sufficient to distribute force
adequately and that subsequent throws carry less load until throws far very away carry no
load. Last, we focused on how extension interspace distance and extension width would
impact performance. We found that the 1.0 cm and 2.0 cm interspaces were significantly
stronger than suture, whereas the 3.0 cm interspace was not stronger than suture indicating
there is a minimum density of extensions necessary to secure the mesh to tissue for
improved anchoring. As for extension width, we found that all widths performed above the
16 N/cm threshold.

The hernia literature is replete with studies describing the performance of hernia meshes in
animal models and humans, and there are many studies and reviews that discuss the
importance of limiting mechanical tension for successful repair (Amato et al., 2011; Cobb et
al., 2006; Dumanian et al., 2015; Gonzalez et al., 2005; Luijendijk et al., 2000; Melman et
al., 2011). However, few hernia studies consider how modifying device design and
application mitigate tensile stress in a meaningful clinical way. Recently, Dumanian et al.
demonstrated that a mesh suture significantly reduces hernia defect size compared with
conventional suture and that mesh suture is less likely than suture to pull through
surrounding tissue (Souza et al., 2015). In follow-up studies, he noted the mesh suture
anchor point was about 100% stronger at resisting tensile stress and the mesh suture
significantly outperformed suture in a live swine hernia model (Dumanian et al., 2015).

The modified hernia mesh was designed by cutting an Ultrapro Monocryl-Prolene
Composite Mesh into desired configurations for testing. This is the same hernia mesh the
Dumanian group modified for in vitro and in vivo testing, as well as clinical studies of their
modified mesh sutures (Dumanian et al., 2015; Lanier et al., 2016; Souza et al., 2015). Due
to the knitted design, the mesh does not unravel when cut, unlike several other hernia
meshes on the market. The extensions are on the lateral aspects of the mesh but not the
cephalad or caudal aspects. This design was created so that the lateral extensions would
counteract the prevailing medial-lateral forces that cause hernia. From a physiologic
perspective, there are minimal forces that act cephalad and caudal to create a hernia (because
of the abdominal wall muscular anatomy and rib cage and pelvis). We do not recommend
cutting an Ultrapro Monocryl-Prolene Composite Mesh in an operating room and implanting
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a cut mesh into humans for several reasons. First, cutting the mesh to our design leads to
mesh integrity compromise and potential mesh extension weakness. This mesh was not
fabricated to support mesh extension strength. Second, cutting a mesh causes fraying of the
edges which can cause tissue micro-trauma and damage tissue. To achieve a clinically
applicable modified hernia mesh of the same design, a new mesh will need to be developed.
Cutting a pre-existing mesh with a scissor or other cutting tool would seriously affect mesh
integrity leading to frayed ends and potential mesh unraveling. This could likely affect
device performance and patient safety and would be non-compliant with FDA approval. To
develop a commercially available mesh that matches the described configuration, one would
need to knit a novel mesh with continuous seamless extensions.

Certainly, a common question is which anatomic layer to place such a modified hernia mesh.
While there are multiple locations the mesh could be placed, we did not analyze mesh
performance according to anatomic location. Hence, we cannot comment on where to place
the mesh. Perhaps future mechanistic studies could be performed to answer this question.

There are a few limitations to our study. First, we were unable to evaluate how tension was
distributed across each stitch pattern. The distribution of tensile stress is difficult to measure
in heterogeneous tissue. Finite element simulation and analysis may help to achieve this goal
in the future, through modeling the mechanical behavior of the abdominal wall before and
after implantation of both mesh types. (Hernandez-Gascon et al., 2011; Pachera et al., 2016).
Another weakness is that we only tested three different extension arm widths and three
different interspace distances. Our studies could have been more detailed to inform future
device design. Lastly, we did not test the effects of cyclic stress or torsion stress on device
performance. These stresses are commonly encountered from patient twisting and repeated
bouts of coughing or straining and could be important to measure. Cyclic strain leads to
micro tears which may summate to affect device performance. Another limitation which is
related to the benchtop model we have used, is that we could not evaluate the foreign body
response, the biologic tissue reaction to acute injury, nor chronic adverse reactions.

In conclusion, we have observed that mesh modification leads to improved mechanical
performance. Similar to previous reports of a mesh suture that has improved anchoring
strength, the prototype mesh functions by similar mechanisms and is a significant
improvement over standard of care mesh. Mesh extensions are up to 200% stronger than
suture at resisting mesh/tissue anchor point dehiscence. The prototype mesh distributes
tensile stress and keeps the tensile stress below the UTS of the device/tissue anchor point. In
all testing, the UTS of the prototype device far exceeded benchmarks necessary for clinical
success. We are currently working with a medical textile manufacturer to knit a mesh that
meets the physical properties discussed herein and this mesh will be tested for safety and
performance, but this effort is beyond the scope of this investigation and will be reported in a
later manuscript. Future studies will include ongoing device development and performance
evaluations in living swine hernia models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Standard of Care B. Prototype C. Extension Fixation
10 cm x 10 cm body dimensions Stitch Pattern: Locking-X Pattern
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Fig. 1. Mesh Macro Design
A. lllustration of a standard of care rectangular polypropylene mesh with #0 polypropylene

sutures used for anchoring.

B. Illustration of the modified polypropylene mesh with continuous mesh extensions.
Extensions are threaded onto a Keith needle eye and secured with #0 silk suture to hold the
extensions in place while sewing. This enables sewing of the extensions into tissue akin to
how suture is sewn into tissue. Interspace Distance is the distance between each mesh
extension measured between adjacent edges. Extension Width and Extension Length is the
mesh extension width and length, respectively.

C. llustration of mesh extension anchoring to tissue. Sequential illustrations demonstrate a
locking-x stitch pattern in frames 1 through 4, which is one of many stitch patterns that can
be used to anchor the mesh. The mesh extension is then secured by tying a knot analogous to
how a surgeon would tie a suture knot.
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Breaking Force Knot Breaking Suture Pull-out
Force Force

A
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Prototype

Fig. 2. Mechanical Bench-top Testing Design
The following figure illustrates (A) Suture breaking strength (B) Mesh extension breaking

strength (C) Suture knot breaking strength (D) Mesh extension knot breaking strength (E)
Suture-mesh pull-out strength and (F) Mesh extension-mesh pull-out strength
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A. Servohydraulic Testing D. Suturing Time Analysis

Weave Pattern

e %) X

Standard of Care Prototype Mesh

Time (Seconds)

C. Design Variables

Interspace Extension
Distance

Fig. 3. Swine Abdominal Wall Bench-top Model
A. Servohydaulic testing. Standard of care (left) and modified hernia mesh (right) anchored

with mesh extensions

B. Application Variables. Stitch pattern and throw count

C. Design Variables. Interspace distance and extension width

D. Analysis of time required to achieve different suturing patterns. As can be noted, a
standard of care stitch is faster to place than any of the various consecutive suturing patterns.
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Running-X Stitch Pattern Locking-X Stitch Pattern Continuous Stitch Pattern Linear Parallel Stitch Pattern
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Fig. 4. Device Application Variables
A basic schematic of four stitch patterns: the running-x stitch pattern (RUN), the locking-x

stitch pattern (XLOC), the continuous stitch pattern (CON), and the linear parallel stitch
pattern (LIN). The numbered points represent the order in which the suture needle enters and
exits the tissue. Dashed lines represent suture lying below fascia; solid lines represent suture
lying above fascia. A ‘throw’ is a repetition of a complete the stitch pattern.
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A. Mechanical Strength

Suture v. Mesh
Mechanical Comparison

150+
* * * Il Polypropylene
] ] ] Suture
5 100+ — Prototype
< T Mesh Extension
2
o
'8 50+
0=
o"oe o‘oe o‘oz
< < R
.\QQ .(\Q N
Nl AN &L
& & N
Q < d
& S8
> N\
+ o

B. Elastic Modulus
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Fig. 5. Basic Mechanical Testing Results
A. Bar graph of suture and mesh extension mechanical testing of breaking force, knot

breaking force, and suture-pull out force. The mesh extension was significantly stronger
with regards to breaking force, knot breaking force, and suture pull-out force (*p<0.05).

B. Bar graph of the elastic modulus (kPa) of the polypropylene suture versus the prototype
mesh extension. The suture had a higher elastic modulus than the mesh extension (*p<0.05),
meaning the suture was stiffer than the mesh extension.
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A. Simple Interrupted Stitch
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C. Device Design Variables
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Fig. 6. Application and Design Tensile Strength Results
A. Bar graph of the force required to disrupt suture or mesh from pig abdominal wall using a

single simple interrupted stitch. The mesh extension had a 50% high pull-out force in

comparison to suture (*p<0.05).
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B. Boxplot of the normalized breaking force (N/cm) of device application variables: stitch
pattern and throw count. The RUN, XLOC, CON, and LIN suture patterns all had
significantly higher normalized breaking forces than suture (*p<0.05). The TWO, THREE,
and FOUR throw counts all significantly outperformed the suture (*p<0.05). Mean and

standard deviation of observations were reported.
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C. Boxplot of the normalized breaking force (N/cm) of device design variables: interspace
distance and arm width. The 1 cm and 2 cm interspace distances significantly outperformed
suture (*p<0.05). The 3 cm interspace was not statistically different from the suture. The 1
cm, 1.5 cm, and 2 cm mesh extension widths significantly outperformed suture (*p<0.05).
The red line indicates the maximum intra-abdominal force (16 N/cm2) a human can
generate. Mean and standard deviation of observations were reported.
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