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Wide mesh or tape sutures are used to close high-tension wounds
such as in hernia or tendon repair. However, wide sutures pro-
duce large knots that are susceptible to increased palpability,
infection, and foreign body response. To prevent such adverse
events, we developed a small suture anchor to replace wide suture
knots. The suture anchor was iteratively developed using three-
dimensional (3D) design software and produced via 3D printing.
Anchor prototypes underwent monotonic, cyclic fatigue, and
stress-life testing in a benchtop soft tissue suture model. Results
were compared to a standard of care knot and alternative suture
fixation devices. The final anchor design was selected based on
minimal size and mechanical performance. The size of the final
anchor (200 mm3) was 33% smaller than a tape suture knot and
68% smaller than a mesh suture knot. Monotonic testing of mesh
and tape sutures revealed a significantly greater anchor failure
load compared to knot and alternative fixations (p< 0.05). Addi-
tionally, all anchors successfully completed cyclic fatigue testing
without failure while other fixations, including knot, failed to com-
plete cyclic fatigue testing multiple times. Stress-life testing dem-
onstrated durable anchor fixation under varying tensile stresses.
Failure mode analysis revealed anchor fracture and tissue failure
as modes of anchor failure, each of which occurred at supraphy-
siologic forces. We created a small suture anchor that signifi-
cantly outperforms knot and alternative suture fixations in
benchtop testing and addresses concerns of increased palpability,
infection, and foreign body response from large suture knots.
[DOI: 10.1115/1.4040186]

1 Introduction

Wide sutures are used in high-tension tissue closures such as in
hernia or tendon repair because they have greater tensile strength
[1] and increased resistance to sutures pulling through tissue [2]
as compared to standard suture. There are two common types of
wide suture: mesh suture and tape suture. Mesh suture was ini-
tially investigated by Dumanian et al. to overcome suture pull-
through and ensuing recurrence in hernia repair [2,3]. When
applied in a swine laparotomy model, mesh suture closure had
increased work to failure and increased early wound strength [3].
In human abdominal wall closure, mesh suture provided reliable
tissue closure under tension and was associated with low rates of
dehiscence, delayed wound healing, and hernia recurrence [4].
Tape suture is a flat, less porous, braided wide suture. An example
of tape suture is QuikCordTM tape suture (MedShape, Inc., Atlanta,
GA), which is indicated for soft tissue approximation, mainly in
orthopedic procedures. Its applications include Achilles tendon
reattachment, ligament repair, and hallux valgus reconstruction [5].

Despite the many advantages of wide sutures, a major concern
is the large, high-profile knots they create. Large knots are suscep-
tible to increased palpability and foreign body response [6]. Addi-
tionally, larger knots have increased area for bacterial adherence
and may increase the risk of infection [7,8]. Thus, there is a need
for an alternative suture fixation to replace knots in wide sutures.
A knotless suture anchor is a device that secures a suture, in lieu
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of a knot, so the suture will not move through tissue. They can
also be easier to apply than knots in hard to reach places and may
be more effective in areas of high tension where knots may
unravel. Examples of suture anchor devices currently on the mar-
ket include the BIORAPTORTM Knotless Suture Anchor (Smith
& Nephew, Inc., Andover, MA) and the Bio-SutureTakTM Suture
Anchor (Arthrex, Inc., Naples, FL). These are classified as ortho-
pedic suture anchors as they fixate soft tissue to bone. Interest-
ingly, there are no suture anchors to fixate soft tissue to soft
tissue. To address this deficiency, we developed an innovative
small suture anchor for soft tissue fixation. The main design goals
of the suture anchor were for it to be low-profile and for it to
achieve superior mechanical performance in comparison with a
knot and alternative suture fixations.

2 Methodology

2.1 Design and Production. Small suture anchor prototypes
were created using FUSION360 (Autodesk, Inc., San Rafael, CA)
three-dimensional (3D) design software. Anchor designs were
limited in terms of height, width, and application method. An
anchor height of �3 mm was chosen based on the approximate
height of a 1–0 suture knot with four throws. Anchor width was
limited to �15 mm to minimize contact with adjacent tissue
in vivo. The base design of the anchor comprised two interlocking
components to enable application through wide sutures. In accord-
ance with these design requirements, anchor prototypes were iter-
atively designed with variations in shape, dimensions, locking
mechanism, and suture fixation. A Carbon 3D

VR

printer was used
to produce multiple anchors simultaneously, enabling mass proto-
typing. Anchors were printed using UV-curable liquid polymer
resins consisting of polyurethane for initial prototyping followed
by urethane methacrylate for final design testing. Polyurethane
was used for initial prototyping as it is cheaper in comparison
with other printer-compatible resins and required minimal proc-
essing, allowing for efficient prototype production. Urethane
methylacrylate resin was made available later in the study and
was selected for final design testing because of similar production
time to polyurethane and stronger mechanical properties. After
printing, anchors underwent resin-specific curing, washing, and
drying protocols to optimize mechanical properties.

2.2 Comparative Performance Testing. Following produc-
tion, the ability of the prototypes to fixate wide sutures in surro-
gate soft tissue, specifically to prevent sutures sliding through the
suture tract, was compared to a knot and alternative soft tissue
suture fixations. Each fixation was applied to a mesh suture and
a QuikCord tape suture to undergo performance testing in a
benchtop soft tissue suture model. Mesh sutures consisted of a
flat, porous polypropylene mesh, approximately 10 mm in width.
A width of 10 mm was selected for mesh sutures as this is the
median of the widths used in previously published studies involv-
ing mesh sutures [2,4]. The QuikCord tape sutures were a flat,
braided polyethylene suture, approximately 3.5 mm in width.
Force was applied to this model, and the performance was meas-
ured using an Instron

VR

machine (model 1321, Illinois Tool Works,
Inc., Norwood, MA). Silicone was selected as a soft tissue surro-
gate tissue during testing to function as a controlled substrate
between conditions. We chose silicone as a soft tissue surrogate
because it is a homogenous substrate that is consistent between
samples, is readily available, easy to work with, and has been
used as a soft tissue surrogate for mechanical testing in other stud-
ies [9,10]. Specifically, silicone has been used to simulate stress
distribution in muscle tissue under concentrated loading [9] and to
analyze the compressive and tensile responses of pig skin in com-
parison with silicone rubbers [10]. The silicone was integrated
with a mesh support to increase mechanical integrity. Silicone sur-
rogate tissues were dimensioned at 8 cm� 2 cm� 1 cm. A 7-cm-
long mesh or tape suture was introduced through the midpoint of
the tissue using a Keith needle, which is used clinically. Each

fixation was attached at 1 cm distal to an opposing end of suture
with the opposite end clamped in a mechanical vise grip con-
nected to the testing machine at 2 cm from the tissue surface. The
surrogate tissue was oriented parallel to the machine’s stationary
horizontal table. This apparatus was anchored laterally, and
upward tension was applied perpendicular to the tissue surface.
An example of the experimental model is shown in Fig. 1(a).

This model was used to perform monotonic and cyclic fatigue
testing. Monotonic testing was designed to determine the maxi-
mum fixation strength while cyclic fatigue testing was a measure-
ment of fixation durability. The anchor prototype was optimized
and compared to a knot, staple,2 corkscrew,3 tack,4 and strap5 fixa-
tion. The anchor was applied to suture using slip-joint pliers under
subjective force until the anchor components were fully approxi-
mated. The knot fixation was created along the length of the mesh
sutures and tape sutures using an instrument tie in which the initial
throw was a square, surgeon’s knot followed by three alternating
square knots, which is a standard surgical approach. The alterna-
tive suture fixations were applied in accordance with manufacturer
recommendations. Examples of each fixation application are
shown in Fig. 2.

2.3 Monotonic Testing. Following production, anchor proto-
types underwent monotonic tensile testing in mesh and tape
sutures. Performance of the anchor was compared to knot, staple,
corkscrew, tack, and strap fixation. Testing was performed in a
benchtop soft tissue suture model using an Instron machine. Six
samples were tested for each suture fixation. As there are no
ASTM standards for soft tissue fixation testing, ASTM D5034
was selected as a basis for our testing. It is applicable to fabrics
produced by knitting and weaving and therefore should be trans-
latable to the sutures used in this study. Additionally, the orienta-
tion of the fabric and direction of the tensile force is consistent
with our experimental model. In our testing, the suture is the tex-
tile fabric which is subjected to monotonic and cyclic tensile
forces. Tension was applied upwardly and perpendicular to the tis-
sue surface at a distraction rate of 300 mm/min until failure. Fail-
ure load and failure mode were recorded.

2.4 Cyclic Fatigue Testing. The experimental model and
conditions were designed as described for monotonic testing,
including application of the anchor to mesh and tape suture.
Cyclic fatigue testing of the anchor and other fixations was per-
formed using sinusoidal loading at a range of 10 to 20 N (maxi-
mum physiologic force on the abdomen is 16 N/cm [11]) at 1 Hz
for 200 cycles, followed by a postcyclic pull to failure at a rate of
300 mm/min. Six samples were tested for each suture fixation.
Completed cycles for each fixation, postcyclic failure load for
anchor, and failure mode were recorded.

2.5 Failure Mode. For monotonic and cyclic fatigue testing,
the anchor failure modes for all 12 anchor fixation samples were
recorded in addition to their respective failure loads. Failure was
defined as unimpeded suture movement through the suture tract.
The types of failure modes documented were anchor failure (frac-
ture or disassembly), tissue failure, and suture failure. Disassem-
bly was when the anchor components detached. Tissue failure was
a defect development in the silicone substrate. Suture failure was
a defect development (ex: tearing or fraying) in the suture. These
failure modes were used to guide anchor design.

2.6 Size Comparison. The size of the anchor was compared
to a QuikCord tape suture and mesh suture knot, each four throws.

2Endo UniversalTM 65 Hernia Stapler (Medtronic, Inc., New Haven, CT).
3ProTackTM Fixation Device (Medtronic, Inc., New Haven, CT).
4OptiFixTM Absorbable Fixation System (Davol, Inc., Warwick, RI).
5ETHICON SECURESTRAPTM Absorbable Fixation Device (Ethicon, LLC.,

Guaynabo, PR).
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The length, width, and height of each fixation was measured and
used to calculate their respective volumes.

2.7 Stress-Life Testing. Stress-life testing was performed on
the final anchor in a benchtop polycarbonate suture model. This
testing was used to determine the durability of the anchor when
exposed to varying degrees of cyclic tension. This specifically
measured the fatigue strength of the anchor, which is the highest

stress at which the anchor can maintain suture fixation for a given
number of cycles. Similar to the monotonic and cyclic protocols,
testing consisted of attaching the anchor to a suture (tape suture
was used). Next, the suture was passed through a through a 4-mm-
diameter hole in a rigid 6-mm-thick polycarbonate substrate and
the opposing suture end was connected to the Instron machine. A
rigid substrate was selected for its noncompliance, which func-
tioned to isolate anchor performance rather than test the integrity

Fig. 2 Mesh and tape suture fixation devices. Representations of how the anchor and each control fixation device were applied
to mesh and tape suture for performance testing. (a) Anchor, (b) knot, (c) staple, (d) corkscrew, (e) tack, and (f) strap.

Fig. 1 Setup for monotonic, cyclic fatigue, and stress-life testing. Benchtop model for (a) monotonic and cyclic
fatigue testing utilizing silicone and (b) stress-life testing using polycarbonate.
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of the substrate. An example of the experimental model is shown
in Fig. 1(b).

Sinusoidal stresses were applied to the anchor. Stress levels were
determined based on prior monotonic testing of the anchor in the
benchtop polycarbonate suture model. Testing parameters were as
previously described in the benchtop soft tissue suture model, with
a polycarbonate substrate used instead of silicone. The sinusoidal
stresses applied were based on a range of percentages (20–95%) of
the monotonic failure load from prior testing (11769 N) at a fre-
quency of 10 Hz. Six anchor fixation samples underwent testing at
each sinusoidal stress level. Failure cycle was recorded and used to
create a plot of stress amplitude versus number of cycles com-
pleted. We selected 100,000 cycles as our upper limit for testing.

2.8 Statistical Analysis. Continuous variables such as mono-
tonic failure load, the number of cycles completed, and the post-
cyclic failure load were summarized by reporting their mean,
standard deviation, minimum, maximum, and interquartile range.
Given that the sample size is relatively small, the nonparametric
Wilcoxon rank sum test was used to compare the measures and
center of tendency between the continuous variables. Bonferroni
correction was employed to account for the family-wise error rate
when performing multiple comparisons. In all cases, the threshold
for assessing statistical significance was set at level a¼ 0.05.
Analyses were conducted in SAS statistical software version 9.4
(SAS Institute Inc., Cary, NC).

3 Results

3.1 Anchor Design. The final anchor was selected based on
minimal size and superior mechanical performance. The final
anchor design (Fig. 3(c)) consisted of two interlocking male/
female components. The male component included two lateral
projections and a middle projection along the midline surface.
The middle projection provided primary suture fixation via pene-
tration through suture and joining into the female component. The
middle projection was tapered distally to enable penetration
through wide suture. The two lateral projections featured a lock-
ing element to enable locking when attached to the female compo-
nent. In addition to locking, the lateral projections also penetrated
the wider mesh suture, assisting in mesh suture fixation. The
female component consisted of corresponding holes to allow entry
and internal recesses to enable locking of the male projections. An
example of how the anchor is applied to mesh and tape sutures is
shown in Fig. 4.

3.2 Size Comparison. The sizes of the suture fixations, as
measured by volume, were as follows: anchor-200 mm3, tape
suture knot-300 mm3, and mesh suture knot-630 mm3. The anchor
size was 33% smaller than a tape suture knot and 68% smaller
than a mesh suture knot. The dimensions of the anchor are shown
in Figs. 5(a) and 5(b) while a side-by-side comparison of the
anchor versus suture knots is shown in Fig. 5(c).

Fig. 3 Prototype iteration and final anchor design. (a) Example of 3D design iterations of various anchor prototypes made
using FUSION360 software. (b) Anchor prototypes were produced by 3D printing using a Carbon 3D

VR

printer. (c) The final anchor
consists of two interlocking male/female components. The male component has two lateral locking projections and a single
midline projection that provides primary suture fixation. The middle projection penetrates through large suture and joins into
the female component. This enables suture fixation at the anchor–tissue interface. In addition to locking, the lateral projections
provide secondary suture fixation in mesh sutures.
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3.3 Monotonic Testing. For monotonic testing in the bench-
top soft tissue suture model, the final anchor design had a signifi-
cantly greater anchor failure load than the other fixations in both
mesh and tape sutures. In mesh sutures, the anchor failure load
(4964 N) exceeded knot (32614 N), staple (1463 N), corkscrew
(1268 N), tack (1864 N), and strap (1965 N) fixation (p< 0.05,
n¼ 6) (Fig. 6(a)). In tape sutures, the anchor failure load (4967 N)
was greater than knot (2265 N), staple (1366 N), corkscrew
(11611 N), tack (2364 N), and strap (1363 N) fixation (p< 0.05,
n¼ 6) (Fig. 6(b)).

3.4 Cyclic Fatigue Testing. In mesh sutures, the average
number of cycles completed was as follows: anchor-20060
cycles, knot-1336103 cycles, strap-1346103 cycles, corkscrew-
36680 cycles, tack-162 cycles, and staple-060 cycles. The
cycles completed for the anchor in mesh sutures were significantly
greater than in staple and tack fixations (p< 0.05, n¼ 6)
(Fig. 7(a)). In tape sutures, the average number of cycles com-
pleted was as follows: anchor-20060 cycles, knot-1036106
cycles, strap-161 cycle, corkscrew-696102 cycles, tack-57689
cycles, and staple-060 cycles. The cycles completed for the
anchor in tape sutures were significantly greater than in staple and
strap fixations (p< 0.05, n¼ 6) (Fig. 7(b)). In both suture types,
the anchor was the only fixation that consistently completed cyclic
testing.

The postcyclic failure loads of the anchor were compared to
the previously measured monotonic failure loads in both suture
types. For mesh sutures, the difference between the monotonic

(49 6 4 N) and postcyclic (43 6 4 N) failure loads was statistically
significant (p< 0.05, n¼ 6). For tape sutures, the monotonic
(496 6 7N) and postcyclic (436 6 5N) failure loads were not sig-
nificantly different (p¼ 0.13, n¼ 6).

3.5 Failure Mode. Examples of each failure mode are shown
in Fig. 8(a). The primary modes of failure in mesh sutures were
anchor fracture (50%) and tissue failure (50%) (n¼ 12)
(Fig. 8(b)). In tape sutures, the only failure mode was anchor frac-
ture (100%) (n¼ 12) (Fig. 8(c)). In mesh sutures, anchor fracture
occurred at 4964 N and tissue failure at 4465 N. In tape sutures,
anchor fracture took place at 4666 N.

3.6 Stress-Life Testing. Stress-life testing demonstrated a
consistent negative correlation between stress and completed
cycles. The maximum stress amplitude was 50.3 N (corresponding
to a sinusoidal load of 60.3 N to 110.6 N)) at which 12615 cycles
were completed. The minimum stress amplitude was 12.5 N (load
22.4 N to 34.9 N) at which the anchor completed 100,00060
cycles (n¼ 6) (Fig. 9).

4 Discussion

The size of the final anchor (200 mm3) was 33% smaller than a
tape suture knot and 68% smaller than a mesh suture knot. The
anchor significantly outperformed wide suture knots and alterna-
tive fixations in monotonic testing. In cyclic fatigue testing, it

Fig. 4 Anchor application to mesh and tape sutures. (a) and (b) demonstrate the application of the male com-
ponent into mesh and tape sutures, respectively. (c) and (d) demonstrate the joining of the male and female
components around the suture, creating the complete anchor fixation.
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performed significantly greater than multiple fixations. Although
it did not significantly outperform knot fixations, the anchor was
the only fixation to complete all cyclic testing trails. As a result,
the anchor had no deviation in its cyclic performance while other
fixations had variable numbers of cycles completed, indicating a
unique reliability with anchor fixation. This can be clinically sig-
nificant as the anchor’s consistent durability in benchtop testing
may translate to durable suture fixation inside the body. Mono-
tonic and postcyclic anchor failure loads were significantly differ-
ent in mesh sutures while being similar in tape sutures. While
significantly different in mesh sutures, the actual difference was
less than 10 N and remained greater than the failure loads of other
fixations. Stress-life testing further demonstrated durable suture

fixation under varying tensile stress. Failure mode analysis
revealed anchor fracture and tissue failure as modes of failure.
Ultimately, we were able to design, produce, and mechanically
test a novel suture anchor that is smaller in size than wide suture
knots while mechanically outperforming knots and alternative
forms of soft tissue suture fixation.

The smaller size of our anchor was accomplished through 3D
design and 3D printing. The FUSION360 software enabled 3D
design of a suture anchor to specified shapes and dimensions, with
each design being smaller than a wide suture knot. The Carbon
3D

VR

printer provided rapid and accurate production of anchor pro-
totypes according to the specifications of our designs that were
strong enough for mechanical testing. These tools together created

Fig. 6 Monotonic performance of fixation devices in mesh and tape suture. (a) In mesh
sutures, the anchor had a significantly greater failure load (4964 N) compared to knot (32614
N), staple (1463 N), corkscrew (1268 N), tack (1864 N), and strap (1965 N) fixations (p < 0.05,
n 5 6). (b) In tape sutures, the anchor failure load (4967 N) was significantly greater than knot
(2265 N), staple (1366 N), corkscrew (11611 N), tack (2364 N), and strap (1363 N) (p < 0.05,
n 5 6).

Fig. 5 Size comparison. (a) Anchor height is 2.5 mm and length is 10 mm. (b) Anchor width is 8 mm. (c) Volume
comparisons of QuikCord tape suture, innovative anchor, and mesh suture. The anchor size is 33% smaller
than a tape suture knot and 68% smaller than a mesh suture knot.
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an iterative design and prototyping process that consistently pro-
duced a suture anchor smaller than a wide suture knot.

Superior mechanical performance was achieved through the
ability of the anchor fixation to resist multiple modes of failure
throughout mechanical testing. Suture fixation can be divided into
three components: fixation, suture, and tissue. Each of these com-
ponents can become a source of failure of the construct. There-
fore, the three failure modes we distinguished in testing were
fixation failure (anchor failure), suture failure, and tissue failure.

The two ways in which the anchor could fail were fracture or
disassembly. Anchor fracture consistently occurred at the projec-
tions at an average force of 4964 N in mesh sutures and 4666 N
in tape sutures. The resistance to anchor fracture can be explained
using flexural mechanics. Flexural strength is the ability to resist
breaking under bending force. This is a critical parameter in the
anchor as the load bearing projections experience bending stress
when tension is applied to sutures. Flexural strength was a consid-
eration in our material choice. While material selection was

limited to printer-compatible liquid polymer resins, there were
several prototyping and final production resins from which to
choose. We selected urethane methacrylate because of low-cost,
quick processing, and its flexural properties. It possesses a flexural
stress of 7965 MPa and a flexural modulus of 20106119 MPa
[12], allowing the projections to sustain high bending stress with-
out fracture during testing. Additionally, the final anchor design
features multiple projections across the midline surface of the
male component. Multiple projections distribute the flexural force
across each other and further prevent anchor fracture. Disassem-
bly did not occur throughout mechanical testing. The lateral pro-
jections of the male component were equipped with ridges
designed to snap into internal recesses within the female compo-
nent. This created three bilateral locks along the length of each
projection to resist disassembly.

Suture failure did not occur in our studies. This is due to the
tensile properties of the sutures and the anchor–suture relation-
ship. The mesh suture is a porous suture made of interconnected

Fig. 7 Cyclic fatigue testing of fixation devices in mesh and tape sutures. (a) In mesh sutures,
the anchor (200 cycles) completed more cycles in comparison with knot (133), strap (134), tack
(1), corkscrew (36), and staple (0) fixations (n 5 6). (b) In tape sutures, the anchor (200 cycles)
also completed more cycles in comparison with knot (103), strap (1), tack (57), corkscrew (69),
and staple (0) fixations (n 5 6). The anchor was the only fixation to complete cyclic testing in
both suture types.

Fig. 8 Failure mode analysis. (a) The primary modes of failure in mesh sutures were anchor fracture (50%) and
tissue failure (50%) (n 5 12). (b) In tape sutures, the only failure mode was anchor fracture (100%) as tissue fail-
ure, disassembly, and suture failure did not occur (n 5 12). Each of these failure modes occurred at supraphy-
siologic (> 16 N/cm) forces.
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polypropylene fibers while the QuikCord tape suture is less porous
braided construct made of polyethylene. Each demonstrated suffi-
cient tensile strength to resist failure under the stresses applied
during testing. In regard to the anchor–suture relationship, the
anchor’s middle projection was able to penetrate both suture types
without affecting tensile strength. This is secondary to tapering
the distal projection for easy integration and a smooth surface to
minimize suture damage.

Tissue failure only occurred in mesh suture at an average fail-
ure load of 4465 N. To establish clinical relevance, the maximum
physiologic force exerted on the abdominal wall after surgery is
16 N/cm [11]. This makes tissue failure supraphysiologic and
begins to establish a clinical application of the anchor to abdomi-
nal closure. This result can be explained by force distribution at
the anchor–tissue interface. The anchor is in contact with the tis-
sue surface but does not penetrate tissue. Rather, it distributes a
compressive force across the tissue surface when tension is
applied. This anchor–tissue interface is 80 mm2, which appears to
sufficiently distribute force and reduce pressure per unit area of
tissue. Ultimately, this decreases propensity for tissue failure.

However, the ability to translate these results clinically is lim-
ited by the use of silicone gel as a soft tissue surrogate instead of
human tissue. Although silicone functioned as a controlled sub-
strate for testing, it lacks the heterogeneity of human tissue, has
increased dryness, and is more compliant. The dryness of silicone
may result in more friction at the anchor–tissue interface then
would occur in living tissue. The increased compliance in silicone
may also result in more tissue deformation and a higher propen-
sity for tissue failure in comparison with human tissue. These dif-
ferences indicate a need for future validation testing in a cadaver
model to more accurately simulate living tissue. However, at this
point a synthetic tissue is superior for determining relative device
strength due to increased substrate repeatability.

The mechanical performances of the suture knots were inferior
to the anchor in all comparative testing. Similar to the anchor, the
knot forms an obstruction at the tissue interface that prevents
suture movement when tension is applied. In this model, the integ-
rity of the obstruction and the area of the obstruction–tissue inter-
face determine performance. Integrity of the knot is dependent on
the type of knot [13], number of throws [14], and skill of the per-
former. The area of the knot–tissue interface is dependent on the
length and width of the knot. A larger area distributes force and
increases resistance to tissue failure. However, this area is limited
by the suture size, as additional knot throws mainly affect knot
height. Therefore, more throws would likely only increase the risk
of the complications related to knot size.

The alternative knotless fixations we tested were selected based
on their clinical application to soft tissue fixation. While not spe-
cifically used for suture, each is indicated for the fixation of pros-
thetic material or mesh to soft tissue, including abdominal wall
repair. This is similar to the indications for our suture anchor,
which is to fixate wide sutures in soft tissue applications. There-
fore, these fixations were chosen as the most representative clini-
cal comparisons to our device. All knotless fixations performed
significantly worse than the suture anchor in monotonic testing
while multiple were significantly outperformed in cyclic testing.
The primary failure mode across alternative fixations was tissue
failure in which there was silicone damage and the fixation
remained attached to sutures. This can be explained by the
fixation–tissue relationship. Each fixation pierced the tissue and
stabilized using a hook, screw, or barb mechanism. By anchoring
within the tissue, these iterations created a minimal area for the
fixation–tissue interface. This concentrated force resulting in early
tissue failure when tension was applied.

Our study design consisted of a controlled, experimental setup
that isolated suture fixation in a model translatable to high-tension
soft tissue closure. The tissue surrogate, suture type, and tensile
force remained consistent across fixation types. Additionally, ten-
sile force was applied perpendicular to the tissue surface. This
directionality ensured that the suture applied negligible force to
the tissue, minimizing suture contribution to tissue failure. Our
choices of comparison were representative of the standard of care
and potential competitor devices. The mechanical tests enabled
comparison of maximum fixation strength, durability under physi-
ological forces, and the anchor’s fatigue strength under varying
tension.

Limitations to the study included the use of silicone as a soft
tissue surrogate which lacks the mechanical properties and hetero-
geneity of human tissue. Additionally, silicone also differs from
human tissue in terms of dryness and compliance. The dryness of
silicone may result in more friction at the anchor–tissue interface
then occurring in living tissue. The increased compliance in sili-
cone may also result in more tissue deformation and a higher pro-
pensity for tissue failure in comparison with human tissue. These
differences indicate a need for future validation testing in a
cadaver model to more accurately simulate living tissue. Another
limitation is the direction of tension on the suture. While we
applied tension perpendicular to the tissue surface, directionality
may be more variable in vivo depending on positioning, pressure,
and muscle usage.

We also chose not to compare performance between different
materials used for the anchor. This is due to the limited materials
available for 3D printing and the high resolution required to print
individual anchor components. The Carbon 3D

VR

printer limits
material options to a selection of UV-curable liquid resins, few of
which were applicable to the anchor’s function. Of the materials
that were suitable, we chose not to perform comparisons as the
urethane-methylacrylate and polyurethane resins were the only
materials able to accurately print the holes of the anchor’s female
component. Another limitation of the study was the variation in
anchor application. The anchor was applied manually so the
robustness of its application varied between individuals. There-
fore, a future objective is to develop an automated anchor applica-
tor for open and laparoscopic application to minimize anchor
application variability.

Despite the limitations secondary to study design, anchor mate-
rial, and application, the work described here produced a novel
form of suture fixation. The suture anchor is a low-profile fixation
applicable to wide sutures in soft tissue closure and approxima-
tion. As it is much smaller than a suture knot, it could reduce the
risk of clinical complications including palpability, foreign body
response, and infection. Its superior mechanical performance to
alternative fixations should also translate to a more reliable suture
fixation in vivo.

However, the current material being used to produce the anchor
is not appropriate for clinical use. The final material should have

Fig. 9 Stress-life testing of anchor in tape sutures. The maxi-
mum stress amplitude was 50.3 N (corresponding to a sinusoi-
dal load of 60.3–110.6 N) at which 12 cycles were completed.
The minimum stress amplitude was 12.5 N (load 22.4 N to 34.9
N) at which the anchor life exceeded 100,000 cycles (n 5 6).
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the appropriate physical and mechanical properties and be bio-
compatible. This includes completing toxicity testing such as
cytotoxicity, genotoxicity, sensitization, irritation, and hemocom-
patibility. Ideally, the final anchor will be produced in a previ-
ously Food and Drug Administration-approved material, which
should increase the likelihood of successfully meeting biocompat-
ibility standards. Possible materials include but are not limited to
degradable polylactic acid (PLA) and nondegradable polyether
ether ketone (PEEK). PLA is a biodegradable thermoplastic used
clinically for mesh fixation to soft tissue [15,16]. A PLA-based
anchor would degrade and therefore not require postoperative
anchor removal. PEEK is a nonabsorbable thermoplastic polymer
used in orthopedic suture anchors [17] and medical implants such
as spinal fusion devices [18]. Given that PEEK and PLA differ in
both absorbability and mechanical properties, further testing will
be required to compare their respective anchor performances.

Clinically, the anchor will be coupled with an applicator to
ensure consistent application to suture. This applicator will also
feature a removal function for safe anchor detachment if improp-
erly placed. The postoperative management of the anchor will be
material dependent. A nondegradable material could require later
removal if there were complications but not necessarily as many
nondegradable implants are left within the patient indefinitely. A
degradable material should not require a secondary operation.

Future work will consist of producing the anchor in Food and
Drug Administration-approved biocompatible materials followed
by comparative testing in cadaveric tissue. The results of these
tests will determine which material will be used to produce
anchors for application in an animal model. The animal model
will examine the utility of the anchor in high-tension soft tissue
closure, specifically hernia and tendon repair. This will prelude
evaluation of clinical performance and analysis of the complica-
tions related to large knots.

5 Conclusions

The suture anchor device described here is smaller in size than
wide suture knots while mechanically outperforming knots and
alternative forms of wide suture fixation in a benchtop soft tissue
suture model. Future efforts are required to select a final material,
design an applicator, and to perform cadaveric and animal model
testing. The design and current data provide the foundation for a
novel suture anchor to replace wide suture knots in high-tension
soft tissue suture fixation, which may include hernia and tendon
repair.
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