
Beyond the Square Knot: A Novel Knotting
Technique for Surgical Use

Chunfeng Zhao, MD, Chung-Chen Hsu, MD, Tamami Moriya, MD, Andrew R. Thoreson, MS, Steven S. Cha, MS,
Steven L. Moran, MD, Kai-Nan An, PhD, and Peter C. Amadio, MD

Investigation performed at the Mayo Clinic, Rochester, Minnesota

Background: Knot holding strength is essential to maintain wound closure and ensure tissue contact for healing. Knot
unraveling can lead to severe complications, especially for high-tension closures such as tendon repairs, which have
recently been reported to have knot unraveling rates as high as 86%. In the current study, a novel surgical knot, the two-
strand-overhand locking (TSOL) knot, was designed and mechanically evaluated with use of different suture materials and
knot configurations and in actual tendon repairs.

Methods: The knot holding strength of the TSOL knot was compared with that of a 4-throw square knot with use of three
different suture materials that are in common clinical use. With use of braided polyblend suture, the TSOL knot was also
compared with five other surgical knot configurations. Finally, the strength of tendon repairs performed with use of the
TSOL knot and a 4-throw square knot was studied.

Results: Compared with the 4-throw square knot, the holding strength of the TSOL knot was 143% greater for braided
polyblend, 216% greater for polydioxanone, and 118% greater for polyester suture, with a significantly lower knot un-
raveling rate compared with that of the 4-throw square knot regardless of suture material. The TSOL knot holding strength
was also greater than that of the other surgical knot configurations. The strength and stiffness of tendon repairs with a
TSOL knot were significantly increased over those of repairs with a 4-throw square knot.

Conclusions: The TSOL knot provided superior knot holding strength compared with some commonly used surgical
knots.

Clinical Relevance: The TSOL knot has potential clinical applications, especially when knot security is important and
high loads are expected, as in tendon or ligament repairs.

S
ixteen surgical knot configurations were described by
Heraklas in the first century AD1. Heraklas’ ‘‘Hercules’’
knot is recognized as the ‘‘square’’ or ‘‘reef ’’ knot com-

monly used today. This knot and its double-loop first-throw
variant, the surgeon’s knot, have been the gold standard of
surgical knots for tissue repair, ligature, and wound closure for
nearly a century2,3.

Despite the primacy given to the square knot and its
variants, knot holding strength (i.e., the force required for the
knot to unravel [untie] or for the suture to break at the knot
site) has been an important research topic for many years3-7.
Adequate knot holding strength is essential to maintain wound

closure and ensure tissue contact for healing. Knot unraveling
can lead to severe complications, especially in the setting of
internal tissue repairs that cannot be directly observed or
monitored before catastrophic failure. Knot holding strength
is especially important for high-tension closures, such as her-
niorrhaphy, capsular closure, and tendon and ligament repairs8-12.

Knot holding strength is extremely important for flexor
tendon repair, as these small structures can only provide pur-
chase for one or two sutures and as the repair bears a high
tensile force during postoperative rehabilitation. Recent studies
have shown that, despite the best modern techniques of knot
positioning and tying, knots unravel following flexor tendon
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repair as frequently as 71% to 86% of the time, depending on the
repair technique13. The typical recommendation for circum-
venting this problem has been to increase the number of knot
throws13,14. However, increasing the number of throws increases
bulk, which can be a problem with certain repairs, especially
the repair of flexor tendons, which must pass through a narrow
fibro-osseous pulley. In addition, a large knot placed between cut
tendon ends potentially interferes with the healing process and
could decrease repair strength15,16.

Modern high-strength suture materials cannot be used
to their full advantage without proper knot holding strength,
and many of these newer materials have a low coefficient of
friction and are thus more likely to slip when tied17-19. Silva et al.
studied the frictional coefficient of several suture materials and
found that braided polyblend suture had a lower frictional
coefficient than polyester or nylon sutures20. Waitayawinyu
et al. reported that braided polyblend suture increased flexor
tendon repair strength. However, braided polyblend knots
unraveled before they broke or pulled out during 79% of failure
tests13.

We recently designed a 3-throw knot involving a com-
bination of a two-strand-overhand knot plus two surgical
square knots, which we have named the ‘‘TSOL’’ (two-strand-
overhand locking) knot. The purpose of this study was (1) to
measure the TSOL knot holding strength compared with that
of a standard surgical 4-throw square knot with use of different
suture materials, (2) to compare the TSOL knot holding
strength with that of other commonly employed surgical knots,
and (3) to investigate the strength of flexor tendon repairs with
a TSOL knot compared with a standard square knot. We hy-
pothesized that, compared with the square knot, the TSOL
knot would have increased knot holding strength, regardless of
the suture material, and would yield increased strength of re-
paired tendons.

Materials and Methods
Knot Holding Strength of Different Suture Materials

Three commonly used suture materials with a United States Pharmacopeia
(USP) designation of 3-0 were selected for testing: braided polyblend

(FiberWire; Arthrex, Naples, Florida), polyester (ETHIBOND; Ethicon, Som-
erville, New Jersey), and polydioxanone (PDS; Ethicon). A closed suture ring
was made by looping the suture material around a 30-mm-diameter rod. One
of three orthopaedic surgeons (C.Z., C.-C.H., T.M.) randomly tied either a
4-throw square knot or a TSOL knot, and a consistent load of 1 kg was maintained
for three seconds to tie the final throw, as shown in Figure 1. To make a TSOL
knot, a two-strand overhand knot was first made and a 2-throw square knot was
then added. The technique is demonstrated in the accompanying video files.
The suture was cut 3 mm from the last knot throw

21,22
. The suture ring was

mounted on a pair of hooking rods (5 mm in diameter), with the knot located
in the middle, and the rods were connected to a servohydraulic testing machine
(model 312; MTS Systems, Eden Prairie, Minnesota). Therefore, the testing
gauge length was 40 mm (the distance between the centers of the two hooking
rods) (see Appendix).

To test the strength of the suture material alone, a closed suture ring was
made by looping the material around a 50-mm-diameter rod and tying it with
an 8-throw square knot. The ring was then mounted on the two hooking rods
in such a way that the ring wrapped around one of the rods four times, with the
knot buried among these suture loops to avoid suture breakage at the knot site
or knot unraveling during testing (see Appendix). Although the suture ring was

necessarily larger in this group, to accommodate the multiple loops around the
hooking rod, the testing gauge length was also 40 mm. For each of the three
suture materials, three sets of strength tests were performed—one of the intact
suture, one of the 4-throw knot, and one of the TSOL knot. Ten samples were
tested in each of these nine sets. The mounted suture ring was distracted to
failure at a rate of 20 mm/min. During testing, the suture material was kept
moist with a saline solution mist. The force and displacement were recorded
at 20 Hz, and the failure mode was also recorded.

Knot Holding Strength in Different Knot Configurations
The braided polyblend suture was selected to test the holding strength of the
TSOL knot (designated as group F) compared with several other commonly
used surgical knot configurations: a 3-throw square knot (group A), a 4-throw
square knot (group B), a 1-throw surgeon’s knot plus a 2-throw square knot
(group C), a 1-throw surgeon’s knot plus a 3-throw square knot (group D), and
a 5-throw square knot (group E) (Fig. 2). The braided polyblend suture was
selected on the basis of the results of the above testing, which indicated its
superior suture strength compared with that of the other two materials.
A closed suture ring was made by looping around a 30-mm-diameter rod, and the
suture was cut 3 mm from the last throw. The mechanical testing was per-
formed on ten samples in each group with use of the same procedures and
gauge length (40 mm) used for the previous testing.

Fig. 1

The top panel shows an apparatus (A) for making a suture loop. A single

loop (B) is wrapped around a 30-mm-diameter rod (C) and an adjacent

3-mm-diameter rod (D). The purpose of adding the small rod is to permit easy

removal of the suture loop from the large rod after withdrawal of the small

rod. A 1-kg weight (E) is tied to the knot. The bottom panel illustrates a

4-throw square knot and a TSOL knot.
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Tensile Strength of Flexor Tendon Repairs
Twenty-four flexor tendons from five human cadaver hands (from four male
donors and one female donor; mean age, seventy-four years), including the
flexor digitorum profundus (FDP) and flexor pollicis longus (FPL) tendons,
were divided into two groups. The FDP tendons were sharply transected at the
level of the proximal interphalangeal joint, and the FPL tendons were transected
at the level of the metacarpophalangeal joint. The transected tendons were
immediately repaired with 3-0 braided polyblend suture with use of a modified
Pennington technique

23
. The sutures were randomly tied with use of either a

4-throw square knot or a TSOL knot and cut 2 mm from the last loop of the knot
in order to bury the suture tails within the tendon ends. A peripheral epitenon
suture was not used, as the goal was to strictly compare the knot holding
strength of the core suture.

The repaired tendon was mounted on a servohydraulic testing machine
and was instrumented with a differential variable reluctance transducer (DVRT;
MicroStrain, Williston, Vermont) (Fig. 3). The DVRT displacement curve and
the linear region of the force curve recorded by the testing machine were used
to calculate the stiffness of the tendon repair. The specimen was distracted to
failure at a rate of 20 mm/min

23
. During testing, the specimen was kept moist

with a saline solution mist. Failure was defined as either suture loop breakage
or visible complete separation of the tendon ends, with the confirmation that
no force was needed to further distract the tendon. The failure mode was
observed and recorded.

Knot Volume Measurement
The knot volume can be estimated by measuring the amount of suture material
used to tie the knot. Since the amount of suture material used is directly pro-
portional to its weight, knot weight was used as a proxy for knot volume. USP 3-0
nylon suture (ETHILON; Ethicon) was used to tie either five TSOL knots or five
4-throw square knots around a 1-mm metal rod; as in the previous testing, a
constant load of 1 kg was applied to each knot with use of a weight. Following
knotting, the suture was cut without leaving any tail. The suture loop with the
intact knot was slid off the metal rod. Five suture loops were weighed as a group
with use of an analytical balance (Mettler Toledo, Columbus, Ohio) because this
balance was not sensitive enough to measure the weight of a single suture loop
with a knot. Eight groups of five knots of each type (TSOL and 4-throw square)
were weighed, and the mean weights of the two types were compared.

Statistical Analysis
Our pilot data indicated a failure strength and standard deviation of 21.2 ± 6.5 N
for a 4-throw square knot and 13.8 ± 4.9 N for a 3-throw square knot. For a
two-group t test of equal means, a sample size of ten in each group would yield
80% power at a significance level of p < 0.05 to detect a difference of 7 N, equal
to approximately 30% of the failure strength of a 4-throw square knot. The
mean failure strength and stiffness of the suture loops (with the various suture
materials and knot configurations) and the tendon repair data were analyzed
with use of one-factor analysis of variance (ANOVA) with repeated measures to
assess differences among groups, followed by a Tukey-Kramer post hoc test for
individual comparisons. A simple Pearson chi-square test was used to analyze
differences in the knot failure mode (breakage, pullout, or unraveling). The
mean knot weight was analyzed with use of a Student t test. All statistical tests
were two-sided, and a p value of <0.05 was considered significant.

Source of Funding
This study was partially supported by NIAMS/NIH grant AR44391.

Results
Knot Holding Strength of Different Suture Materials

All suture loops failed within the suture midsubstance
during the testing of the intact suture loop (tied with an

8-throw square knot). The failure modes for the TSOL knots
and 4-throw square knots made with use of the three different
suture materials are listed in the Appendix. For the TSOL

Fig. 2

The six tested knot configurations: a 3-throw square knot (A), a 4-throw square knot (B), a 1-throw surgeon’s knot with a 2-throw square knot (C), a 1-throw

surgeon’s knot with a 3-throw square knot (D), a 5-throw square knot (E), and a TSOL knot (F).

Fig. 3

Testing of a tendon repair. A transected tendon is repaired with use of a

modified Pennington technique, with the knot (either a 4-throw square knot

or a TSOL knot) buried between the tendon ends. The repaired tendon

is mounted on the MTS machine for mechanical testing. The DVRT is used

to measure gap formation in the repaired tendon and the stiffness of the

repair.

1022

TH E J O U R N A L O F B O N E & JO I N T SU R G E RY d J B J S . O R G

VO LU M E 95-A d NU M B E R 11 d J U N E 5, 2013
BE YO N D T H E SQ UA R E KN O T: A NO V E L KN O T T I N G

TE C H N I Q U E F O R SU R G I C A L US E



knots, suture breakage occurred at the knot site in twenty-five
of the thirty loops, which was a significantly greater frequency
than that for the 4-throw square knots (four of thirty, p < 0.05).
Conversely, the 4-throw knot unraveled (untied) significantly
more often than the TSOL knot did (twenty-six compared with
five loops).

In the comparison of the suture materials, the braided
polyblend suture had a significantly greater potential for knot
sliding (fifteen of twenty knots) than the polydioxanone (seven
of twenty knots) or polyester sutures (nine of twenty knots) did
(p < 0.05). For all three suture materials, the failure strength of
the intact loop was significantly greater than that of the knot
suture loops regardless of knot type (p < 0.05) (Fig. 4-A). The
strength of the intact braided polyblend loop was significantly
greater than that of the polyester (p < 0.05). Compared with the
4-throw square knot, the failure strength of the TSOL knot was
143% greater for the braided polyblend, 216% greater for the
polydioxanone, and 118% greater for the polyester. The dif-
ference was significant for all three suture materials (p < 0.05).
The failure strength of the polydioxanone TSOL knot was
significantly greater than that of the polyester TSOL knot
(p < 0.05). However, there was no significant difference in failure
strength among the three different suture materials when the
4-throw square knot was used. The stiffness of the braided poly-
blend suture material was significantly greater than that of the
polyester, which was in turn significantly greater than that of the
polydioxanone (p < 0.05) (Fig. 4-B). There was no significant
difference in stiffness between the intact suture loop and the
TSOL knot for any of the three suture materials. Compared
with the 4-throw square knot, the stiffness of the TSOL knot
was 65% greater for the braided polyblend (p < 0.05) and 47%
greater for the polyester (p < 0.05). However, there was no
significant difference in stiffness between the TSOL knot and
the 4-throw square knot for the polydioxanone suture.

Knot Holding Strength in Different Knot Configurations
Three 5-throw square knots failed by suture rupture at the knot site,
and all of the remaining knots in groups A through E failed by
unraveling. The failure strength was significantly greater for the
TSOL knot than for groups A through E (p < 0.05) (Fig. 5).The
failure strength was significantly greater for groups D and E than for
groups A and B (p < 0.05). The stiffness was significantly greater for
the TSOL knot and group E than for groups A, B, and C (p < 0.05).

Fig. 4

Failure strength (Fig. 4-A) and stiffness (Fig. 4-B) with three different suture materials (braided polyblend [FW], polydioxanone [PDS], and polyester

[Ethibond]) and three different knot configurations (8-throw square knot [Intact], TSOL knot, and 4-throw square knot). Bars whose annotations include the

same letter (e.g., ‘‘a’’ and ‘‘a’’) were not significantly different from each other, whereas bars not including the same letter (e.g., ‘‘a’’ and ‘‘b’’) were

significantly different. The error bars represent the standard deviation.

Fig. 5

Failure strength (left y axis) and stiffness (right y axis) with six different

knot configurations. Group-A = 3-throw square knot, Group-B = 4-throw

square knot, Group-C = 1-throw surgeon’s knot with 2-throw square knot,

Group-D = 1-throw surgeon’s knot with 3-throw square knot, Group-E =

5-throw square knot, and Group-F = TSOL knot. Bars whose annotations

include the same letter were not significantly different from each other,

whereas bars not including the same letter were significantly different. The

capital letters refer to the failure strength, and the lowercase letters refer

to the stiffness. The error bars represent the standard deviation.
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Tensile Strength of Tendon Repairs
The failure mode for the 4-throw square knot was knot un-
raveling in all tendons. For the TSOL knot, four repairs failed
by knot unraveling. The other eight failed by suture breakage at
the knot. The failure strength and stiffness of the tendons re-
paired with the TSOL knot were significantly greater than those
of the tendons repaired with the 4-throw square knot (p < 0.05)
(Fig. 6).

Knot Weight Measurement
The mean weight of the TSOL knots was 4.2 ± 0.4 mg com-
pared with 4.1 ± 0.2 mg for the 4-throw square knot; this
difference was not significant.

Discussion

The ideal surgical knot should be simple, quick to tie,
strong, and secure. The ideal strength of a tied suture

should be close to the strength of the suture material itself.
However, this ideal is almost impossible to achieve. Knots may
slip, and suture material can be weakened by knotting24,25.
Square and surgeon’s knots are the most common standard
knots used for surgical procedures. Nevertheless, both of these
knots often experience knot slippage and unraveling5,26,27,
which have been reported to occur in 30% to 100% of typical
surgical knots7,27-31, depending on characteristics such as the
knot configuration32, suture material26, number of knot
throws14, end or ‘‘tail’’ length33, load applied during tying of the
knot34, and tying skill35. Trimbos surveyed twenty-five experi-
enced surgeons and discovered that, although most believed
that they were using square knots, 80% percent were in fact
using sliding knots, which resulted in a large variation in knot
holding strength30. However, compared with a variety of
commonly used surgical knots, the TSOL knot in the present
study—with a base configuration quite different from that of
the square knot—yielded a consistently large and significant
increase in knot holding strength regardless of suture material.

For the polyester and polydioxanone sutures, the TSOL
knots failed by suture rupture and reached 71% and 76%, re-
spectively, of the breaking strength of the suture material.

However, although the intact braided polyblend suture mate-
rial showed a greater breaking strength compared with either
the polyester or polydioxanone, use of the TSOL knot did not
result in any benefit in breaking strength. This may be due to
knot unraveling, which occurred in one-half of the TSOL knots
in this group. This, in turn, may be due to the lower coefficient
of friction of braided polyblend20. It has been shown theoreti-
cally and experimentally that the coefficient of friction of su-
ture material directly correlates with knot holding strength3,5.
Herrmann tested eighteen different suture materials and found
a perfect linear relationship between the coefficient of friction
of the material and the knot holding strength5. For the braided
polyblend suture, the TSOL knot reached only 50% of the
suture material’s breaking strength, which indicates that there
is a potential opportunity for future research to further im-
prove the knot holding strength of the braided polyblend.
However, the strength of the TSOL knots that unraveled was
still greater than that of the square knots that unraveled, which
demonstrates that the TSOL knot configuration yielded greater
knot holding strength, even with slippage, compared with the
4-throw square knot.

The number of knot throws has a large effect on knot
holding strength. The 2 and 3-throw square knots failed
by slippage and knot untying14,21. However, some strong but
low-friction suture materials, such as polytetrafluoroethylene
(Teflon), polyethylene terephthalate (Dacron), and braided
polyblend sutures, have shown evidence of slippage even with
six well-snugged-down squared throws on the knot5,13,14. In the
present study, 70% of the braided polyblend 5-throw square
knots displayed knot slippage. Even with knot slippage, how-
ever, the knot holding strength increased in proportion to the
increase in the number of throws in the present study; the same
effect has also been reported by Herrmann5.

Knot size is also an important parameter in wound-
healing. The ideal knot should be strong yet small to reduce the
size of the foreign body, especially for tendon repair, in which a
large knot may affect tendon-healing since it is buried between
opposed tendon ends36. This was the rationale for the assess-
ment of knot volume in the present study. Unfortunately, we
were unable to devise a method to accurately measure knot
volume, so we used the amount of suture used to make the knot
(as reflected by its weight) as a proxy. We found that there was
no significant difference in knot weight between the TSOL knot
and the 4-throw square knot.

We have found the TSOL knot to be easy to make if there is
little tension on the ends to be sutured (see Appendix). If there is
greater tension, the assistance of an instrument can be helpful
(Fig. 7). There are several ways to tie the first throw (two-strand
overhand loop), as shown in the accompanying video files. First,
the overhand loop can be slid down with use of forceps within
the loop. After withdrawal of the forceps, the two strands of
suture are separated and pulled in different directions, bringing
the overhand loop down to approximate the tissues being closed.
This technique can also be performed by hand. Second, the
overhand knot can be made with the help of an assistant. This
may be particularly helpful if the tissue to be sutured is under

Fig. 6

The failure strength (left y axis) and stiffness (right y axis) for tendon repairs

with the TSOL knot were significantly higher than those for repairs with the

4-throw square knot. The error bars represent the standard deviation.
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tension. After the tissue ends are approximated by sliding the
overhand loop down with forceps, an assistant can hold the knot
in position while the forceps are withdrawn and the loop is tied
with the securing square knot. Tying a TSOL knot may also
become easier and faster if an assistive instrument is used. We
have prototyped such an instrument by adding a sliding knot
holder to regular forceps. With this instrument, the first over-
hand loop can be secured even under tension.

There are several limitations to this study. Only three
different suture materials were evaluated, and we did not test

knot holding strength with more than five square knots. As we
demonstrated with the 8-throw square knots, knot unraveling
can be prevented by adding more knots. However, this strategy
to increase knot holding strength has limited applicability be-
cause of the bulk involved. It is impossible to use such a strategy
in some situations such as flexor tendon repair, in which
gliding through a fibro-osseous sheath is important37. Also, we
only tested 3-0 suture. Different suture sizes may have different
effects on the knot. Only tendon repair with a two-strand core
suture was tested; in such testing, each knot would have borne

Fig. 7

TSOL knot technique. A needle holder goes 360� around the two strands of suture, starting underneath the suture strands (1). The proximal suture is

then fed to the needle holder (2). Forceps are inserted into the overhand loop of the first throw to maintain the loop open, then slid down to tie the knot (3),

since the knot cannot slide down to approximate the tissue ends if the overhand loop is closed. If the knot is tied under tension, an assistant needs to hold

the knot in position, and then the overhand loop can be closed to tie the knot (4[a]). Alternatively, if a strong and low-friction suture material such as braided

polyblend is used, the first two-strand overhand knot can be slid by separating the two strand ends (4[b]). Following the first throw of an overhand knot,

a 2-throw square knot is added to form the TSOL knot (F).
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50% of the total load if the force was evenly distributed between
the two strands. We did not assess four or six-strand tendon
repair techniques, in which a single suture knot would have
borne less load. However, the most common flexor tendon
repair technique used clinically is the modified Kessler repair,
which involves a two-strand suture with a single knot buried
within the tendon ends. We did not perform an epitendinous
repair, which is regularly performed clinically, in order to
measure exclusively the strength of the core suture and its knot.
Without epitendinous repair, our capability to reliably evaluate
gap formation in the repaired tendon was limited. Further-
more, without epitendinous repair, assessment of friction fol-
lowing tendon repair is also not reliable. Therefore, we did not
evaluate the effect of different knots on tendon friction. Finally,
this was an in vitro study, and testing was performed at room
temperature. Whether the TSOL knot could maintain its su-
perior holding strength at body temperature (in vivo or in vitro
in tissues) is unknown, but decreased holding strength of
square knots in vivo has been reported24.

In summary, we designed and tested a new knot with three
throws (one two-strand overhand knot plus two square knots,
named the TSOL knot) for surgical use. Knot holding strength
was assessed with use of three different suture materials and six
knot configurations by means of a suture loop testing model. The
TSOL knot provided superior holding strength and stiffness
compared with the square knots regardless of suture material,
without any increase in knot volume compared with the 4-throw
square knot. Finally, in the flexor tendon repair model, the TSOL

knot provided a strong knot holding capability and also increased
the repair stiffness, which might be beneficial to reduce the rate of
tendon rupture and gap formation. We believe that this new knot
has potential clinical applications, especially for suturing soft
tissue under tension, such as in tendon or ligament repairs.

Appendix
A table showing the failure modes of the suture loops, a
figure illustrating the strength testing procedures, and

videos demonstrating techniques for tying the first knot throw
are available with the online version of this article as a data
supplement at jbjs.org. n

NOTE: Arthrex, Inc. provided the braided polyblend (FiberWire) suture material.
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