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Abstract - In this study, the objective was to compare the knot
integrity and efficiency between the two most commonly utilized
surgical knots - the two double throws (2DT) and three single
throws (3ST) knots via experimental testing and computational
modelling. A single suture material - Polyglactin 910 (Vicryl;
Ethicon, Inc) was selected for this study and all sutures were of
a 4-0-gauge size. 12 knotted suture samples (n=12) were
prepared for each of the two surgical knot configurations. A
tensile testing machine a load cell of 100N was utilized. The
knots were loaded via a crosshead movement rate of 1mm/s
throughout the test until knot failure, either by suture rupture
at the knot or knot slippage. To test knot strength, assuming
slippage does not occur, 3D scaled computational models of the
2DT and 3ST knots were created in SOLIDWORKS, and exported
to a finite element analysis (FEA) software - ABAQUS. The
sutures were subjected to increasing static forces until the yield
stress within the suture was achieved. Preliminary results
suggest that the 3ST knot has a higher construction time and is
more vulnerable to suture rupture when it fails at a value half
that of what is required in a 2DT knot, but is more resistant to
knot slippage. The 2DT surgical knot, while more vulnerable to
slippage, appears to possess relative acceptable strength, with
its yield only initiating at a force double of what is observed in a
3ST knot. Therefore, the 2DT knot may be more appropriate in
cases where efficiency and resistance to suture rupture is
prioritized due to the lower construction time and its higher
load at yield. Conversely, where wound dehiscence via slippage
carries a high risk, the 3ST that is more resistant to slippage is
encouraged, despite the additional time required to construct.
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1. Introduction

The ideal surgical knot should be able to withstand
knot failure either via slippage or rupture [1] in vivo for
an appropriate period of time to allow the wound to
properly heal [2]. During healing, the suture and
invariably its weakest component - the surgical knot [3],
will be subject to various static and dynamic loads as the
subject goes about an everyday routine. In the event a
knotted suture is unable to withstand these forces and
fails, incisional hernia or surgical wound dehiscence
(SWD) may occur [4], which will lead to subsequent
complications when the wound is not allowed to heal
sufficiently. Therefore, determining the knot with the
best integrity and efficiency is critical.

Although previous studies have investigated the
effect of suture techniques and materials experimentally,
there remains a paucity of consensus in the outcomes. A
study by Riboh et al. [2] concluded that surgeon’s knots
are stronger than sliding knots. Conversely, Gandini et
al. reported that efficiency of the sliding knots over its
counterpart. Van Rijssel et al. [5] has argued that even
with an additional cross at the base, the surgeon’s knot
held no additional strength benefits over the square
knot. With respect to suture materials, a similar lack of
consensus exists between studies [5, 6]. Despite the
numerous studies conducted, none have sought to
compare two of the most commonly utilized knots - the
two double throws square knot (2DT), commonly known
as the surgeon’s knot, and the three single throws square
knot (3ST).



Conventionally, the 3ST knot is the preferred knot
of choice as it is ostensibly simpler and more commonly
accepted, though this is not based on complete scientific
data [8]. 2DT surgical knots, on the other hand, seem to
offer greater knot security, although it may require a
slightly longer construction time. Surgeons typically
choose between these two knots based on institutional
practice and norms [9] and yet no prior studies have
empirically compared the integrity between the two.

To that end, this study aims to investigate and
compare the knot integrity between the 2DT and 3ST
surgical knots. Specifically, the analysis will focus on the
three key aspects: (i) each knot’s vulnerability to
slippage via experimental testing, (ii) suture rupture at
the knot via computational modelling, and (iii) efficiency
in terms of construction time, which is pertinent
particularly when multiple sutures are necessary.

2. Methodology
2. 1. Sample Preparation

A single suture material - Polyglactin 910 (Vicryl;
Ethicon, Inc) was selected for this study and all sutures
were of a 4-0-gauge size, absorbable synthetic and of
multifilament structure. 12 knotted suture samples
(n=12) were prepared for each of the two surgical knot
configurations. To avoid operator influence, all surgical
knots were tied by a single surgeon with proper
instrumentation. The 2DT surgical knot, otherwise
known as the surgeon’s knot, was prepared with a
double-wrapped first throw followed by an additional
double throw square knot [10] (Figure 1a). The 3ST
surgical knot was prepared with two square knots, in
which knot base is crossed only once [11] (Figure 1b).
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Figure 1. Configuration of a) two double throws squared, and
b) three single throws squared surgical knots.

Prior to testing, all samples were knotted around a

44.5 mm diameter cylindrical plastic bottle (Figure 2).
The construction time taken to tie each surgical knot was
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recorded and compared between knot configurations.
The time was measured starting when the suture was
looped on the underside of the cylinder and the surgeon
began the first loop and was stopped after the surgeon
cut the last knot’s thread.
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Figure 2. A surgeon’s knot tied around a 45.5mm diameter
plastic cylinder.

The tail ends of the knot were cut to a length of
3mm length [12] and knot loops were cut into equal
lengths (Figure 3). Standard force was applied to the tail
ends of each sample to test for knot slippage as defined
by a binary value where a displacement exceeding 1.8
mm would constitute an unstable knot, and vice-versa
[9]. The displacement was measured by the change of
length from the tail ends to the knot. Any knot deemed
unstable based on the condition described above would
be excluded from subsequent tensile experimental
testing.

Figure 3. A final knot sample with 3mm tail ends and a knot
loop cut into equal lengths.

2. 2. Experimental Setup

All knots were tested within 12 hours of being tied.
Knots that untied before testing were not included in the
calculation of the mean maximum tensile load at failure.
A tensile testing machine (Criterion 42 Universal testing
Machine, MTS, Eden Prairie, MN) with a load cell of 100N
(Figure 4) was utilized. The loops ends were clamped
between the crosshead grips with a non-harsh adhesive
applied on their inner surface. The grips were



mechanically tightened with the use of a hex key to
minimize slip during testing. To prevent possible
damage to the suture samples, the investigator was
careful to not exert excessive force whilst tightening. The
distance between grips was adjusted to 90 mm - when
the suture was just taut.

The knots were then loaded via a crosshead
movement rate of Imm/s throughout the test until knot
failure, either by suture rupture at the knot or knot
slippage - wherein a knot completely unravels under
tensile loads. Force and displacement values were
continuously recorded at a sampling data rate of 10Hz.
The mode of failure and maximum tensile load at failure
were recorded, and the values compared between the
two different suture knot configurations.
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Figure 4. Criterion 42 Universal tensile testing machine (MTS,
Eden Prairie, MN) utilized in the mechanical testing phase.

2. 3. Statistical Analysis
Statistical analyses were performed in Minitab 19
Statistical Software (2020, State College, PA: Minitab,
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Inc) which ensured that the data points collected for
failure load via slippage and knot construction time
conformed to a normal distribution via the Kolmogorov
and Smirnov test. Unpaired, parametric student’s t-tests
were performed on the data sets to identify any
significant differences between the two knot
configurations. A P-value < 0.05 was considered
statistically significant.

2. 4. Finite Element Analysis

In order to test knot strength with no knot
slippage, under the expert guidance of an experienced
plastic surgeon, 3D computational models of the 2DT and
3ST surgical knots were drawn within a computer-aided
design (CAD) software Solidworks (2019, Dassualt
Systemes Technologies, Providence, RI). Due to the
morphological complexity of the knots and to allow for
efficient computational convergence, as a preliminary
measure, the suture diameter was scaled up to 2.5 mm
from the original 0.15 mm diameter of the Polyglactin
910 (Vicryl; Ethicon, Inc), 4-0-gauge sutures. All other
measurements in the models were scaled accordingly.
Hence, the analysis of the finite element results will focus
on the relativity of the values and not the absolute values.

As the computational models are idealized, no
external factors concerning angle of pull by the surgeon
or force differences corresponding to suture lengths was
involved. Therefore, only the knot itself needed to be
modelled (Figure 5), resulting in a computationally
efficient analysis due to a decreased number of elements
within the model. Additionally, the volume of the each
knot was recorded.

The 3D models of the knots were then exported to
a finite element analysis (FEA) software, ABAQUS (v6.17,
Dassualt Systemes Technologies, Providence, RI) for
simulation configuration. As a first approximation, the
suture material was assigned with homogenous,
isotropic elastic material properties obtained from CES
Edupack 2019 (Granta Design, Cambridge, UK), where
the Young’s modulus was assigned a value of 2040 MPa,
and a Poisson’s ratio of 0.405. These values were of a
similar order to suture properties utilized in previous
studies [12, 13].

In an effort to determine the effect of external
tensile loads on the knot strength, the bottom end of the
suture was assigned a fixed boundary condition, where
all degrees of freedom were constrained (Figure 5). The
top ends of the suture were then subjected to a static
force uniformly distributed over the area. Multiple
simulations were conducted to ascertain the tensile force



necessary for each knot configurations to reach a
yielding value of 55 MPa, as defined by the suture
material defined in CES Edupack 2019 (Granta Design,
Cambridge, UK). At this yield stress, the suture would be
at its elastic limit, thus suggesting impending suture
rupture at the knot.

Both surgical knot models were assigned with
explicit 4-node linear tetrahedron elements (C3D4). An
element seed size of 0.2 was chosen so that the intricate
profile of the knots could be accurately meshed without
compromising its external morphology. The 2DT and
3ST knot computational models consisted of 580, 612
and 533, 861 elements, respectively.
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Figure 5. 3D CAD models of the a) Two double throws, and b)
three single throws surgical knots. The bottom of each suture
is fixed, and the top end of the suture is subjected to an
applied load.

3. Results

In the current study, knot security was evaluated
in terms of (i) knot instability prior to mechanical
testing, (ii) knot slippage/rupture during testing, and
(iii) idealized suture rupture at the knot via finite
element modelling.

24 suture samples were evaluated via mechanical
tensile experiments. Prior to mechanical testing, two of
the 3ST knot exhibited instability, where their
displacement values exceed 1.8mm, and were therefore
excluded from testing. One 2DT sample was further
excluded due to a mechanical testing error during that
specific trial. Of the 21 remaining samples, only one 2DT
knot sample failed by knot breakage at a tensile load of
13.941 N, while all remaining samples failed by knot
slippage. Ultimately, 10 data points were present for
each knot configuration that failed via slippage. Due to

the lack of data concerning knot rupture, knot failure by
slippage will be the primary area of comparison between
the two knot configurations. A summary of the number
of knots that failed by the various modes are
summarized in Table 1.

Table 1. Tally of surgical knots that failed by various modes

Two double Three single

Surgical Knot

throws (2DT)  throws (3ST)
Knot instability - 2
Knot breakage 1 0
Knot slippage 10 10
*Excluded due to 1 i

testing error

There were significant differences between the
construction times (P = 0.0153) (Figure 6a) and tensile
load to failure via knot slippage (P = 5.40 x 107%)
(Figure 6b) between the two knot configurations, where
in both cases the P-value fell below 0.05.
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Figure 6. Box plots of a) surgical knot construction times, and
b) Failure load by knot slippage for both two double throws
(2DT) and three single throws (3ST) square surgical knots.
Despite a single outlier value for the 3ST surgical
knot failure load, it is evident that in general, the 3ST
knot slipped at a higher tensile load, suggesting that it is



more resistant to knot slippage. The 2DT surgical knot,
however, required a shorter construction time, but
slipped at a lower load.

Expectedly, the failure load for suture rupture at
the knot of 13.941 N far exceeded the tensile load
observed for any failure via knot slippage [12]. However,
as there was only a single 2DT knot sample that failed by
suture rupture, a comparison between the knot
figurations based upon failure by suture rupture could
not be investigated. Instead, the computational analyses
results, which were a reflection of pure tensile load
application and would not mechanically result in any
slippage, were then utilized to gain insight into each
knot’s vulnerability to suture rupture.

The FEA results revealed that with no possibility of
slippage, an applied force of 35.0 N and 16.8 N would
elicit a yield stress in a 2DT and a 3ST surgical knot,
respectively. The resultant von Mises Stresses in each
suture configuration are shown in figure 7. This suggests
that assuming no knot slippage, a 3ST knot would first
fail by suture rupture at its knot.

2DT surgical
knot

3ST surgical
knot

S, Mises

(Avg: 75%)
+5.500e+01
+5.042e+01
+4.583e+01
+4.125e+01
+3.667e+01
+3.208e+01
+2.750e+01
+2.292e+01
+1.833e+01
+1.375e+01
+9.167e+00
+4.583e+00
+0.000e+00

Back
Views

L.

Figure 7. Resultant von Mises Stresses in the two double
throws (2DT) square surgical knot and the three single
throws (3ST) surgical knot. Both the front and back views are
shown of each configuration.

Upon preliminary observation, both knots exhibit
higher relative stresses at the base of the knot. In the
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case of the 3ST knot, however, the stresses appear to be
concentrated closer to the base, whilst those for the
2DT knot extend further outwards to the exiting
strands.

For an efficient comparison, the relevant values
for 3ST were expressed as a fraction of the values
observed for the 2DT surgical knot. The results are
illustrated in figure 8.
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Relative value (3ST/2DT)
(3]

3ST

2DT 38T 2DT 3ST 2DT

Load to Failure by Construction Time

Slippage

Load to Failure by
Suture Rupture at Knot

Figure 8. Graph of relative values, where each value is a
fraction of the corresponding associated 2DT value, in the
categories of load to failure by slippage and suture rupture at
knot, and construction time.

4. Discussion

Knot security is one of the most important
elements of a tied suture [9]. As a knot is the most
vulnerable part of a suture [1,14], it is paramount to
ensure that whichever knot is chosen by a surgeon, it
remains secure enough to allow the wound to heal
sufficiently. Therefore, the objective of the current study
is to evaluate two of the most commonly utilized surgical
knots - the 2DT or surgeon’s knot, and the 3ST surgical
knot on the basis of knot security and construction time.

Through experimental testing and computational
analysis, we were able to offer a preliminary comparison
between the knot integrity of the two knot
configurations. The lower the load at failure, the more
vulnerable the knot is to succumb to this mode of failure.
The 3ST knot appeared to more resistant to knot
slippage with a higher failure load, but more vulnerable
to suture rupture when it fails at a value half that of what
is required in a 2DT knot (Figure 8), albeit in the
idealized case in which a tensile force that is perfectly in
line with the longitudinal direction of the suture is
applied to its end and slippage does not occur.



The extra throw in the 3ST configuration increases
the area of interfacing surfaces, thereby increasing
friction within the loop, and possibly leading to its
greater resistance to knot slippage. This suggests that
the 3ST knot is strong enough to withstand more loads.
Therefore, although the current knot has a higher
construction time than a 2DT knot (Figure 6a), in
instances when surgical wound dehiscence (SWD) via
slippage [15] may be life threatening such as in vessel
anastomoses, the more time-consuming 3ST surgical
knot may be preferred.

The 2DT surgical knot, on the other hand, while
more vulnerable to slippage, appears to possess relative
acceptable strength, with its yield only initiating at a
force double of what is observed in a 3ST knot.
Furthermore, the 3ST knot computational stresses are
concentrated at the knot base and the extension of stress
into the exiting loop strands are relatively shorter than
those encountered in the 2DT knot (Figure 7). This may
be due to the fact that the 3ST knot configuration reaches
its yield at its base much quicker, before the stress could
be distributed to the exiting strand. Conversely, in the
2DT computational model, the longer extension of the
stresses to the exiting loop strands suggests that the
configuration itself may be more efficient at distributing
longitudinal loads.

Hence, when a large wound is to be closed that
requires multiple sutures [16], the more efficient 2DT
that can resist suture rupture better and has adequate
strength to withstand more loads may be a suitable
option.

Although this study has provided a basis for
discussion on the knot integrity of these two commonly
performed surgical knots, the result that each knot
configuration is vulnerable to a different mode of failure
suggests that indeed more research and improvements
are necessary to properly determine the biomechanical
strength and characteristics of each knot. A larger
sample size of sutures, tested between different
surgeons where available, may have led to more
conclusive observations, specifically with respect to
suture rupture. The inclusion of skin tissue samples
would have also enabled further study on how each knot
configuration affects the skin.

With respect to computational modelling, more
realistic and accurate CAD models may be created to
include the variation of loop angles within the different
knots. In addition, the forces and boundary conditions
applied to the computational models were set within an
idealized case. In following studies, oblique forces and
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more specific boundary conditions that control each
degree of freedom to more accurately represent in-vivo
conditions will be included.

With these improvements, we may gain greater
insights relating to the biomechanics of the two knot
configurations that could later be used to help guide
surgical decisions.

5. Conclusion

In this study, the primary objective was to
compare the knot integrity and efficiency between the
two most commonly utilized surgical knots - the 2DT
and 3ST knots via experimental testing and
computational modelling. Although preliminary, the
results suggest that that the 2DT knot may be more
appropriate in cases where efficiency and resistance to
suture rupture is prioritized due to the lower
construction time and its higher load at yield.
Conversely, where SWD via slippage carries a high risk,
the 3ST that is more resistant to slippage is encouraged,
despite the additional time required to construct.

Further improvements are necessary to both the
experimental and computational aspects of the study to
properly determine the biomechanical strength and
characteristics of each knot, so that more accurate
insights may be revealed that may guide surgical
decisions and improve outcomes.

Acknowledgements

The authors wish to thank Johnson & Johnson Pte
Ltd for their donation of suture material for the purposes
of this study, and Mr Emran Poh from the Singapore
Institute of Technology for his help with the illustrations
for this paper.

References
[1]  R.F.Edlich and W.B. Long II], “Surgical Knot Tying
Manual, Third edition,” Covidien, 2008.

www.covidien.com.

J. C. Riboh, D. S. Heckman, R. R. Glisson, and C. T.
Moorman, “Shortcuts in arthroscopic knot tying:
Do they affect knot and loop security?,” Am. ].
Sports Med., vol. 40, no. 7, pp. 1572-1577, 2012,
doi: 10.1177/0363546512446676.

H. Tera and C. Aberg, “Strength of knots in surgery
in relation to type of knot, type of suture material
and dimension of suture thread.” Acta Chir.
Scand., vol. 143, no. 2, pp. 75-83, 1977.

D. C. Bartlett and A. N. Kingsnorth, “Abdominal
wound dehiscence and incisional hernia,”

[2]



[11]

[13]

[14]

Surgery, vol. 27, no. 6, pp. 243-250, 2009, doi:
10.1016/j.mpsur.2009.05.001.

E. ]J. C. van Rijssel, ]J. Baptist Trimbos, and M. H.
Booster, “Mechanical performance of square
knots and sliding knots in surgery: A comparative
study,” Am. J. Obstet. Gynecol., vol. 162, no. 1, pp.
93-97, 1990, doi: https://doi.org/10.1016/0002-
9378(90)90828-U.

D. M. Marturello, M. S. McFadden, R. A. Bennett, G.
R. Ragetly, and G. Horn, “Knot security and tensile
strength of suture materials.,” Vet. Surg., vol. 43,
no. 1, pp. 73-79, Jan. 2014, doi: 10.1111/j.1532-
950X.2013.12076.x.

T. M. Muffly, N. Kow, L. Igbal, and M. D. Barber,
“Minimum number of throws needed for knot
security,” J. Surg. Educ., vol. 68, no. 2, pp. 130-133,
2011, doi: 10.1016/j.jsurg.2010.11.001.

J. E. Tidwell, V. L. Kish, J. B. Samora, and ]J.
Prud’homme, “Knot security: how many throws
does it really take?,” Orthopedics, vol. 35, no. 4, pp.
e532-7, Apr. 2012, doi: 10.3928/01477447-
20120327-16.

E. Silver, R. Wu, ]. Grady, and L. Song, “Knot
Security- How is it Affected by Suture Technique,
Material, Size, and Number of Throws?,” J. Oral
Maxillofac. Surg., vol. 74, no. 7, pp. 1304-1312, Jul.
2016, doi: 10.1016/j.joms.2016.02.004.

T. M. Muffly, ]. Boyce, S. L. Kieweg, and A. J.
Bonham, “Tensile strength of a surgeon’s or a
square knot,” J. Surg. Educ., vol. 67, no. 4, pp. 222-
226,2010,doi: 10.1016/j.jsurg.2010.06.007.

R. P. Brown, “Knotting technique and suture
materials,” BJS (British J. Surgery), vol. 79, no. 5,
pp. 399-400, May 1992, doi:
https://doi.org/10.1002/bjs.1800790507.

J. G. Thacker, G. Rodeheaver, L. Kurtz, M. T.
Edgerton, and R. F. Edlich, “Mechanical
performance of sutures in surgery,” Am. J. Surg.,
vol. 133, no. 6, pp. 713-715, 1977, doi:
https://doi.org/10.1016/0002-9610(77)90161-
1

N. P. Ingle, M. W. King, and M. A. Zikry, “Finite
element analysis of barbed sutures in skin and
tendon tissues,” . Biomech., vol. 43, no. 5, pp. 879-
886, 2010, doi:
http://dx.doi.org/10.1016/j.jbiomech.2009.11.0
12.

A. M. Zihlif, R. A. Duckett, and I. M. Ward, “The
Poisson’s ratio of ultra-drawn polyethylene and
polypropylene fibres using Michelson

27

[15]

[16]

interferometry,” J. Mater. Sci., vol. 13, no. 8, pp.
1837-1840, 1978, doi: 10.1007/BF00548754.
K. Ousey, R. Djohan, C. Dowsett, F. Ferreira, T.

Hurd, and M. Romanelli, “Surgical wound
dehiscence: improving  prevention  and
outcomes,” World Union Wound Heal Soc.

Consens. Doc., p. 4, 2018, [Online]. Available:
https://pure.hud.ac.uk/en/publications/surgical
-wound-dehiscence-improving-prevention-and-
outcomes.

E. L. Howes and S. C. Harvey, “The Strength of the
Healing Wound in Relation to the Holding
Strength of the Catgut Suture,” N. Engl. J. Med., vol.
200, no. 25, pp. 1285-1291, Jun. 1929, doi:
10.1056/NEJM192906202002504.



