
R
s
o
t

(
d
S
(

r
B

B
T

S

A Comparison of Knot Security and Loop Security in
Arthroscopic Knots Tied With Newer High-Strength

Suture Materials

Ian K. Y. Lo, M.D., F.R.C.S.C., Eloy Ochoa Jr., M.D., and Stephen S. Burkhart, M.D.

Purpose: The purpose of this study was to compare the knot security and loop security of 2 sliding
and 1 static arthroscopic knot tied with different types of suture material. Methods: We evaluated 3
commonly used arthroscopic knots (surgeon’s knot, Roeder knot, and Weston knot) tied with 6
different braided No. 2 sutures (FiberWire [Arthrex, Naples, FL]; Ethibond [Ethicon, Somerville,
NJ]; Orthocord [DePuy Mitek, Raynham, MA]; Herculine [now called HiFi; ConMed Linvatec,
Largo, FL]; MaxBraid [Arthrotek, Warsaw, IN]; and UltraBraid [Smith & Nephew, Andover, MA]).
Each suture loop was then mounted on a materials testing system, and its circumference was
measured at a 5-N preload to assess each knot’s ability to maintain a tight suture loop without
slippage (loop security). Knot security was measured as the maximum force to failure at 3 mm of
crosshead displacement or suture breakage during single-pull load testing. Results: We found that
tying knots with different types of suture material can affect both the knot security and loop security
of various types of arthroscopic knots. When a Roeder knot or surgeon’s knot was tied, No. 2
FiberWire had the highest force to failure when compared with similar knots tied with other suture
material (P � .001). The loop security for many of the knot and suture configurations was not
significantly different. However, No. 2 FiberWire consistently showed the smallest loop circumfer-
ence when compared with other suture materials. Conclusions: Arthroscopic knots tied with No. 2
FiberWire provide superior knot security and similar loop security compared with other commonly
used high-strength polyethylene suture materials. Clinical Relevance: High-strength sutures exhibit
unique mechanical characteristics that may vary significantly between suture types. In addition, knot
configuration plays an important role in altering these characteristics as they relate to knot security.
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econstructive arthroscopic shoulder surgery com-
monly requires creating a stable construct for

oft-tissue healing to bone. Although a number of
ptions exist, including knotless technology and su-
ure welding, the most commonly used method of
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xation still requires tying arthroscopic knots.1,2 Re-
ent studies comparing arthroscopic knots with hand-
ied knots have shown arthroscopic knots to be equal,
f not superior, to hand-tied knots for various knot
onfigurations.3-5 Optimization of tissue fixation by
not tying is therefore an important component of
reating a stable construct.

For a knot to be effective, it must possess optimized
ttributes of both knot security and loop security. Knot
ecurity is defined as the effectiveness of the knot at
esisting slippage when load is applied and is depen-
ent on 3 factors: friction, internal interference, and
lack between throws.6 Loop security is the ability to
aintain a tight suture loop as a knot is tied.6,7

In a previous study, we showed that in addition to
he type of arthroscopic knot, the type of suture can
lso affect the knot security and loop security of a
onstruct.8 The use of 1 type of high-strength suture

aterial (i.e., No. 2 FiberWire [Arthrex, Naples, FL])
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ncreased knot security of most knots by a mean of
8.6%.8 Since the publication of these data, a number
f new high-strength suture types have become avail-
ble. These suture types incorporate polyethylene in
ddition to other materials (e.g., polydioxanone, poly-
ster, and polypropylene) to provide the suture with its
ntrinsic strength and properties. Recent suture types
nclude FiberWire (multistranded long-chain ultra-
igh–molecular weight polyethylene core and polyes-
er braided jacket) (Arthrex); Orthocord (composite
raided suture of polydioxanone and ultrahigh–
olecular weight polyethylene) (DePuy Mitek, Rayn-

am, MA); Herculine (braided ultrahigh–molecular
eight polyethylene) (now called HiFi; ConMed Lin-
atec, Largo, FL); MaxBraid (braided ultrahigh–
olecular weight polyethylene) (Arthrotek, Warsaw,

N); and UltraBraid (braided ultrahigh–molecular weight
olyethylene) (Smith & Nephew, Andover, MA).
The purpose of this study was to compare the knot

ecurity and loop security of various arthroscopic
nots tied with different types of high-strength suture
aterial. We hypothesized that the new high-strength

uture material would have knot and loop security
uperior to Ethibond (Ethicon, Somerville, NJ).

METHODS

We used 6 different braided No. 2 sutures: Ethibond
Ethicon), FiberWire (Arthrex), Orthocord (DePuy

itek), Herculine (ConMed Linvatec), MaxBraid (Ar-
hrotek), and UltraBraid (Smith & Nephew). By use of
hese 6 different types of suture materials, 2 sliding
nots (the Roeder knot tied with 3 reversing half-
itches on alternating posts [RHAPs] and the Weston
not with 3 RHAPs) (Fig 1A) and a static 6-throw
urgeon’s knot were tied8 (Fig 1B). The Roeder knot
nd Weston knot were chosen because our previous
tudy showed that these 2 complex sliding knots pro-
ided the best balance of loop security and knot se-
urity of the commonly used arthroscopic knots.8 The
urgeon’s knot comprised a stack of 3 half-hitches
base knot) followed by 3 consecutive half-hitches on
lternating posts. Reversing the half-hitches and alter-
ating the posts were performed by alternately ten-
ioning the wrapping limbs with consecutive throws.8

total of 7 knots were tied for each possible combi-
ation of knots and sutures, for a total of 126 knots.
he surgeon attempted to control the tension on each
uture and knot by tactile feedback during knot tying.

Each knot was tied around a 30-mm-circumference
lastic post to ensure a consistent loop circumference

f 30 mm before “locking” the complex sliding knots s
y tensioning the wrapping limb of the suture. Each
oop was then mounted on an Instron materials testing
ystem (model 5544; Instron, Canton, MA) to test the
not and loop security of each knot (Fig 2). Fixtures
ere mounted to the base and crosshead of the Instron

ystem with two 3.95-mm-diameter rods held parallel.
ach loop was placed around the rods with the knots
entered between the 2 rods. A 5-N preload was then
pplied at 1 mm/s followed by a pull to failure, also at
mm/s. Data were collected at 500 Hz.
The loop circumference was measured at the 5-N

reload to assess each knot’s ability to maintain a tight

FIGURE 1. (A) Sliding knots. (B) Static knot.
uture loop without slippage (loop security) and was
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S122 POLYETHYLENE SUTURES
easured as previously described.8 Loop security was
easured as the maximum loop circumference at a

-N preload. It is important to remember when inter-
reting these data that because each knot was tied
round a 30-mm-circumferential post, a loop circum-
erence of 30 mm represents optimal loop security.

Knot security was measured as the maximum force
o failure at 3 mm of crosshead displacement or suture
reakage during single-pull load testing.3 Three mil-
imeters of crosshead displacement was chosen as
ailure, because this is the standard displacement for
ailure in most previous knot studies.8-10 The maxi-
um force to failure was recorded along with the
ode of failure for each test.
To estimate the amount of knot slippage versus

uture elongation (stretch) that occurred during knot
esting, a 30-mm unknotted length of each suture was
lso tested.8 Seven specimens of each suture type were
ttached to the Instron system by use of pneumatic
lamps set 30 mm apart. Each 30-mm gauge length of
uture was pulled to failure at 1 mm/s, and data were
ecorded at 500 Hz. The yield load, ultimate load, and
xtension at yield were recorded. As an estimate of
uture elongation, the amount of elongation that
ould occur at the maximum load of failure for each

IGURE 2. Testing apparatus with parallel rods attached to Instron
ystem and mounted suture.
not was calculated by use of the mean slope of each
b
w

uture load-extension curve. Estimated knot slippage
as therefore calculated as the residual amount of

uture loop enlargement not accounted for by elonga-
ion.8

For statistical evaluation, 1-way analyses of vari-
nce were used. Post hoc pair-wise multiple compar-
sons were made with a Bonferroni t test. A signifi-
ance level of .05 was used for all analyses.

RESULTS

not Security

None of the 126 knots tested in this study failed by
uture breakage. That is, all knots failed by 3 mm of
rosshead extension by a combination of suture elon-
ation and knot slippage. Figure 3 includes the force
o failure of each suture type and knot configuration.

When a surgeon’s knot was tied, No. 2 FiberWire
185 � 32 N) provided the greatest force to failure.
he strength of the surgeon’s knot tied with No. 2
iberWire was significantly greater than that of all
ther sutures investigated in this study (P � .001).
hen a surgeon’s knot was tied, among the other

utures, No. 2 Orthocord had the next highest force to
ailure (113 � 18 N), followed by No. 2 Ethibond
102 � 7 N), No. 2 Herculine (90 � 43 N), No. 2

axBraid (70 � 29 N), and No. 2 UltraBraid (63 �
5 N). The force to failure of the surgeon’s knot tied
ith No. 2 Orthocord was significantly greater than

hat with No. 2 UltraBraid (P � .024). There were no
ther significant differences among the other 4 sutures
hen a surgeon’s knot was tied (P � .05).
When a Roeder knot was tied, No. 2 FiberWire

198 � 29 N) provided the highest force to failure.
he strength of the Roeder knot tied with No. 2
iberWire was significantly higher than that of all

IGURE 3. Maximum force to failure of surgeon’s knot (a black

ox), Roeder knot (a gray box), and Weston knot (a white box) tied
ith various types of suture materials.
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S123I. K. Y. LO ET AL.
ther Roeder knots tied with the other sutures inves-
igated in this study (P � .001). Among the other
utures, No. 2 Herculine had the next highest strength
118 � 25 N), followed by No. 2 MaxBraid (98 � 25
), No. 2 Orthocord (90 � 22 N), No. 2 Ethibond

89 � 8 N), and No. 2 UltraBraid (68 � 9 N). There
ere no significant differences among these 5 sutures

or Roeder knot force to failure (P � .05).
When a Weston knot was tied, No. 2 FiberWire

134 � 38 N) provided the greatest force to failure,
ollowed by No. 2 MaxBraid (112 � 33 N), No. 2
rthocord (103 � 12 N), No. 2 UltraBraid (96 � 13
), No. 2 Ethibond (91 � 21 N), and No. 2 Herculine

73 � 27 N). The strength of the Weston knot tied
ith No. 2 FiberWire was significantly greater than

hat of the Weston knot tied with No. 2 Herculine
P � .001). There were no other significant differ-
nces among the Weston knots tied with the other
uture types (P � .05).

oop Security

The loop circumference of the surgeon’s knot tied
ith No. 2 Orthocord (29.5 � 0.2 mm) was the

mallest. It was followed by No. 2 FiberWire (30.3 �
.5 mm), No. 2 Ethibond (30.4 � 0.4 mm), No. 2
axBraid (30.4 � 0.4 mm), No. 2 Herculine (31.0 �

.6 mm), and No. 2 UltraBraid (31.1 � 1.4 mm). The
oop circumference of the surgeon’s knot tied with
o. 2 Orthocord was significantly smaller than that of
o. 2 UltraBraid (P � .034). There were no other

ignificant differences between the loop circumfer-
nces of the surgeon’s knots tied with all other sutures
P � .05). Figure 4 includes the loop circumference of
ach suture type and knot configuration.

The loop circumference of the Roeder knot tied
ith No. 2 FiberWire (31.0 � 0.4 mm) and No. 2
rthocord (31.0 � 1.0 mm) was the smallest. They
ere followed by No. 2 Ethibond (31.8 � 0.4 mm),
o. 2 MaxBraid (31.9 � 0.6 mm), No. 2 UltraBraid

IGURE 4. Loop circumference of surgeon’s knot (a black box),
2
oeder knot (a gray box), and Weston knot (a white box) tied with
arious types of suture materials.
32.1 � 0.6 mm), and No. 2 Herculine (32.1 � 0.9
m). No significant differences existed for the loop

ircumference of Roeder knots tied with any of the 6
utures (P � .05).

The loop circumference of the Weston knot tied
ith No. 2 FiberWire (31.5 � 1.1 mm) was the

mallest. This was followed by No. 2 Orthocord (32.1 �
.6 mm), No. 2 Herculine (32.7 � 1.4 mm), No. 2
thibond (33.2 � 1.0 mm), No. 2 MaxBraid (33.9 �
.8 mm), and No. 2 UltraBraid (34.3 � 2.9 mm). The
oop circumference of the Weston knot tied with No.
FiberWire was significantly lower than that of No. 2
ltraBraid (P � .047). No significant differences ex-

sted for the loop circumference of Weston knots tied
ith the other 4 suture types (P � .05).

traight-Pull Testing

To estimate the amount of knot slippage versus
uture elongation (stretch) that occurred during knot
esting, a 30-mm unknotted length of each suture was
ested. The results are listed in Table 1. The percent
longation was calculated at the yield load because no
uture slippage had occurred at the suture-clamp in-
erface before the yield; that is, the load-extension
urve was linear, validating the stiffness calculation
or each curve.

The straight-pull ultimate strength of No. 2 FiberWire
as significantly greater (P � .001) than that of all
ther sutures except for No. 2 Herculine (P � .451).
he straight-pull ultimate strength of No. 2 Herculine,
o. 2 UltraBraid, and No. 2 MaxBraid was also sig-
ificantly greater than that of both No. 2 Ethibond and
o. 2 Orthocord (P � .05). The straight-pull ultimate

trength of No. 2 Orthocord was significantly greater
han that of No. 2 Ethibond (P � .001). No other
omparisons showed significant differences (P � .05).

The straight-pull percent elongation at yield of No.

TABLE 1. Yield Load, Percent Elongation at Yield Load,
and Ultimate Load of Suture Materials During Straight-

Pull Testing of Unknotted Lengths of Suture

% Elongation at
Yield Load

Yield Load
(N)

Ultimate Load
(N)

iberWire 10.7 � 0.9 240 � 14 283 � 21
ltraBraid 24.0 � 2.1 241 � 8 241 � 8
axBraid 26.5 � 3.8 237 � 19 237 � 19
erculine 22.5 � 1.9 264 � 20 264 � 20
rthocord 24.4 � 1.5 210 � 15 210 � 15
thibond 27.5 � 0.6 128 � 3 128 � 3
FiberWire was significantly lower (P � .001) than
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S124 POLYETHYLENE SUTURES
hat of all other sutures. Furthermore, the straight-pull
ercent elongation of No. 2 Herculine was signifi-
antly lower than that of both No. 2 Ethibond and No.
MaxBraid (P � .01). No significant difference ex-

sted for any other pair-wise multiple comparisons
P � .05).

ailure Mechanism

In this study no knots failed by suture breakage.
herefore all knots failed by a combination of suture
longation and knot slippage. The estimated amount
f suture elongation and knot slippage for each knot
nd suture type are listed in Table 2. The surgeon’s
not tied with No. 2 Ethibond had an estimated elon-
ation of greater than 6 mm (and therefore a negative
alculated knot slippage). This discrepancy can be
ccounted for by varying stress risers between a loop
rapped over 2 dowels and the pneumatic clamps
sed for straight pulls as previously published.7

The estimated slippage was greater than the estimated
longation for all No. 2 UltraBraid knots (surgeon’s,
oeder, and Weston knots) and all No. 2 FiberWire
nots (surgeon’s, Roeder, and Weston knots). In con-
rast, the estimated elongation was greater than the
stimated slippage for all No. 2 Ethibond knots (sur-
eon’s, Roeder, and Weston knots) and No. 2 Ortho-

TABLE 2. Estimated Failure Mechanisms by Suture
With Each

Suture
Failure Load

(N)
Estimated Elongation

(mm)

urgeon’s knot
FiberWire 185 � 32 2.5 � 0.5
Orthocord 113 � 18 4.0 � 0.7
Ethibond 102 � 7 6.6 � 0.4
Herculine 90 � 43 2.3 � 1.2
MaxBraid 70 � 29 2.3 � 1.0
UltraBraid 63 � 25 1.2 � 0.8

oeder knot
FiberWire 198 � 29 2.7 � 0.4
Orthocord 90 � 22 3.2 � 0.9
Ethibond 89 � 8 5.7 � 0.5
Herculine 118 � 25 3.0 � 0.7
MaxBraid 98 � 25 3.3 � 0.9
UltraBraid 68 � 9 2.1 � 0.3
eston knot
FiberWire 134 � 38 1.8 � 0.6
Orthocord 103 � 12 3.6 � 0.6
Ethibond 91 � 21 5.9 � 1.4
Herculine 73 � 27 1.9 � 0.7
MaxBraid 112 � 33 3.7 � 1.0
UltraBraid 96 � 13 2.9 � 0.5
NOTE. Direct comparison across suture types should not be made.
ord knots (surgeon’s, Roeder, and Weston knots). A
ombination of failure mechanisms was found for the
o. 2 MaxBraid and No. 2 Herculine knots.

DISCUSSION

The concept of knot security has been shown in
epeated studies to be an important fixation attribute
or a variety of arthroscopic knots.8-24 The most ef-
ective knots have the attributes of optimized knot
ecurity and loop security.6,7,9 Although the knot con-
guration can significantly affect these attributes, knot
ecurity and loop security can also be affected by
uture type, material, and instrumentation used to tie
rthroscopic knots.9,11-19,25-28 In addition, the config-
ration and number of RHAPs are essential to both
oop and knot security of both sliding and non-sliding
nots.4,8,21,29 As in previous studies, newer-generation
igh-strength suture material has been shown to be
tronger than standard contemporary suture material
uch as Ethibond, polydioxanone, or Nylon.1,8,30 A
ecent study evaluating some high-strength suture ma-
erial concluded that sliding knots were more secure
han non-sliding knots.31 To our knowledge, our study
epresents the only study of high-strength suture ma-

ation or Knot Slippage of Arthroscopic Knots Tied
of Suture

ted Elongation
(%)

Estimated Slippage
(mm)

Estimated Slippage
(%)

1.3 � 8.0 3.5 � 0.5 58.7 � 8.0
6.1 � 11.5 2.0 � 0.7 33.9 � 11.5
9.7 � 7.0 �0.6 � 0.4 �9.7 � 7.0
9.0 � 19.8 3.7 � 1.2 61.0 � 19.8
8.4 � 16.2 3.7 � 1.0 61.6 � 16.2
1.5 � 13.2 4.1 � 0.8 68.5 � 13.2

4.2 � 7.1 3.4 � 0.4 55.8 � 7.1
2.9 � 15.2 2.8 � 0.9 47.1 � 15.2
5.3 � 8.9 0.3 � 0.5 4.7 � 8.9
0.5 � 11.8 3.0 � 0.7 49.6 � 11.8
4.5 � 14.2 2.7 � 0.9 45.5 � 14.2
4.1 � 5.7 4.0 � 0.3 65.9 � 5.7

0.2 � 9.4 4.2 � 0.6 69.8 � 9.4
0.1 � 9.2 2.4 � 0.6 39.9 � 9.2
8.6 � 23.4 0.1 � 1.4 1.4 � 23.4
1.2 � 11.9 4.1 � 0.7 68.8 � 11.9
1.6 � 16.6 2.3 � 1.0 38.4 � 16.6
8.3 � 8.3 3.1 � 0.5 51.7 � 8.3
Elong
Type

Estima

4
6

10
3
3
3

4
5
9
5
5
3

3
6
9
3
6
4



t
k

f
b
c
f
f
e

e
t
f
(
p
O
e
w
t
f
s
s
w
e
E
t
n
n
p

s
u
c
d
s
h
a

c
u
o
t
m
f
r
m
r
a
f
r
f
C

i
t
t
a
p
t
q
s
c
d
A
2
l
m
k
b
m
s
t
t
w

v
c
p
t
p

M

S125I. K. Y. LO ET AL.
erial that analyzes both static and sliding-locking
nots.
In this study we chose to measure the maximum

orce at clinical failure determined either by suture
reakage or by crosshead displacement of 3 mm. In all
ases crosshead displacement of 3 mm occurred be-
ore suture breakage, suggesting that the suture loops
ailed by a combination of knot slippage and suture
longation.

Loop security was measured as the loop circumfer-
nce at a 5-N preload. Interestingly, surgeon’s knots
ied with No. 2 Orthocord had a mean loop circum-
erence of less than the 30-mm post circumference
29.5 � 0.2 mm). This unique characteristic has been
reviously observed.31 This is likely because No. 2
rthocord had a “bungee cord–like” effect, which

nabled it to be tied under a tension greater than 5 N
ith a circumference less than 30 mm. Thus, when

ested at a 5-N preload for loop security, the circum-
erence was less than 30 mm. This phenomenon is
imilarly reflected by the estimated elongation of the
urgeon’s knot tied with No. 2 Orthocord (Table 2),
hich had an estimated elongation of 66% (the most

longation of all high-strength suture types, excluding
thibond) and a force to failure that was 40% lower

han that of No. 2 FiberWire. However, it should be
oted that the surgeon’s knot loop circumference was
ot significantly different for No. 2 Orthocord in com-
arison to No. 2 FiberWire (P � .05).
Under straight-pull testing of unknotted lengths of

utures, we found that No. 2 FiberWire has a greater
ltimate strength (significantly so for all sutures ex-
ept for No. 2 Herculine) at a significantly lower
isplacement than all competitors’ sutures. These data
uggest that using No. 2 FiberWire may provide a
igher force to failure of knots as well as closer tissue
pposition than other sutures at lower loads.

The goal of this study was to compare the biomechani-
al parameters of various high-strength suture materials
sing a well-established biomechanical model previ-
usly developed by us.6,8 The strength of this model is
hat it isolates several variables and focuses on suture
aterial and knot characteristics. A single pull to

ailure has been shown to generally cause knot failure
ather than biologic tissue failure. Cyclic loading
odels more closely resemble normal postoperative

ehabilitation conditions but have been shown to have
propensity to cause failure at the tissue-suture inter-

ace rather than by failure of the knot or suture mate-
ial.7 Therefore we decided to study a single pull to
ailure to isolate the suture knot as the weak link.

onversely, this study design has the weakness of not
ncorporating several clinically relevant characteris-
ics, such as a wet environment, arthroscopic knot-
ying abilities, and interaction between suture anchor
nd soft tissues. These factors have been shown in
revious studies to affect outcomes.25,26,31-33 In addi-
ion, the question of how much knot security is re-
uired is an important one. Previous studies by the
enior author have shown that in vivo forces on a 4-cm
uff repair per suture vary between 38 and 60 N
epending on the number of sutures and anchors.6

lthough FiberWire failed at between 134 and 198 N,
other high-strength suture materials failed at much

ower levels (63 to 73 N), leaving a much smaller
argin of safety to resist physiologic loads. Lastly, all

nots failed by elongation rather than knot or suture
reakage, suggesting that future knot configurations
ay provide more favorable results with higher-

trength suture materials. This biomechanical study,
herefore, provides essential information and perspec-
ive for future studies looking at cyclic loading and
et tissue environments.

CONCLUSIONS

Arthroscopic knots tied with No. 2 FiberWire pro-
ide superior knot security and similar loop security
ompared with other commonly used high-strength
olyethylene suture material. The combination of su-
ure composition and knot configuration plays an im-
ortant role in altering loop security and knot security.

Acknowledgment: The authors thank James Thomas,
.Sc., for his technical contributions to this study.
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