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Abstract: Comprehensive studies comparing tensile proper-
ties of sutures are over 25 years old and do not include
recent advances in suture materials. Accordingly, the objec-
tive of this article is to investigate the tensile properties of
commonly used sutures in cutaneous surgery. Thirteen 3-0
sized modern sutures (four nonabsorbable and nine
absorbable) were tensile tested in both straight and knotted
configurations according to the procedures outlined by the
United States Pharmacopeia. Glycomer 631 was found to
have the highest failure load (56.1 N) of unknotted absorb-
able sutures, while polyglyconate (34.2 N) and glycomer
631 (34.3 N) had the highest failure loads of knotted
absorbable sutures. Nylon (30.9 N) and polypropylene (18.9

N) had the greatest failure loads of straight and knotted
nonabsorbable sutures, respectively. Polydioxane was
found to have the most elongation prior to breakage
(144%) of absorbable sutures. Silk (8701 MPa) and rapid
polyglactin 910 (9320 MPa) had the highest initial modulus
of nonabsorbable and absorbable sutures, respectively. The
new data presented in the study provide important infor-
mation for guiding the selection of suture materials for
specific surgeries. © 2014 Wiley Periodicals, Inc. J Biomed Mater
Res Part B: Appl Biomater, 103B: 735-742, 2015.
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INTRODUCTION

Sutures are used on a daily basis in cutaneous surgery for a
wide variety of purposes. The basic mechanical properties
of the suture materials are important for the overall suture
function and appropriate suture selection. The ideal suture
material should not break unexpectedly during use, elongate
with wound edema, be biocompatible, handle easily, form a
secure knot, and, if used internally, biodegrade in an appro-
priate time course. Knowledge of the tensile mechanical
properties of the various suture materials allows one to
evaluate the first two of these characteristics. Of the com-
monly cited mechanical properties of sutures, the most
important are the basic tensile properties.

Most published reports on the tensile behavior of vari-
ous sutures focus only on the breaking force. Detailed
reports comparing other important tensile properties such
as failure elongation, failure stress, failure strain, modulus,
and full stress-strain curves across suture materials are
quite limited. The comprehensive studies that are available
were performed on sutures that are much less relevant to
cutaneous surgery and do not include recent advances in
suture materials.”* Most available studies on modern
sutures were conducted as head-to-head comparisons of

only a few suture materials that often only reported
strength, focused on specific pre-storage conditions, and/or
did not consider the effect of knotting.>™** As a result of the
differences in testing methodologies, it is often inappropri-
ate to compare the currently available results in a compre-
hensive manner. For example, were a surgeon to look for
the failure strength of a glycomer 631 suture, a basic litera-
ture review would produce varying and potentially confus-
ing results. Results would include a baseline measurement
of 3.08 N for a 5-0 gauge suture tested in vivo and in vitro
in rats where tensile strength was measured on tensile
meter,’* maximum tensile loads ranging from 6 to 15 kgf
for a 4-0 gauge suture tested ex vivo after 0-21 days in vivo
in a pig where tensile strength was measured by testing
skin samples with embedded sutures,’® and tensile loads of
88.0-141.6 N for 0-0 and 2-0 sutures tested in five different
knot configurations and soaked in 0.9% sodium chloride for
60 seconds where tensile strength was measured on an Ins-
tron testing instrument.’® While each of these tests provide
valuable insight into their specific research objectives,
together, their variety of testing conditions, tensile strength
measurement procedures, and gauge sizes could provide
confusion for a surgeon in search of a simple answer. This
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TABLE |I. Suture Materials Tested in This Study

Suture Suture Manufacturer Lot Number Expiration Date
Nonabsorbable
Silk (Perma Hand) Ethicon (Blue Ash, OH) GDE929 January 2018
GDB6457 January 2018?
Polypropylene (Surgipro) Covidien (Mansfield, MA) D3C0440X March 2018
Polybutester (Novafil) Covidien (Mansfield, MA) D3C0268X March 2018
D3D1128X? April 2018°
Nylonb (Monosof) Ethicon (Blue Ash, OH) D2L0153X November 2017
Absorbable
Rapid Polyglactin 910° (Vicryl Rapide) Ethicon (Blue Ash, OH) GDX642 January 2018
GDX499? January 20187
Plain Gut (Plain Gut) Ethicon (Blue Ash, OH) GGM177 January 2018
GE61007 January 2018°
Chromic Gut (Chromic Gut) Ethicon (Blue Ash, OH) EMP775 July 2017
Polyglactin 910° (Vicryl) Ethicon (Blue Ash, OH) GD2137 January 2018
GE2490°7 January 2018°
Polydioxane® (PDS) Ethicon (Blue Ash, OH) GA2161 January 2018
GE2227° January 2018
Polyglytone 6211 (Caprosyn) Covidien (Mansfield, MA) B2J1041X September 2015
Polyglyconate® (Maxon) Covidien (Mansfield, MA) B2K1040X October 2017
Poliglecaprone® (Monocryl) Ethicon (Blue Ash, OH) GBK855 January 2018
GB6954° January 2018?
Glycomer 631° (Biosyn) Covidien (Mansfield, MA) B3A0253X January 2018

?Lot and expiration for knot-pull tests samples if different from straight-pull test samples.

b Package was labeled as not conforming to the USP diameter standard.

process would only be further complicated if a comparison
between suture materials was desired. To date, no study
has examined the tensile properties of available modern
cutaneous suture materials in a rigorous and comprehensive
manner so as to provide a resource for the comparison of
suture materials. Accordingly, it is the goal of the present
article to compare an array of tensile mechanical properties
for modern cutaneous sutures tested in a consistent and
controlled manner following the United States Pharmacopia
(USP) standards in order to produce standardized and
repeatable results.)” The results and discussion herein are
intended by the authors to provide a baseline data set for
surgeons by compiling the tensile mechanical properties of
available sutures under a controlled and specific set of test-
ing conditions to allow for easy comparison.

METHODS

Materials

Sutures of four nonabsorbable and nine absorbable materi-
als were procured from Physician Sales and Service. Suture
materials, trade names, manufacturer names and locations,
lot numbers and expiration dates are listed in Table 1. All
sutures were purchased new and variations in the expira-
tion dates are considered as variations in the shelf life of
the suture material. All sutures were purchased at the same
3-0 gauge and each suture was checked to be free of dam-
age and within its expiration date prior to testing. In every
case sufficient sutures were purchased to allow for 10
(N =10) repeat tests to be conducted for each test type.

Testing procedures
Prior to testing, the diameter of each suture was measured
using a digital micrometer. The diameter was measured three
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times (N = 3) along the active length as described by the USP
suture diameter standard.'® A mean diameter was calculated
and utilized for all data analysis. So as to minimize the total
time between the removal of each suture from its sterile
packaging and testing, each suture had its needle removed,
was individually measured and tested immediately in accord-
ance with the USP standard for determining tensile strength
of sutures.'” For dry sutures the total time between the
removal of the suture from the sterile package and the com-
pletion of the test was no greater than five minutes. In the
case of sutures packaged in alcohol (both the chromic gut
and plain gut suture types) the time between removal of the
suture from its packaging and testing was no greater than
two minutes to avoid drying of the suture before testing, as
specified by the USP.

Sutures were tested on a computer-controlled servo-
hydraulic Instron 8501 mechanical testing machine (Instron
Corporation, Norwood, MA) utilizing an Instron 2527-131
dynamic 250 N load cell (Instron Corporation). The load cell
was calibrated prior to all testing. Sutures were attached
using custom aluminum tensile mounts (Figure 1) similar to
those used by other researchers in previous studies of
suture tensile behavior.>'? In all cases the active length was
set at I[p =60 mm and failure occurred near the center of
the active length indicating the gripping points did not
affect the results. Sutures were attached to each tensile
mount by tying the suture to the cross bar of the tensile
mount then wrapping two to four times (depending upon
total suture length) along the shaft of the tensile mount
(see Figure 1). In the cases of polybutester, nylon, polypro-
pylene, and polyglactin 910 sutures, due to the low surface
friction of these suture materials; tape was used to bond
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FIGURE 1. Solid model image of the custom tensile mounts. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the free ends of the suture to the tensile mount. In these
cases the tape was fixed to the cross bar at the very end of
the suture away from the active length so as to not interfere
with testing and tape, if used, was used in all repeat tests.
The taped sutures also always failed near the center of the
active length indicating the gripping points did not affect
the results.

All tests were performed under displacement control at
a crosshead speed of two times the active area, or 120 mm,
per minute as specified by the USP standard for tensile
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strength.'” Each test was performed in ambient air with an
average temperature (*standard deviation) of 27.1 = 2.3°C
and average relative humidity (*standard deviation) of
329+ 5.2. For each suture material, a total of twenty
sutures (N = 20) were tested using two configurations: (1)
10 as straight-pull tests (N=10) and (2) 10 as knot-pull
tests (N = 10) with a single over hand throw simple knot
placed at the center of the active length. Based on the meas-
ured standard deviations, repeatability was essentially iden-
tical to previous studies (e.g., von Fraunhofer et al.'®) that
used the same basic test procedures and gripping fixtures.
While other test configurations may be of interest for spe-
cific cutaneous surgery applications, these two configura-
tions are the standard tests required by the USP standard
for tensile strength.'” The results of the testing performed
qualify as level IIA evidence, or evidence from a controlled
study without randomization.

In all cases, load and elongation were collected through-
out testing until failure. The results are initially presented
in this form, as this is a common method of presenting
mechanical property data in surgical articles concerning
sutures materials. In addition, and as a result of the fact
that many sutures tested did not conform to the USP stand-
ard for 3-0 gauge diameter, the results were converted and
presented in a size-independent manner. The load data was
converted to engineering stress by dividing the applied load,
P, by the initial cross-sectional area, A. Also, elongation data
was converted to engineering strain by dividing the exten-
sion, or change in active length Al by the original active
length, [,. Finally, the initial modulus, E, was calculated for
all sutures as the initial slope of the stress versus strain
curve. Due to the biphasic nature of polybutester and nylon
sutures, where there are two low strain moduli present,
both an initial and secondary modulus were determined.

Results were analyzed using a two-way analysis of var-
iance (ANOVA) to determine the effect of suture type and
test condition (straight- or knot-pull) and if there was an
interaction effect. To determine pair-wise statistical differen-
ces, post hoc analysis was done using Tukey’s test and
p < 0.05 was considered statistically significant.

RESULTS

The results of a two-way ANOVA statistical analysis revealed
statistically significant effects of suture type and test type
with a statistically significant interaction in all major data
sets (failure load, percent elongation to failure, failure
stress, failure strain, and initial modulus). The significant
interaction indicates that knotting does not have the same
magnitude effect across all suture types. Mean and standard
deviation values of diameter (in mm), failure load (in N),
percentage of elongation to failure (in %), failure stress (in
MPa or N/m? X 10°) and failure strain are presented for all
suture types in Table II. In addition, Table II displays the
results of the post hoc statistical analysis. For each of the
results, mean values without statistically significant differen-
ces are identified by matching superscript letters. Most 3-0
gauge sutures are expected to have a standard diameter in
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FIGURE 2. (A) Load versus extension and (B) stress versus strain for
the nonabsorbable suture materials in both the straight-pull and knot-
pull configurations. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the range of 0.2-0.249 mm based on the USP standards,
while 3-0 absorbable collagen sutures (plain gut and chro-
mic gut in this study) are expected to be of larger diameter
in the 0.3-0.339 mm range.?>?* Overall, mean diameters for
the sutures measured in this study varied from 0.318 to
0.154 mm and many did not conform with the USP criteria
(Table II). This variation in diameter affects the resultant
failure stresses of the sutures due to the inverse relation-
ship between stress and diameter.

Curves for nonabsorbable suture materials are pre-
sented for both the straight-pull and knot-pull configura-
tions comparing load to elongation in Figure 2(A) and
stress to strain in Figure 2(B). Suture materials are ordered
by increasing tensile failure load from left to right in both
Figure 2(A,B). In both cases, the displayed curve is for the
suture with approximately the median failure load defined
by the fifth largest tensile failure load out of 10 tests. In
addition, the average and standard deviation failure load
and elongation results for each test type and suture are
presented in Table II.

ORIGINAL RESEARCH REPORT

Curves for absorbable suture materials are presented for
both the straight-pull and knot-pull configurations compar-
ing load to elongation in Figure 3(A) and stress to strain in
Figure 3(B). Suture materials are ordered by increasing ten-
sile failure load from left to right in both Figure 3(A,B). As
in Figure 2, the displayed curve is representative of the
suture with an approximate median tensile failure load
defined by the fifth largest tensile failure load out of 10
tests. In addition, the average and standard deviation failure
stress and strain results for each test type and suture are
presented in Table II.

The initial moduli results are displayed in Table 3. Poly-
butester and nylon sutures showed a biphasic behavior with
two different moduli in the low stress regime. Accordingly,
for the nonabsorbable sutures plots are shown to demon-
strate how two separate moduli were determined for the
biphasic sutures compared to the normal behavior sutures
(Figure 4).

DISCUSSION

This is the first comprehensive study of the mechanical
properties of commonly used sutures in cutaneous surgery
in over 25 years."? Advancements in polymer chemistry
have created many improvements, particularly in absorbable
sutures.?? This study provides a baseline that will allow sur-
geons to make an informed decision in precisely choosing
the mechanical properties appropriate for a given surgery. It
also provides a baseline to which one can compare newly
developed sutures in the future.

The current study kept the suture gauge designation con-
stant at 3-0 in order to facilitate comparisons of a single
gauge of suture as would be purchased by a practicing doc-
tor. Commonly used gauges of cutaneous sutures are usually
in the range of 00 (2-0) through 000000 (6-0) with an
increasing number of zeros making reference to smaller and
weaker gauges of suture. Ideally they should follow the USP
classification of suture size20‘21; however, many sutures are
clearly labeled that they do not conform to the USP diameter
standards (Table I). Additionally, as shown in Table II, there
can be a great deal of variability in the diameter of 3-0
sutures. This lack of adherence to the USP diameter stand-
ards is likely inconsequential to surgeons who will have
experience with the suture performance of a specific gauge
regardless of actual measured diameter. However, the varia-
tion in the actual measured diameters is important as it
affects the calculated material properties and can potentially
help a surgeon select the correct suture gauge when switch-
ing among suture materials. Indeed, there are implications
for the engineering stress-strain behavior as well as the
modulus, since these values are normalized for the diameter
of the suture. The current study presents stress-strain data
to illustrate differences in the sutures that can be attributed
solely to the material type. For the purposes of the practicing
surgeon choosing amongst a specific gauge size, without
access to the true diameter data, the non-normalized load-
elongation curves are more useful. However, if, for example, a
surgeon wished to switch to a thinner suture while

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | MAY VOL 103B, ISSUE 4 739


http://wileyonlinelibrary.com

i —

Elongation = 60 mm
(Active Length Doubles)

* Straight-Pull
Knot-Pull

e

e il T e Ot

(b) 1500
!
Engineering Strain = 1.0 :
o 1200 - (Active Length Doubles) '
o i \ '
1 . !
s (] , .
[} : : :
@900 -
(7] L ' ' !
o : ; !
= 5 i !
= 600 ! ! !
& | ] !
[=)] i . ]
c s : !
W 300 f H ' i
' "
[ ! ' !
L ! ' "
' i ¢
g 5
A
30 o o
o .Pg/q_‘ ydfo_‘,e

C'?IJ 97

e

FIGURE 3. (A) Load versus extension and (B) stress versus strain for the absorbable suture materials in both the straight-pull and knot-pull con-
figurations. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

maintaining high strength, knowledge of the failure stress
can help inform that decision and allow the selection of the
highest strength material independent of diameter. Overall,
when equipped with accurate diameter and failure stress
information the practicing surgeon may choose to select a
different suture size when switching between materials in
order to achieve the desired result.

Knotting is well known to affect suture strength and the
effect is demonstrated clearly in this study. A single knot
decreased the failure load of nylon and polypropylene
sutures by 62% and 19%, respectively, as shown in Table II
The immediate implication of these results is that while
nylon had the highest unknotted failure load of any nonab-
sorbable suture in this study, polypropylene had the highest
knotted failure load, which is arguably more important
when the suture has been knotted in vivo. However, when
using a suture as a temporary “pulley suture” to initially
close a wound under great tension, the stronger nylon may
be a better choice.

It is important to note that the strength of knotted
sutures, as measured in this study, differs from knot
strength. Knot strength refers to the ability of a knot to
withstand being pulled apart.*® Accordingly, to measure

740 NALEWAY ET AL.

knot strength a suture would be knotted in a closed loop
and then a load applied to open the suture loop.”® In this
study, the load is applied to the ends of a suture with a sin-
gle knot in the middle in accordance with the USP tensile
strength standard.'” This is a measure of how the knot
decreases the strength of the suture rather than of how
securely the suture can be knotted.

For absorbable sutures, poliglecaprone most
affected by a single knot (57% drop in failure load as
shown in Table II). Glycomer 631 had the highest failure
load of unknotted absorbable sutures, while polyglyconate
and glycomer 631 had the highest failure load of knotted
absorbable sutures. Thus, these would make good choices
for high tension areas, such as scalp closures. Of unknotted
and knotted absorbable suture materials, polydioxane and
polyglyconate allowed for the most elongation prior to
breaking, respectively. These findings support the current
surgical practice; use of flexible polydioxanone sutures for
continuous midline abdominal fascial closure with adequate
suture length to wound length results in favorable out-
comes.>* Increased elongation would be advantageous in sit-
uations where a great deal of edema is expected
postoperatively. To what degree this elongation is elastic, or

was
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TABLE 3. Mean and Standard Deviation Values for the Initial
Moduli of the Sutures Tested in This Study

Initial Secondary
Modulus®P Modulus®P
Suture (MPa) (MPa)
Nonabsorbable
Silk (SP) 8701.0 (1757.9)"
Silk (KP) 5499.5 (1070.8)°
Polypropylene (SP) 745.6 (26.5)%°
Polypropylene (KP) 672.0 (38.9)%¢
Polybutester (SP)° 945.3 (57.0)%°  196.2 (16.7)’
Polybutester (KP)° 592.6 (126.7)%¢  186.4 (30.7)
Nylon (SP)° 1163.9 (63.7)° 458.0 (15.6)"
Nylon (KP)° 700.9 (199.5)%°  383.5 (11.6)"
Absorbable

9319.9 (1548.5)"
5300.8 (655.9)"9
706.8 (84.7)%°

Rapid Polyglactin 910 (SP)
Rapid Polyglactin 910 (KP)
Plain Gut (SP)

Plain Gut (KP)
Chromic Gut (SP)
Chromic Gut (KP)

634.3 (64.3)%°
750.1 (48.5)%
645.1 (56.1)%°

4464.0 (548.4)"
4664.6 (866.9)"9
397.8 (15.9)%®

408.1 (11.0)*°
214.9 (16.1)¢
152.5 (14.1)
393.3 (47.8)%°
217.7 (18.3)°
363.4 (101.6)%°
250.3 (20.5)°
424.5 (52.0)%°
313.2 (20.2)%*°

Polyglactin 910 (SP)
Polyglactin 910 (KP)
Polydioxane (SP)
Polydioxane (KP)
Polyglytone 6211 (SP)
Polyglytone 6211 (KP)
Polyglyconate (SP)
Polyglyconate (KP)
Poliglecaprone (SP)
Poliglecaprone (KP)
Glycomer 631 (SP)
Glycomer 631 (KP)

Differences between mean values marked with the same lettered
superscript were not found to be statistically significant (Initial Modu-
lus: d-h; Secondary Modulus: i-j).

?Mean value (standard deviation)

b Straight-pull (SP) displayed in normal font, knot-pull (KP) dis-
played in italics.

®Secondary modulus is also reported for polybutester and nylon.

could return to a less elongated state after the load is
removed, cannot be deduced from this study.

The stress-strain curves as shown in Figures 2(B) and
3(B) provide the stress-strain relationship of the material
as they take into consideration the diameter of the material.
Polyglactin 910 (regular and rapid dissolving) and silk have
the highest failure stresses among absorbable and nonab-
sorbable sutures, respectively, once normalized for their
smaller diameters. These smaller diameters corresponded to
braided sutures of silk and polyglactin 910 materials where
mean diameters ranged from 0.145 to 0.189 mm. In addi-
tion, the nonabsorbable monofilament suture types exhib-
ited smaller diameters, with mean diameters ranging from
0.245 to 0.248 mm, than absorbable monofilament sutures,
with mean diameters ranging from 0.286 to 0.306 mm.

The shape of the load-elongation curves as shown in Fig-
ures 2(A) and 3(A) can give the surgeon further insight into
the mechanical properties of a suture. There has been empha-
sis in the literature given to the “biphasic” early elastic por-
tion of the polybutester curve. In this portion, after a very
short initial rise, there is a period of rapid elongation under
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FIGURE 4. Modulus lines are shown which were used to determine
moduli in Table 3 for the nonabsorbable sutures. Note the two sepa-
rate lines used for the initial and secondary moduli of the biphasic
sutures. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

minimal load within the suture’s elastic region.® This allows
for initial elongation with early wound edema, but then a
return to normal size once swelling settles® The current
study confirms this phenomenon and both nylon and polybu-
tester sutures demonstrated biphasic curves, resulting in a
high initial modulus, followed quickly by lower modulus as
shown in Figure 4. Overall, the highest initial modulus for the
nonabsorbable and absorbable sutures were found for silk
sutures (8701 MPa) and rapid dissolving polyglactin 910
sutures (9320 MPa) classes, respectively.

While steps were taken to test according to USP specified
conditions, it is noted that the sutures were not tested in
vivo and that values may have been different had this been
possible. Further study into these suture materials to evalu-
ate the yield point or elastic limit of these sutures as well as
their responses to repeated cycles of stress could also be of
value. However, overall the authors feel that the new data
presented here will provide a useful baseline (1) for the
practicing surgeon allowing for a more informed decision as
they select their suture material and (2) for suture research-
ers to compare newly developed sutures in the future.
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