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The effect of braid composition on mechanical performances of double layer braided sutures has been investigated.
Double-layer braided polyester sutures have been studied in terms of suture strength, smoothness, flexibility, and knot
performances. The performances deduced from the straight and the knot pull out test of manufactured sutures have been
given and analysed in this study. It is observed that the excessive addition of braided core structure shows a weak influence
on deformation, rigidity and UTS of the double layer suture. However, the presence of braided core leads to obtain non-
compact sutures with good knot security. This is explained by the fact that the needed load for knot untying of sutures with
braided core is higher than that of suture without braided core. The most important implication of these findings is that knot
suture exhibits uniform behaviour and becomes more stable by adding braided core.
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1 Introduction
Sutures have been made from a wide variety of

materials including surgical catgut, silk, and
polyolefin such as polypropylene, polyamides,
polyesters, polyglycolic acid, glycolide-lactide

copolymers, etc. Sutures intended for the orthopedic
surgery have to meet many requirements. They must
be substantially non-toxic, capable of being readily
sterilized and have good tensile strength, acceptable
knot-tying, excellent flexibility, smoothness and knot-
holding characteristics'. Although on an industrial
scale, only suture diameter and breaking strength are
tested, several other characteristics must be
determined to assess suture performance. Many
testing procedures have been described in literature®®.
Debbabi et al.” proposed new methods to determine
knot slippage ratio, percentage of deformation
recovery, knot pull and straight pull curves. But there
is no official standard available today for this
purpose’. The European Pharmacopoeia (EP) and the
United States Pharmacopoeia (USP) are the only
references for suture material. United states
pharmacopeia gives requirement related to knot pull
strength depending on diameter ®.

The first study undertaken on the mechanical
properties of suture threads was carried out in 1981 by
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Chu et al.’ on different types of sutures marketed.
They analysed the tensile behaviour of seven
commonly used sutures. The results showed that the
geometry of the suture has no significant effect on the
elastic limit (yield point). They also showed that there
is a small difference between the Young's modulus of
braided polyamide suture and that of mono filament®.
Several studies have been performed on the
mechanical properties of suture materials, including
the behaviour of the force-elongation curve, Young's
modulus, rate of slippage, strain at maximum force
(deformation %), knotted and unknotted suture
strength, knot safety, work at break, stress relaxation,
strength  knotting,coefficient of friction, and
flexibility. However, most of these studies have been
limited to the mechanical characterization of a few
common commercial yarns on the market®"’.
Synthetic sutures are available in the market as
monofilament or braid structure. Synthetic braided
sutures are obtained by using a circular braiding
machine®. They have good flexibility, knot
security and handling proprieties compared to
monofilaments™®°. However, the currently available
tubular braided sutures exhibit some deficiencies.
They have a rough surface and a greater tendency to
break'®. They tend sometimes to be compacted and
wiry and exhibit a memory shape behaviour such that
at the time of use, it is usually necessary for the
surgeon or assistant personnel to flex and stretch the
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suture to make it more flexible. Furthermore, tubular
braided sutures can be easily compacted and show a
non-uniform diameter and a rough surface. To solve
these problems, braided sutures with cabled core have
been used. Nevertheless, these sutures have shown a
non-uniform rough surface and a greater tendency to
break?'.

In literature, the information about effect of
manufacturing conditions on sutures and knot
proprieties is scanty®*?*. Although braiding was used
long time ago for producing sutures, a few attempts to
improve the properties of braided suture have been
conducted. Indeed, many sutures exhibit failure after
implantation. Available data is limited to few analyses
on effect of manufacturing conditions. In his work,
Rawalet al.”> developed tensile analytical models of
braided sutures to predict their stress—strain behaviour
based on braid geometry, braid kinematics and
constituent monofilament properties. The model has
accounted for the changes in the braid geometry,
including braid angle, diameter and Poisson’s ratio.
However, proposed model is limited to the tensile
strength properties and do not consider the effect of
manufacturing conditions and the effect of adding a
core. Kaplan et al.® and Chesterfield et al.”’ presented
the tensile strength and knot-pull strength of
manufactured sutures as function of manufacturing
conditions. However, they did not investigate the
reason of the effect of the chosen parameters on
sutures performances. Debbabiet al.?®, designed a
model, predicting the effect of braiding conditions on
suture tensile strength properties.

Tubular braids can appear as a hollow tube or filled
with an in lay structure that can be fed through the
centre of a tubular braiding machine. The inlay can be
either in the form of one homogeneous score or as
multiple strands of yarn. If the inlay itself is braided
as well, it becomes a double braid construction. The
use of an inlay keeps the tubular braid in a round
shape, thus distributing applied loads over the inlay.
Consequently, adding core to braids promotes suture
strength and non-compressibility for a given suture
diameter, thus reducing the volume of the voids
therein. In their patent, Foerster et al.?® presented only
the characteristics of the double braided structures.
They donot analyse the effect of manufacturing
conditions of double braided suture on all tensile and
knot pull strength. In their study, Saraswat et al.*
presented an analytical model to predict the tensile
behaviour of multilayer braided structures. Only
a comparison wasmade between theoretical

andexperimental values of braid angle, toughness, and
stress-strain  characteristics of multilayer braided
structures. However, knot performances of these
sutures were not studied in detail, and hence need to
be investigated to predict sutures behaviour after use.
Thus, there is a lack of information regarding the
effect of braiding process on straight and knot
performances of double braid sutures.

For this reason, the main purpose of this
investigation is to study the effect of braiding
parameters on suture mechanical performances of
double layer braided suture. The impact of adding a
braided core on distinctive characteristics of suture,
such as tensile strength, knot pull strength, knot
efficiency and slippage ratios, has also been
investigated.

2 Materials and Methods

2.1 Suture Material

Polyethylene terephthalate (PET) multifilament
yarns were used for sutures manufacturing. PET yarns
were selected because of their high biocompatibility
and high tenacity to develop suture for

orthopedic interventions. Indeed, PET material
with high tenacity is often used to obtain suture
behaviour adapted to the applied stress during
healing'. The used yarns consist of non-texturized
PET polyester yarns with varying counts (49, 98, 147,
and 196), each composed of different filament
numbers (6, 32, 48 and 64) respectively.

2.2 Suture Manufacturing

Double layer braided sutures were fabricated using
tubular braiding machines of 8, 12 and 16carriers
having horn gears with 4 slots (Herzog, Type 80,
Germany). So, braided sutures with 2:2-land 1:1-2
structures were made using 4, 8, 12 and 16 non-
texturized PET sheet yarns. For braided sheet,2:2-
Istructure was used with the same take up speed
obtained with cogwheel ratio of 0.069. A braided
core was preparedwithl:1-2 and 2:2-1structures. The
characteristics of the prepared samples are presented
in Table 1.

The size of the suture thread is expressed
differently according to the European Pharmacopoeia
(EP) or the American Pharmacopoeia (USP). The
EP uses the metric system expressed in decimals
(0.1 - 10), while the USP uses universal codes
corresponding to diameter intervals***. The USP
recommends a method of determining the diameter of
the suture thread which consists of measuring the
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Table 1 — Experimental plan of braiding conditions

Braided sutures Braided sheet Braided core USP* Diameter
code Yarn Count Structure Yarn Count Structure number mm
number dtex number dtex

B1x8x49 8 49 2:2-1 - - - 4-0 0.193
B1x12x49 12 49 2:2-1 - - - 3-0 0.238
B1x16x49 16 49 2:2-1 - - - 3-0 0.287
B1x16x49-C4x49 16 49 2:2-1 4 49 1:1-2 2-0 0.321
B1x16x98-C4x49 16 98 2:2-1 4 49 1:1-2 1 0.477
B1x16x98-C8x49 16 98 2:2-1 8 49 2:2-1 2 0.514
B1x16x147-C8x49 16 147 2:2-1 8 49 2:2-1 3-4 0.652
B1x16x196-C8x49 16 196 2:2-1 8 49 2:2-1 5 0.754
B1x16x196-C12x49 16 196 2:2-1 12 49 2:2-1 5 0.784

*USP-United States pharmacopeia.

diameter by applying a load of 473g, perpendicular to
the axis of the thread with a disc 28.6 mm in
diameter*®.

2.3 Tensile and Knot Performances

Suture needs to respond to several physiological and
biomechanical requirements. Mechanical properties
include tensile and knot performances. Tensile strength,
extension-at-break, ultimate tensile strength (UTS),
Young's modulus, knot pull strength, slippage ratio and
knot efficiency were determined and analysed. So, the
straight pull and the knot pull tests were conducted until
break for each sample by using tensile test method
adopted from the Instron® method”** and recommended
by the United States Pharmacopeia’®. A strain rate of
300 mm/min and a 150 mm initial gauge length (Fig. 1)
were used. For the knot-pull test, we tested square knot
(1=1) with two throws. We also determined average
value and standard deviation of tensile strength (N),
ultimate tensile strength [UTS (MPa)], Young's modulus
(GPa), extension at break (%), knot pull strength, knot
efficiency and slippage ratio (%). The average curves of
tensile strength, knot pull strength and slippage ratio
were then plotted using developed application on
MATLAB 7.0.1.

Knot efficiency and slippage ratio were also
calculated. Knot efficiency is defined by the
losspercentage of tensile strength due to knot tying. It
is obtained from the ratio of tensile strength and knot
pull strength of the suture [Eq.(1)]. The slippage ratio
from the doctor's side(SR_DS) represents the amount
of slippage material from the knot during tying.
Equation (2) determines it, where EKS isthe extension
of knotted sutures and ENKS is the extension of not
knotted suture at given loads, as shown below:

Knot pull strength (N)x100

Knot efficiency (%) =
Tensile strength (N)

)

Fig. 1— Device for tensile and knot performance testing

(EKS—ENKS)x100 ...(2)
150

SR_DS =

A traction machine (dynamometer LLOYD,
England) with a constant rate of extension was used.
All tensile tests were performed according
toASTMD76-99 standard test methods*. The
dynamometer load cell was chosen, considering the
tensile force of tested sutures was between 10% and
90% of the load cell’s capacity. All tests were
carried out in a controlled environment of 21+1°C
temperature and 65 % = 2 % relative humidity,
according to ASTM D1776-04%. Ten specimens of
each suture were tested, and average value was
recorded for the study.

3 Results and Discussion

The effect of sheet and core parameters on tensile
and knot performances of the suture has been studied.
Table 1 shows that the number of sheath yarns has
some relations with overall suture diameter. The
increase in the number of sheath yarns generally
increases the sutured diameter. As already reported by
Chesterfield et al.”’, the preferred suture can be
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optionally constructed around a filamentous core.The
filaments comprising the core need not to be as fine as
those comprising the sheath yarns. The increase in the
number of yarns constituting the braided core
significantly leads to greater overall suture diameter.
Thus, the diameter of overall suture increases by
adding braid core.

3.1 Mechanical Properties of Non-knotted Suture

Figure 2 (a) shows the load-elongation curves of
the braided sutures made with 8, 12 and 16 sheet
yarns without a braided core. It is observed that the
maximum force at break is almost proportional to the
number of sheet yarns. For example, the value of the
straight pull strength (Fig. 3) of the suture made with
16-sheet yarn is twice higher than that of the suture
made with 8-sheet yarn. However, the deformation at
the breaking forced on to show this proportionality.
As a consequence of the increasing number of sheet
yarns, the braiding angle and the cover factor
increase. Besides, the deformation ofthe braid
increases with increasing braiding angle®® .
However, when cover factor increases, the friction
between the filaments opposes the displacements of
the filaments in the braid and the deformation
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Fig. 2 — Load elongation curves of braided sutures (a) without
braided core and (b)with braided core

decreases consequently. The increase of filaments
friction between each other inhibits the elongation of
the braid.

Figure 3 and Table 2 show that the ultimate tensile
strength (UTS) is not affected by braided sheet
composition. Thus, by using the same yarn account, the
suture shows approximately the same UTS regardless
sheet yarn number. However, the sheet yarn composition
affects the suture linear rigidity. Therefore, Young’s
modulus shows nonlinear behaviour as a function of
sheet yarn number. Sutures made with 4 and 8 horn
gears have more flexible and deformable structures than
the sutures made with 6 horn gear machines, because
this machine gives compressible plate braids.

From Fig. 2 (b) and Fig. 4, it is observed that the
presence of the braided core leads to an improvement
in a straight pull strength. In fact, the maximum force
at break increases with adding braided core for suture
having similar diameters. It is also found that
manufactured sutures in this study have similar
extension as commercial suture™ *. The addition of
braided core increases the deformation at break of
non-knotted suture. Thus multifilament yarns have a
helical shape in the braided structure. The tensile
force applied on suture makes yarns parallel to the
braid axis direction, causing a jamming of the
structure. The braid is then as extensible as there are
inclined yarns in the structure. These results
correspond with the finding as reported by Hristov
et al.*®, who tested the mechanical behaviour of
circular hybrid braids made of polypropylene and
PET. So, braid is more extensible, as there are yarns
inclined in the structure.
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Fig. 3 — Mechanicals properties of unknotted sutures without
braided core
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Table 2 — Straight tensile performances of manufactured sutures

Suture Straight
pull strength, N

B1x8x49 19.47+0.48
B1x12x49 33.10+0.68
B1x16x49 44.83+0.63
B1x16%49-C4x49 56.84+0.81
B1x16x98-C4x49 89.01+2.49
B1x16x98-C8x49 123.03+£3.36
B1x16x147-C8%49 104.29+2.12
B1x16x196-C8%49 141.91+1.05
B1x16x196-C12x49 144.34+4.96

Dacron®, Ethiflex®, Mersilene®, -
Mirafil®, Polydek®, Ethibon®
Polydek®, Tevedek® (refs 1,38)

UTS Extension Young's modulus
Mpas % Gpas
666.00 +45.53 14.26+0.18 4.60£0.45
744.43 £41.49 13.35+0.30 6.54+0.56
693.25 £30.65 15.12+0.38 4.22+0.30
702.72 £28.53 14.87+0.43 4.54+0.32
498.34 +22.97 19.08+0.50 3.11+0.23
593.20 £26.34 23.42+0.71 2.13+0.16
312.52 £10.51 19.45+0.41 1.59+0.09
317.98+5.81 30.64+0.26 0.84+0.02
299.15 #15.16 30.64+0.71 0.94+0.07
510-1060 8-42 1.2-6.5

1601

38 %

g
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Fig. 4 — Mechanicals properties of unknotted sutures with braided core

From Fig. 4 and Table 2, it is shown that braided
sutures with braided core exhibit a lower Young’s
modulus than sutures without braided core. This can
be explained by the fact that thebraided core, added
parallel to the axis of the braid leads to the increase in
deformation under lower applied forces. Obtained
rigidity becomes lower than that of the commercial
suture by adding braided core™*®. By analysing the
UTS, the addition of the core can reduce the UTS.
This can be explained by the fact that adding braided
core increases suture diameter. So, during
manufacturing, the optimum braided core must be
determined to obtain the best mechanical properties.

3.2 Mechanical Properties of Knotted Suture

Knot performances are given in Table 3. It can be
seen that the knot pull strength meet USP
requirements. Figure 5 represents load-elongation
curves of knotted suture. It is observed that suture
break occurs quite more easily for knotted sutures
than for non-knotted suture. The presence of a knot
lowers the knot pull strength of all suture types
(Fig. 5). In the case of the three manufactured sutures
without braided core [Fig. 5 (a)], the load-elongation
curves of knotted sutures show an importing stick-slip
points corresponding to knot untying happening in
low loads (around 10 N) and can be explained by the
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Table 3 — Knot tensile performances of manufactured sutures

Suture USP number KPS, N Knot efficiency Required KPS by USP , N
[ref. 8]
B1x8x%49 4-0 9.76+0.20 50.15+0.68 4.51
B1x12x49 3-0 13.40+0.61 40.50+1.30 6.47
B1x16x49 3-0 21.01+1.12 46.87+1.75 6.47
B1x16x49-C4x49 2-0 25.42+1.05 44.72+1.86 10.0
B1x16x98-C4x49 1 43.58+1.39 48.96+ 3.87 17.8
B1x16x98-C8x49 2 46.40+2.08 37.70£5.44 24.9
B1x16x147-C8x49 3-4 61.40+1.19 58.86+3.31 36.1
B1x16x196-C8x49 5 75.99+ 3.49 53.55+4.53 Not mentioned
B1x16x196-C12x49 5 76.42+£3.45 52.941+8.41 Not mentioned
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Fig. 5— Load elongation curve and knot pull strength of knotted sutures (a) without braided core and (b) with braided core

knot material slippage. The failure of knotted sutures
occurs at the knot rather along the suture indicating
that the knot itself is an area of high stress. Similar
results are obtained by Heward et al.®, who tested the
mechanical performances of non-sterile monofilament
sutures made of polyamide, polyinylidene fluoride
and polyester. Other studies reported that knot is the
weakest part of any suture or ligature when subjected
to tension *2. Several factors contribute to the fact that
failure occurs at the knot rather than along the suture.
Firstly, break a great the knot may be caused byforces
being oriented at the knot at an acute angle to the
suture axis.Secondly, the suture yarns inthe knot
region may be weakened during knot construction and
loading. Third, tightening the knot and friction

between yarns in the knot may contribute to the
failure.

These results are in good agreement with the
obtained knot efficiency results (Fig. 6). Indeed, the
knot efficiency is less than 100% and does not exceed
50 %. In addition, suture manufactured with 12 sheet
yarns shows the lowest knot efficiency because
obtained suture is more compressible than suture
made with 8 and 16 sheet yarns as can be seen from
the evolution of deformation of unknotted suture. To
avoid compressibility of suture and to have better
handling properties during tying. It is recommended
to add a core in the suture?. Generally, when a
cabled core is added to the suture, a rough

suture surface is obtained. Inpreviousstudies®®*"*,
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researchers showed that smoother surface is obtained
by using maximum possible number of filaments and
sheet yarns. In fact, they used filaments with very
small diameters that allow using a high number of
sheet yarns leading to compact and smooth suture
surface.

The increase in the number of yarns in braid core
shows no significant differences on deformation of
knotted suture [Fig. 5(b)]. It leads to slight increase in
breaking load in the case of small diameter. The
obtained results are compatible with the results
obtained for knot efficiency (Fig. 6). In fact no
amelioration of knot efficiency is noted by adding the
braided core. In other findings, the inclusion of
braided core yarns prevent the occurrence of stick-slip
points in the load elongation curve (Fig. 5). As
mentioned earlier, this phenomenon can be attributed
to the increased friction among yarns within the knot
due to the utilization of a high number of core yarns,
thus hindering knot material slippage when subjected
to applied load.

The analysis of the evolution of slippage ratio as a
function of the applied load (Fig. 7) leads tothe
conclusion that the increase of the number of sheet
yarns involves a reduction of the slippage ratio. This
can be explained by the fact that the increase of sheet
yarn number increases the braid angle. Consequently,
polyester yarns become less oriented to the direction
of braid axis, causing a high friction coefficient of the
braid and a stable knot.
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Fig. 7 — Slippage ratio of manufactured braided sutures

(a) without braided core and (b) with braided core

According to Fig. 7, slippage ratio increases on
adding the braided core. This negative result is
because, suture with braided core contest knot
packing during tying. As reported in previous study’,
the knot performance depends mainly on frictional,
flexural, and compressive forces developed inside the
knot. Thus, suture performance depends greatly on the
intensity of internal forces and the ability of knot
packing during tying and knot pull test. So, by adding
braided core, suture becomes less compact and
consequently leads to less knot packing.

The most important practical aspect of these
findings is that although knot slips, suture becomes
more resistant by adding braided core and has a
uniform behaviourunder applied load. Thus, the limit
load of knot untying (knot pull strength) of sutures
with braided core is higher than that of sutures
without braided core. Also, as shown previously, the
load elongation curves of knotted sutures without
braided cores how stick-slip zone and suture not
security may be weakened.

4 Conclusion
The effect of braid composition on performances of
simple and double layer braided sutures has been
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studied. Obtained results show that the adding of
braid core leads to good knot security. It is concluded
that braid core reduces the compressibility of sutures.
This study clearly shows that knot untying happens at
lower loads in the case of braids without braided core
as compared to double braid suture. The data presents
a great interest to manufacturers of braided suture
whom model the architecture of the suture in function
of needed knot performances. Infact, obtained results
recommend manufacturing of suture with high
number of sheet yarns, low yarn count and low
braided core diameter to have uniform surface and
secure knot. Further study will focus on the
developmentof theoretical model permitting to help
manufacturers to predict suture performance as a
function of manufacturing conditions.
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