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CHAPTER 1 | NTRODUCTI ON

l1.Blackground and Motivation

Based on the American Society for Plastic
million plastic surgical probedmaekepev bume
cosmetic surgeries I smabket &SDebHad)a] ©&nal
Currently these plastic surgeri ebsarabreed bseuitnugr
and only few surgeons across the United St a
The use of barbed sutures i n cll8trindalr ypr ovheed
number of researchers | ooked for a design of
insert and close the wound compared to the <c

knots at both endg colfostihneg sau tworuven do.i tVeh idluer i bna

as a suture with a plurality of barbs projec
intervals that wild/l i nteract with the surrou
Suture kibhatrdeidn mmomomfi |l ament and braided su
they are the only point on the suture |line w

are misplaced or not firmlywheaelnd a@roomphndctaheé c
di scomfort [tD] ,t h[e3Tph&t[iWeutngd compl i cati ons in
slippage, wound dehiscence, i nfl ammatory re
scarring, and | owef 21i swhigcih plBifl g g mMd esgad mind ot
patients in order to reperform the procedur e
new suture in its place. I n either case, bot

tenuous and raeg dama sm@Ir e cteidme .



As an alternative and better wound <closur
devel opedl8tnentthuer ymi dAft er the year of 1964 wl
patent on developing a type of surgical sutu
barbs presen{6dn hiere pearsi peremy conti nuous r es
of these sutures making it more practically
sutures are used in different S urog drhiogse dli ick
obstedrgenemall 7jsurgeri es

Currently the commercial I'W/'SRSabharabéad Duatr breed

Medi cal, Westwooddi rMA)t iwmiadh biasf WaEdbhd wtownr d ,n ¢
Sommervill e, NJ) is a barbed suture which h.
spiral/ hel i-ca@d s wmtruraggys a(nMed¥ r oni c, New Hav
uni directional barbed suture with[ @] nefgldl] e o
the @ameomveé oned commerci al bar bed sawttuorneast ear ¢
mechani cal fabrication technique which is d
paral |l el to each other at a s pueecnicfei co fa ntgh e

parameter s.

I n this metchhayni ctak fabrication of bar bed s
mechani cal barbing instrument donated by Qu
assembly of blades that are arranged with a
protmu(shar b [QUt,, delpt]h)

Since Dr. Gregory L. Ruff i nvented the des
patents have been published to modify and oc¢g

processes for the fRhrbijcalmdpnenfe karbedrs ptal



Harry Buncke in 1999, it was reported that
cutting ntaentehlnyi,quae sst ati onary bl ade assembl vy,

(Figuafyd.3lMany researcher s, especially surgec

during clinical procedures on barbed suture
researchers have studied the influence of b
per formance in different ki ndsl ooofk i tnigs siunetso.

parameters and their anchriNrilreg ha PiDIrManngtliwra | n i
W. Kingbs papers on determining aonrd deivfafleuraetn

operative p@grooc edkurnesanldi Kefnlddon r[elppai r sur ger |

: 100-150
AN

( )
A -
Moving

Moving 7 b
bar

_— Barb

Cutting -1
blades * Cut edge erial;
~ I Inter-barb distance
(100 micron - 1mm)
Molten layer

Liquid metal
ejected from cut

Figure 1-1. Different cutting techniques used for the fabrication of barbed sutures (A) Stationary

blade assembly and (B) Pulsed laser ablation mechanism

I nt hi s di ssertation wor k, barbed sutures
fabrication using a stationary bl ade assembl
based on the principle of | aser atbhlraotuigohn .b oBal
technigqgues in order to comparfeahlarnidc autnideerr spt ram
I n order to evaluate whether different barb
di fferent barb geomewtrved mamed yweseér &abght c

mechanical and | aser fabrication techniques.



and commerci al scalability of | aser fabrica
existingfamabdchamite¢ @oln technique.

1.@Qoals and Objectives

Commercially avail abl e b atr hbreadu ghatal rosmeamiia c e
mechani cal fabrication technique us®idndg oa blh
fabrication is assembled with a fixed cut d
fabricated similarly irrespective of the sur
to mechanical fabri catni drecthend Qruieq wea,s Isa uari ef
feasibility and commercil @alngsavalt &abielviatt waadfi nigl
o f | aser fabr i catailosno, zeasnhaid syb A ebem@e olme iwor &s ¢

influence on the anchoring performance of b
achieve the primary goads, dwees chraidb edhrbeeel omai n
Objective 1: Mechani cal Fabrication and Eva
First, materi al c¢harhaydreax yzbauti yornatod) c(aR 4QHIB),

(PP) was upeé mfgoaameddi f f racti on ( XRD) analysis

the percent crystalliniAlys oo fscertohseso rsailt uma e almo:
performed in order to determine the internal
monofil aments were homogeneaxcwsndqrs blaatberdo gva it
two different barb geometries, namely straig
fabricated wusing the existing mechanical f e

fabricated barbed sutur esprmweper teiveadud artisergetlfego r
tensile force ( Mm, eimoidgidaulisomanat womr&ak o( rupt

their anchoring performance i n porcine der mi



Obj ectLiavseer2 :Fabri cation and Evalwuation of Ba
First, an appropriat e -nhaacsheirni was aindle nittisf i par
optimized in order to fabricate barbs. Secon
using the optimized paramet er s.vallhiuartde,d tfhoe f
mechani calnapred yenthiees, ul ti mate tensile force
modul us and work to rupture (J), as wel | as
ti ssues

Obj ectCowvmaX:i son of mechanical and | aser f abi
First, optical mi croscopic analysis was per
observe the differencnestnheet h brairdalopaemd ek as i
procedur esdi Sffemeanti al scanning calorimetry
to determine i f the filaments had any therm

Ssubject etde mperitggmh e abl ati on. Third, hydroly

analyze whether there was any change in the
barbing technique, i .e. 1 f the barsguwl ttiemg eidn
a |l oss in anchoring performance, and (ii) if



CHAPTER 2 LI TERATURE REVI EW
Nambi Go wWriin,g, K.M. WA, Re2023%) ,0f 8B8Bv bldt iSount,u
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2.1dtroduction of surgical sutures
2. Su¥X gical wound cl osure
Wound closure devices are used to |igate tF

as maintain tissue approxi maf 1.0 hWofuonrd tcheo sdiu
usually the final stage of a surgical i nter
pri mary, secondary, and tertiary c¢closures,

surrounding tissue forotl oberewouandd Wbandypl

are specifically designed to close a wound
together with the help of one of the foll o
Zzi pper s, cl i psdh easd hvees i svter itpasp,e torssaie adhesi\

devices are widely wused [t90 ard d saer e ud easniegpruesd o
from various materials depending on the pre
approximated tissues. These devices can eith
mat erials dependihneg ro nactthiem eljolr@gpecvtiitoyn of t

Surgi cal sutures are a type of wound cl osul
they were and are used to hold the injured
Surgi cal sutures are classifiedFDbA) tase d&iSt HF

Class |1 or a Class |11 medi cal devi ce. Base


https://doi.org/10.3390/bioengineering10040419

2023, the gl obal suture mar ket was valued at
an annual growt#2080.5.8% from 2022

Sutures contribute to the | argest percent ac
no standardized mefHdd Sdtour essecare ngnosthemf f
component of wound, surgery and trauma manag
heal i ng 9pr,oc[lels9slanci ent days of performing su
most used wound closure devices since they c
to close the wound more efflt.8]Preol pye ri na pcpormopxai
of the wound edges and corners i s paramount
the placement of the sutures either subcut an
in some other casesonlhye awosuinndgsl emilda®t@ Jrr eogfu i woe
2. Suzure thread materials

Surgi cal sutures can be classified based ¢
processed and manuf ac taubrseodr bfarbol ne anbastoerrbiaabl| et h
of either a monofil ament strandrer matmul @i fs
classified as -abbhsorrihalbllee denpdenndanmmg on t heir
anticipated ability of being resorbed into t
di fferent cl asses of stulreiirc anha tseurtiuale sp rwohp ecrht
for wound afp)p.9plxhiemactliaosnssi fi cati on of these s
been commercially used depends on the need a
where t hey (aFieg-bife@ hly, us22]

Absorbable sutures are made from pol ymers t

degradati on mechani sm, whi ch means t he p ol



scissions where either enzymes catalyze the
structur e. -a®osmotrrbaarbilley ,suntounr e i s a surgi cal S
is unaffected by biological saaesvianides hec et
per manent unl ess removeldl®]fAtbesrortbhadb | wo tsrud uh &
mechanical strength before they are compl ete
sutures is the gut sutHBraeawhbi owini l esé¢ heheihmr o
(i .e., the guatt esdutwirtehs cthhraotmiacr eactirde salts t o
can | ast up to 3 weeks bef 2.0FThtehseey gaurte scuotm

commonly wused for wound closures after the s

[ Suture Materials ]

/

[ Non-Absorbable ]
Natural: ( Synthetic: \ Natural: Synthetic:

* Catgut » " Polyglyconate = Silk * Polyester
Linen

= Collagen

* Poliglecaprone " * Polyamide

= Polyglactin 910 *= Nylon * Polypropylene

= Polydioxanone = Cotton = Polybutester
(PDO)

= Polyglycolic acid
(PGA)

= Poly(lactic-co-
glycolic acid)
(PLGA)

* Polycaprolactone

\ (L)

Figure 2-1. Classification of suture material typgXi]

Suture materials are often chosen based on

the biomechanical properties of the biomate
bi ol ogi cal performance of the madertilaé pliy
materi al is the one that i's in contact with

three main considerations during surgeries t



technique and (i1i1) Coph28puhraeati aat wrfs tfher s
appropriate suture materi al for a particul a
factors, namely, (i) Number of tissue | ayers
across the woundyre(ipliaemepth ¢ v3uExpected
case -absoobable sutures); (v) Pl[éadabBérred | eve
Monofil ament sutures are preferred for the

projections are easier to be cut -ffirloanmemotn/o"

braided sutures. When the barbe Boetbet mbver
of the blades the suture fails to remain in
failure of the entire suture. I n the beginn:
synt heti c aliphatic p o llyeecsatperro n es,ut uproel sy g Inyaa

Poly(caprol-B€EtLtpbne)andP®AIl ydi oxanone (PDO) w
available in t hfanmarModite ded i@®$The BBRSt recent
t hat i s being used-hiydrokgbbitngais) thed4ppB) ys
superior mechanical and biocompatibility prc¢
sut 0d.6%

2. Su3 ure si ze

When surgeons perform a surgical procedur e,
factor since the materi al has to withstand
frictional tension occurring adnuyr icnrgi treurbi bai ntgo
the suture materials, one of them is based o
as suture size. The criterion of suture si z:«

the specific ealcilsefomreitthenitgihds be heal s whi



tissue conforms to the suture when the oppo:s
healing and when the suture size iIis too | ar¢
to enter and cause tissue and/ or i mmune r ea
There are currently 2 standards to standa
Phar macopoeia (USP) and European Phar macopoe
of the United States of America, the USP way
The suture sizes vary for collagen alnd synt
Earlier, the finest suture used was a Sil k s
to manufacture finer sutures, ttohea déSPR i $tyarad
(suckH as0d2 §i ner than size 0. I n this method
higher, the diamet[ex] of the suture is smalle
Table 2-1. USP standard suture size chart for collagen and synthetic sutures and their

corresponding average diameters

USP Si Coll agen Sut Synthetic Sut
Metric| Di ameter Metric Di amet er

#7 - - 9 0. 900.09 9 ¢

# 6 - - 8 0. 800.08 9 ¢

#5 - - 7 0. 700.07 9 {

# 4 8 0. 800.08 9 { 6 0. 600.06 9 ¢

# 3 7 0. 700.07 9 { 6 0. 600.06 9 ¢

# 2 6 0. 600.06 9 { 5 0. 500.05 9 ¢

#1 5 0. 500.05 9 { 4 0. 400.04 9 ¢

#0 4 0. 400.04 9 { 3.5 0. 305.03 9 ¢

# D 3.5 0. 400.03 9 { 3 0. 300.03 3 ¢

# 3D 3 0. 300.03 3 { 2 0. 200.02 4 ¢

# 4D 2 0. 200.02 4 { 1.5 0. 1205.01 9 ¢

# 2 1.5 0. 205.01 9 { 1 0. 1200.01 4 ¢

# & 1 0. 100.01 4 { 0.7 0. 007.00 9 ¢

# 0 0.7 0. 0607.00 9 { 0.5 0. 005.00 6 ¢

# 9 0.5 0. 605.00 6 { 0. 4 0. G04.00 4 ¢

# D 0. 4 0. 604.00 4 { 0. 3 0. 003.00 3 ¢

# 1-0 - - 0.2 0. 002.00 2 ¢

10



2. At4 achment of needl es

Barbed sutures have needles attached on on:¢

suture is a bidirectional barbed suture. The
are chromic treated in order Tlheisgctremasenedé
di fferent typescuwmramed y(alsso akgmdhwn daa=:mlski ), c

needles and there are four types of <curved
circl e[ leedThH4L] suture needle is selected usi
needl e | engt h, needl e diameter, Il'ts curvatutl

I nse(RFii gMHr.e 2

Y4 circle % circle 14 circle %% circle

PARUANIANY;

MNeedle chord length

Needle
radius

Needle length

Figure 2-2. Different needle bodies used for different surgical procedure (top) and Anatomy

of a suture needle (bottom)

The needle diameter is a very essenti al par
when the diameter of the needle is closer toc
i nternal bl eeding and | eakagehecasnurbgei cparle vperna

Fi gu3sho2ws a suture swaged with a suture ne:

types of tips which is the point which firs

11



Needl e points include the foll owing, taper

prime reverse cutting, di Bmgudexat [ 2ach]d conv

Body

/\

Tip —a

Suture Material

Figure 2-3. lllustration of suture swaged with a suture ne¢24g, [25]

Taper Point Blunt Point

-O- -O-
/ /

BODY
-

Conventional Cutting Reverse Cutting
POINT

'y
B4R 70
POINT .- ¥
" BopY M BODY

- A 4
Figure 2-4. Different needle points and bodigs]

The suture is attached to the needle at its
di ameter is not a critical characteristic toc
very critical when it comesee¢edl édadibanhe tsairt u
i mportant is that thinner the needle, the s

engage more with the surrounding tissues res
to fall out of pldaicaeeme tMeorr esohvoeurl,d thhee anse eddll ces e

hold the suture intact during surgical Ppr oce

12



during the surgical procedures are the 3/ 8
require different surgical needl es since the
penetrate into in order tooabhowotheosnotdurdt
di fferent.

I n Corza medical 6s suture needles guide, t
di fferent surgical procedures. Taper point
vascul ar and most soft ti ssuesl ebsel awe tihseeds
penetration through tough tissues and for de
are used for skin closures and for fibrous ¢
t he premium reverse cuitdan anlg, c wtntdi nmr exries i an8
reconstructive and cosmetic surgeries as th

di fferent needle tip points are used for di

variabl es. The ssetdr afiogrh tp rnoeceeddluerse sarienvuw | vi ng
where the tissue is accessible by hand and
earlier, the needle bodies of 3/8 circle and
[ 27] Taper point, taper cutting, and di amond
barbed sutures and recently, premium reverse
to work wel!l with delicate tissueestiacndantdhe

reconstructive surgeries.

2. SuFuring techniques

Besides selecting the appropriate suture r
wound, surgeons need to identify the right

of the wound, (ii1) | ocation odghvowmidch (ti he) s

13



needs t

body an

o travel, (iv) degree

of tensi on

t ha

d (v) the desi rledd ]adeas ti Metail c waoruch dc acd me

would provide maxi mal wound eversion,

ti ssues
compl et
present

t he wou

Sutur e
apposit
since i

conti nu

throughout the healing process

mai nt

and

e the closiumatsi amsd dti ssutasaper or at e

around the | ocati on. The choice

nd and the biomechan|iza]l

patterns are classifi

i onal . For mo s t of t he

ed as (i)

of t

perfor mance

cont i

ti ssue approxi

t provides the bestbearnatromiuaagli capp roan

ous suture pattern i s

faster t o

compl

this pattern it might result in complete di s
interrupteds plaetteem, khdterseecurity but this
foreign materi al in and around the wound cz¢

=
_
-
S

suturin

t fe2.8no st obdey to further

g patterns/ techniqgues

vertical mattress, (i v) runn

=]
pu—y
D
-
-

u

pFedu®e2.&F es (

Over and over sutures Subcuticular suture

(interrupted and continuous) (interrupted and continuous)
£ 1 b

o S e
s f\_, s .,
“ \ \ /
Harizonlal maltress sulﬁres Vertical maliress sulures
(interrupted and continuous) (interrupted and continuous)

Figure 2-5. Different suturing pattern@4], [28]

ar e, (i)

classify the

runni

nNg subompkecul :
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2. Probl ems assoovahéedownat hsutures

For more than a century, surgical wound cl
braided or multifilament sutures where the s
i n .Bi guBGreep2r esents the two different suture
for wound <cl osur e. Both smooth monofil ament

currently being used for di ff-ereaet pt gpedurod

dif erent anat omi cal | ocationesal &p wleinc a thieo ndsi
reported that conventional sutures are asso
dehi scence, knot slippage, suture rupture
surgical sutur esdr evqieirree tkhreot hrte@adbentds and
result in an adverse inflammatory reaction
ti ssue which can | ead to rejection and "spit
One of the major disadvantages is related
sutures are composed of smooth monofil ament :
slip within the knot, where the osfuthieredimag,
compressi ve, tensile and shear stresses. Br
combined forces all acting on the suture mat

dehi scence and tissue attresumal oBad auea thha hk s

the knot becomes the weakest poi nt i n the
embedded in the dermis at the wound site, th
in inflammat oagt iacirds i wvnimtulmien rtehe host body. S
to or at the dermis which can result 1 n woun

patient discomfort and an i[r2f]l,ammitl @omnyg 9nve ¢ ho

15



suture knot failure, the major disadvantage
prone to attract bacteria that proliferate i

shielded from the host's i ohtamnja2e]o,t y[o3n]e,s p[odn
Barbed sutures are sutures which have proj

pr omotaen cshelrfi ng within the surrounding tisst

attachment at the wound site, awhlo tuhtei loipze att
bar bed sutures during t heir surgical Ppr oce
monof il ament sutures, barbed sutures are as

projections are | ocated al drhege rtetbey eretsiurl & ilnegn
more wuniform retention force distribution.
monofilaments without any internal pores, tF
i mmune response frgomthesce hloasrtb ebdo dsyut urseasn i n
sutures is also more economically feasible s
filaments, and fewer sutures are required fo

outcpmes [30],.[31], [32], [33]
A B

Figure 2-6. Typical suture threads used in surgical procedures (A) Smooth monofilament
suture. (B) Braided multiflament sutu¢€) Plurality of barbs on the periphery of a
monofilament suture
2. BRarbed sutures
Suturing and cl osing bodi |l yc otnissusnuiensg apfrtoecre si

it is equally iIimportant, as with any i mpl ant

16



the adjoining tissue meticulously and with
uni formities or discontinuities in the stitec
i ncreases significantly. Unheeretiunhat ekepegawheh
procedure and cause discomfort to the patierl

order to reduce the risk for both the surge«

plurality of pr ocjee cntaikoenss tahleo nogp etrhaet isvuer fpar o c e
and time efficient. The design and concept o
but they have drawn | ittle attention due to

I i mi tiemd alsieni[claO]Sp maet ithei r approval by the
in the US in 2007, barbed sutures have been
plastic and cosmetic surgery.

2. History of Barbed sutures

The inspiration for the development of bart
sutures came from the structure of a porcupi
i ntention of securely a[dh®]rTihneg utsoe tohfe bsaurrbreo
medi cal applications wa850dsstamenthendédr sn
descri bed barbed sutures was published by Dt
of developing a monaf,i Ifanente nd st wrre tfhrroena dfsi
and jagged surface. These surgicph6] sutnurhe s
patent, Dr. Al camo had r g pFargtidelde tt2h eu ndiedsii rgenc t
projections, teeth, or depressions which wol

approximation without the need to tie a kn

17



surgeons had e backo to ensyrédg ,comp

[ol. [.10],

Figure 2-7. John Alcamo's surgical suture configurations with unidirectional projections, teeth and/or

depressionfg]

I n 1967, Dr . Al an McKenzi e waASuwtruurngas)d faor
bidirectional barbed suture design. He ment
stainless steel, or tantalum fil @mantrse.ctbro.n
barbed sutures would facilitate the handl i ng

since they were not required to fidoubl e bac
unidirectional [BBdgr bed suture design

I n 1978, Taichiro Akiyama claimed in his peé

to be spherical in shape and mol ded at spec
(Fi g@)r.e Rased on Akiyamads <cl ai ms, these pro
shapes, | i ke a cone or a bowl. Akiyama al so
specifically to lIigate or <cl osetlaegapd wtrierde &

18



replacement for conventional sutures that he

[10]., [34]

Figure 2-8. Taichiro Akiyama's design of a knotless suture with molded spherical proje@ins

[35]
I n 1993 I nbae Yoon published a patent that
t hat can be used effectively by surgeons pe
included a number of desi gns waicthhe dt aapte rtehde be
t hseut ure -99Fi dunrsea ead of a needle, the desi gn:e

the task of the surgical needl e byl 1p0gn e t[r3a6t]i

Dr . Gregory L. Ruff published two patents
and 2001. He reported that the concept of u:
ri sk of tissue necrosis and Iiri mesolcirmiteal w
[ 1L0]The barbed tissue connector may not be

sufficient resilience to integrate with surrtr
1994 had a conical array of duwtrbbrsg girpe $2ht on
These barbs may well have been inserted by I
di srupting the barbs present in the uniform

19



bidirectional barbed suture design mentioned

when pulled through tissue in the directio
configuration when pulled in whehothersdriraert
tissue. This results in easy suture insertioc

This anchoring mechanism of the barbs makes
compared with conventionabnsumungspwbicebsr ef

and the higher risk of scarfiloy, {lLdsue[ BEET

Figure 2-10. Dr. Gregory Ruff's conical barb design of a tissue conngtigr

More recently in 1999, Harry J. Buncke, t h
patent i n which the innovative concept o f |
technique to cut these barbs or pabertti baesa

mentioned that barbed sutures can be manuf a

machining. Buncke also introduced various s
be used for facelifts .ankorb-malwe banfds rient c osag
sutures, he recommended using paired sutur es:s

(Fi g-tifel.3?]
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< D Y Yo F I S, W R R aa ~

Figure 2-11. (A) Harry Buncke'sinidirectional barbed suture with barbs cut in a conical sequence
and(B) a crosssectional view of the barbed sut(i&]
I n 2003, the researchers Steven D. Morency

type of barbed suture made fremcai bhaantil aas

were created along théipgaXkr aTheyWgekeesmmristtrhat

barbs have the ability to coll apse and fl ex
ot her hand, when stress is applied in the
di spl acement . |Imtntedde idn fpg aetremtt tblagy menf i gur e
curved, sharp and rounded, and convex and c
made from fl at sheet materi al, t h-ehhemiec &Il f ¢
etching, iimjgectsit@ampmalgd and[ pPOJo.gr[edklive die

/

.

I T T T T S e N S N s N m N e N e M e N e e e iy S
Figure 2-12. Morency and Jonebarbedsuture, fabricated from a flat sheet with the barbs cut along
the lateral edge81]

I n 2015 Avelar et al despagntdeidf faehrneenint bbaarrbbeedd

barbed zones along the monofil ament suture
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each ot her. They also cl ear | y -ddierleicnteiaotneadl abn:
sutur e. I n the patent they mentioned the wus
features on surface of tthgu€2mBheli dememt D e
process of differentiation as a technique t
suture, as well as assist the surgeon to eas

device during t hoemsetnr esmént . opsrtahengi elbbd of

greater automation and the use of indirect
change in features and ensuring that this in
wi || reduce clinical compl i[c3a8&]i ons and i mpra

’ ,}ur[kw. \ x:?,) \2 H)":q}t ‘:;:):::-ﬁg: ﬂ::;lvf-!:-:;l";m'
BRI =%iaa:;ssﬁgiiii,mis,;muifiw&
4 2 o [

Figure 2-13. Avelar et al included laser markings indicating the barbed andbadyed sections of
the barbed sutui@8]

Ever since the patent published by Dr. Al ca
through a number of patents published by th
where different researchers haveetléEscrebeda
functional in facilitating various surgical
claimed in the patents have been scaled up a
profitable to the healstthhroyar éSoammed orhie diheali deeay
above illustrate the evolution of barbed sut
design published by Dr. Gregory Ruff in his
the porcupheecquiéht ¢emmerci B adéeidgsukoown

and ot her commerci al barbed sutures are desc
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2. Zezhniques of producing barbed sutures

Bar bed sutamemorairneg ssedtfures and so there o
problematic with conventional sutures which
manufactured on pol vy (di oxanone) (PDIOg I, | ypo

avail able syRtbeXrXc2fil aments (

Figure 2-14. Image of a 2 Polypropylene (PP) BiirectionalBarbed sutur¢s]

These barbed sutures have barbs in a spira
of the sutures. The barbs projecting from t
mechani cal or | as(eFri geluptet iBar btse cppmo djweesd t hr
processes can be done in two different appro
where the blades are aligned with each ot her
cut angl e) and odie ptbha.rabf ncpurtlo ¢deespetchoond appr oach
with blades are used to produce the structur
suture forward while producing parallel bar
approach mewnndkeaeandyHof fman in their patent
can produce the structure based on the mater

wor king at the | ocation where the barlbeneeds
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|l eaving the barbs undisturbed. I n both cases

on the circumference or [4dB3des[8P®]the suture

~ _ Moving .
Moving /"/ Lo B P Suture
bar Cutting wheel monofilament
J ] } — Barb . \ s -
s /
Cutting ",,/’
blades N

~ 4+ Inter-barb distance
+ (100 micron - 1mm)

Suture Barbs \
C monofilament = Barbed suture
il e =
[
= - ECS
-
Laser machining N

Cross hatched
areas (ablated
areas)

Figure 2-15. Different techniques of producing barbs/ projections on the surface of the
monofilaments (A) Stationary blade assembly (B) Rotating blade assembly (blades engraved/
cut on the surface of the rollers) and Epducing barbs based on the laser ablation

mechanisnj13]

2. Bikhhg barb geometry

The geometry of the barb is iIimportant to es
particul ar barbed suture. The reason for t !
di fferent barb geometries i n onrddienrg ttoi sosputeism

i mportant to note that there are many differ
each have their own structur al and organi zat
performance. The t wot mnaegeodr tboa rbbe pcahroasneent earpsp rt

cut depth an(dFibgarppel &)t angl e
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J Barb

Cut depth (Cd)

Cut angle (6)
Diameter (d) |-~~~ ~~============c=cc==-=4 -

Suture mokofilament
Figure 2-16. Geometry of a single bafth4]

2. Mo4d phol ogi cal preferences

The I ength of the barb can be calcul ated fr
foll owing formul a:

o®
@Y T—

Whekces the | ength of the barDei suthé rouwm tdhep
dis the cut angle as represented in Figure 9
as incisional or wound closure, the barb par
requirements and avoid suturg WwWinhke thedargar
the number of barbs present along the sutur
anchoring capacityle2] thel4putufr5pnce insta
Barb stiffness is an essenti al criterion t
during and after surgery since the barb is
surrounding tissues. A short erbaacguwt whe pxthh maiyl
to difficulty in penetrating and anchoring s
tendons and | igaments require barbs with a :

to achieve effici enderamaclh osruirngge.r yl,n tthhee bcaa shes
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deeper cut depth and a | arger cut angle in
which is flexible, preferentiallyw4dl,i driiéd an
The shape, size and morphology of the bart
properties and retention strength of the bar

to the tensile strength of telpe hsuttireel owlem d

strength of the monofil ament sutur-seecbeoaaste
area that can support a tensile | oad is red
mul tifilament sudgtulr ecf the senhsiéei sStreduce
when securing knot s, since the knot <causes

same | ocation which then becomes the weakes
when usingrbarbedfelbtow a sinusoidal suture

causes the barbs to stand out and generate

Thenduliant itohne sutur e | i ner ead usdoesi mpsak ackfa geuwtsu
which is a major concern for traditional S M
require knotting. The barbs or projections

which means that barbed sutumes tHensbonmwir e
occurs during and after surgery with traditd.
and functionality of open hiem nf&ly o e[pll.]r, and4
2. Z3k5 n anat omy aonfd croesgnue triecmesnur ger i es

2. 2BbolLogy of skin tissues

Skin is the | argest organ in the human bod
which are thin and discrete. These | ayers al
that covers the entire body. IBksincalct st aesr mec
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mechani cal i mpacts, hazardous toxic chemical
of neur al net works and receptors which func
determine the different sensatiaondss liink er ehgeual t
of body temperature, prevents the | oss of b
organ skin consists of three different l ay
(subcutanebug-tvVe4Br.s)[ 42]
Fibroblasts Stratum Iucldum—jf_
Keratinocytes
Elastin fiber l;:ngerhans f(/. Stratum spinosum
N
Hyaluronic acid Melanocyte ~= Melanin granules
Collagen fiber A Stratum basale
— Basal lamina
— Dermis
Meissner’s corpuisrt;leise"sory e
r - : - Epidermis
Papilla .
Hair shaft
Dermis- Sebaceous gland
Reticula
Hair follicle
L i Sweat duct
Hypagetis { o Stem cell bulge of hair
Vein 5 = | follicle
Artery 'ié—é , Sweat gland
D ) \
Pacinian corpuscle S Adipese Ussue:(fel)
Figure 2-17. Biological structure of skifd3]
Epidermis is the outer most | ayer which per
| ayers and organs from extreme changes i n t
| ayers depending on the | ocati on sitnr atthuem bloudcyi

stratum granul osum,

straftuln Shjii g-OBE M2 Tlhede sa
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several accessory structures or appendages,
that are present within the | ayers of the sk
Keratinocytes are the primary a@nmdoe porfi ntch e
epidermis. They act as the protective barrie
by secreting the cytokines which aspgom®sesned
[ 44]Keratinocytes are cells that move from t
and proliferate from the basal | aly €.t ] Aasn dt hdei f
progression of these keratinocytes takes pl e
in the phenotype corresponds to the wvariat.i
protein of keratinoédytlesmtae Tipg kérirahi as earceé a:t
acidic (type 1) or basic (type I1). The ker
expression (i.e., keratins 5 (acidic) and 14
outer epideramd HKearyaetrisnsexp[(@d24i, difdd]&edaldnp
mi grating up to the stratum granul osum are k
protein filaments together. While the cell s

they secrete a hydriomthlotbaced u liyd Ibagirn g rn wdle

stratum lucidum is found only in skin found
where there is thicker skin compared to ot h
most | ayereumt(f@admum fcioedch | ayer) are known as
is the | ayer which maintain the balance bet

growt h or produc[tl ®]n,, o[PeSrHgeuva maéeél bs. occur s

physi ochemical environmentlf@ad4d.ljcondi ti ons of p
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Besides keratinocytes, the epidermis also
dendritic cells such as Langerhans <cell s an
secreting the melanin pigment whiVch apgrrdwird es
protects the internal | ay e rmsaramdv odrega nvse.d Lcaen
are responsible for t he neur al functions a
transmission of sensory imerowénsat,i ofmd6flr om s ki
Stratum F - ;
ocl)rr?aleum ) P iy I ko:r:(l,inocytes
Stratum
lucidum
Stratum corneum Stratum
granulosum Lamellar granules
Keratinocyte
Stratum lucidum
Stratum granulosum
Langerhans cell
Stratum spinosum fxg‘s':m
B Stratum Melanocyte
B | basale
I p ) Stratum Merkel cell
"_ e basale Tactile disc
éo o/t X F e "ol ) Dermis 1 Srisory eusn
Figure 2-18. Histological (left) and cellular (right) structure of the five strata of epidejdis
Dermis is the second | ayer underneath the
which acts |li ke a cushion for the body diff
strp4.2aDermis is a thick and -delslculear Mmatyreir X
components and contribute to the strength, f
ski4l]., W4d4tdBin the dermis, a vast network of
supports the der mal cellular components (fil
der mal dendritic cells, and hi stisocyand )ECNM e
proteins (coll agen, el astin, and ground S L
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component s, dermis also consists of bl ood v
(free nerve endings and end corpuscl es, i ncl
and Meissner corpuscles which sati[odegporfsAi5g]
Dermi sdigi dged into two | ayers: papi Fll6ar.y de
Papillary dermis is a thin superficial | aye
coll agen bundles while the rebhasuldaensdley mpa
coarser col[l4dddPapbbuhdlrgegsder mis i sMémbrcamd ac
Zone (BMzZ) +<«pitdlee mdr malncti on (DEJ) wherein
the dermis to the epidermis takes place and
t o trhmei sdel ayer. While the reticular dermis i
| ayer or hypddp4.é] s (Figure 2

Fi broblasts are the main cellular componen
production and secretion of the ECM mol ecul

( GAGs) that ardg 4fAdgentdr ol d@ fhites s & hmee siemtcehg rmaall

i nteractions cruci al for t he devel opment ,
predominant coll agen type secreted by these
(papill ahy cthecmins iwute ~70% of the dry wei (
protein responsible for the resiliency of s
accouot s~5% of tot al wei ght (dry state) of
copnonent s, and the most abundant polysacchar
HA) I's the key component which acts |ike t

recognized for signaling fluaB8lt.,jonhé46jand epi de
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hal - -
Reticular | =
| dermis |
. . ,}Lt_lé‘\; _ ’fk ‘.""7_:“‘%\;‘;11» ZSaA .‘)Wrﬁ =
Figure 2-19. Histological image obtained t

S S T s,
hrough Hematoxyinsin (H&E) staining of skin
showing papillary and reticular dernj#3]
Panniculus or hypodermis is the inner most
or adipocytes. 1t is the | ayer that helps in

The hypodermis or subcutis aacltnso sas 8adn% eonfe rtgh

fat. As it is the energy reserve of the body
contour s. This | ayer consists of |l oose conn
ti ssues, | argerebil esdl Hriglgle | s[,44and [ 45], [ 46]

2. 2Afi8g of human skin and cosmetic surgery

As understood from the biology of skin, it

eXx hi bthtosnomgemeous, anisotropi c, nonl i[M&dr an:
Skin, | iokreg aam sl e regd @eas f i cant changes in its fu
deterioration to its morphological and physi

the other organs within the human body wunder
agqig is provided by the skin. Cutaneous or S|

two simultaneously occurring [plr3dcessikBSi € nat
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an irreversible degenerative process which
within the human body. Extrinsic aging is d
radiation (photoaging [o4f2]skitm) nand dgbspggms
chronol ogi cal or natur al aging which occurs
elastin), reduction in vascular response, an
ti ssue[ 42F.oph4g3]

Skin aging is a natur al process. Neverthel
process. Uni quel vy, through cosmetic surgica
transformed on the basis not as aecseekipongd
yout hf ul appearance. Cosmetic surgeries are
by wuwtilizing scientific|[ilOfer he®thiradmngndoat
American Society of Plastic Surgeons (ASPS)
and about 13. 2 mvadadiwe snuamgemvaildsy are being p
[ 1] Common cosmetic surger tesftiehecl udier abh g i
(correction o f eye muscl es) , rhinopl asty |

abdomi nopl Aast{ypH)Bummye suspension technique

technique to reconstruct the | oo$eokndgfbsab
during cosmetic surgeries. One of the cl assi
aponesusepension (SMAS) I|lift which is also kr
techniqgue, the face muscles are tightened by
and |l ess invasive technique is theFingiwriema
20Wwherein the suture is anchored iIin the dee]
el evate the | oosened/ sagging tissues. Thi s
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complicated in comp@iisd@dbtldo SEMASdAdI stbvery
barbed sutures, these cosmetic surgeries hayv

exhibit better surgical outcomes and | ess sc

Figure 2-20. Basic MACS lift where the suture is anchored in deep temporal fascia and sutures are

looped in a pursstring fashior{51]

2. Ro6 e bafbed sutures I n vari ous reconstru
complications
Barbed sutures can be used in sever al Sul
procedures, gener al and thoracic applicati.:
applications, obstetric and gynecol dagi ocodl p |
pl astic, reconstruct[ibvze2] and cosmetic applica

2. 2A6sfihetic surgeries

Cosmetic and plastic surgical procedures a
i njured patients by wusing clinical i ntervenit
appearance andoO]b,odiyd&@odmadgieng t o the 2020 Amer
Surgeons (ASPS) statistics report, 15.6 mil
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mi ni manlvlaysi ve surgeries are perfpime€d menmaaoh

cosmetic procedur es -liinfcttau)d,e gthrydhbideemu o myurdae
muscles and droopy eyelids or ptosis repairtr
(t unimuyc k s ) , and breast augme[nstCaJtAi cutameé sediy
approach is the most commonly wused techniqu

tighter anodo ky mgnogaeprpear ance during cosmetic

suspension techniques issubpessgpenf { EMAB) muw
known as rhytidectomy. Il n this suspension
removing excess skin and fat. An alternatiywv
crani al suspension n( FAQA)r ev¥enephessnt ead e | ¢
deep temporal fascia and suture | oops are in
technique involves much | ess skin excision

SMAS [I1li0f]t, [ 38 nckp51he devel opment of barbed
procedures have been performed using barbec
outcomes and | ess scarring doaifdpas®d tbecoav
modi fied sutures that are currently or have

surgical operations.
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Table 22. Comparison of different available barbed suture deyR@s

Suture Nam

Description

Suture PI

Apt o¥ Thread
Georgi a)

Bi di r e c ta bosnoarl b, a bnl
sutur e

Free fl o

Cont dMimMhr ead

Uni directabsoabab

Anchored ¢

(Medtroni c,
Connecticut)

Georgi a) or -hooped barhb

| sse Endo ProlUnidirectional, Anchor ed

Sut Tfki I'i si, G suture H
SllhouetFtaece.Ml‘ Noabsorbable sut .
(Suneva Medi c . Ancheredi i
. ) absorbabl enmk n mtt

Di ego, Cali for

Wof fl es Thr e Bidirect—aibosnoarlb,abnlAnChored

Met hods | nc, C suture doubl ed H
V-Lo™dWound CIl os

Uni directional,
barbed sutu

Anchored
anchor e

QuiMKInot | es@l ord
Devi ce (Corza

Absor b anboae saomr b a
knotl ess, bidire

Anchored
anchor e

West wood, Ma s s with cemarlaéednd
STRATAPFI(Xt hico . . . Anchored
) Bidirectional, a
Somervill e, Ne anchore
The use of Dbidirectional barbed sutures
obvious advantages of increased speed
tying knots astsieeqg ehf edbte. pleper &abr medni oab
to understand the clinical significance
al | the surgeons that the use of barbed

compared to
lift), and
superficial

t hree

separate

mastopexy

fasci

sutures,

(breast

al/ deep ti

| ayterasdi usiom@gla suturing

but when

sSssue,

usi

of

traditiorbaloms mtopd eas.t yPr bcadhi ep

i ft)
deep
technique

ng bidi
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required and the closure time 24 regueséenbsy

gradients of tension experiedticeelcbiyonalk barb

i's deployed duri fd¢g.2t]i ssue approxi mati on

A «%}{@

Figure 2-21. Gradients of tension experienced by the surrounding tissues (A) Linear compression at
the point where the barbs change direction. (B) Accurate placement imparts a mound by
adding a vertical vector to the horizontal vector. (€3Haped deployment resuitsthe
forces on the barbs being opposed by the bend in the U, rather than by the opposing barbs
[30], [52]
l nnovative barbed surgical sutures play ar
procedur es since patients -ipvafsevet sar deraisd

rejuvenation for transf or mi Abga sfeadc ipsrloscaegdhunrges h

mini-lfateto vari ouSSMASSuU bacAydteasriuebosu se,al s pd anes ¢

Atiyeh et.al, investigated the efficacy of b
ALunch timeo facelift sudgerdyr ge @an cpirsoiceendsu
under mining, or substantial recovery time. 7
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of barbed sutur é% hmraenaedlsy ,( Tsbhiolrits YA p f Gesoorrg i Fag)a t
|l ift procedures, l ong Woffles threads (Kol st

for suspension of s@dggiegdsi wbueb, haddugCodi

an anchor |l oop on one end whi cHMaerneg tkhn otwhnr eaas
that were used in different facial rejuvena
were introduced as an alternative to conven

sutures ar e utsiecd siunr ¢gfearciieasl waheiscthhei nvol ve t he
face, and neck. The minor complications t hat
were mild facial asymmetry, swel |l ing, erytt
f or mattihoen eantt ry and exi™Mt hsietagds. w@When uGent o w
procedures, there were noticeable ecchymosi s
weeks. The study concluded that theludsgeiomfg b
ptosis tissues, but they are preferred to be
barbed sutures require careful evaluation an
pr oce[du3]es

Kaminer et.al, tieewmse¢fi fgiac ®ady tdnfe Wo®egof bar
i nvasi vd ftthrpgaodcedur es. The VM ditriechidesd atnlde t enfef i
Apt'¥shreads (1l sse Endo P%og(rTebsisliivsei , FaGeeo r lgii f:
uni directional pol ypropylene sutures used ir
this study that patientgiupltetgr resugesi evhi w
fatefts which hoawret ilneestsl yTrhvealsstama ddct ed t o u
uni directional, and -laanscthionrge d isfuettuirmees ihna do rad el

of the skin. And the results were in favor <
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period of 16 months with higher patient sat.i
sut 0 6.4%
Cortez et.al, in their study investigated

barbed suture®»umadeclusesedr edsorduring plastic

reconstructions. I n their study they had co
which were available in the mafMetorduwur iMed i tch
Il nc., Westwood, MA) -Lo& Medt sonuces Nawd Halk e n)
The study involved patients who had undergo
complex free flap surgical -payvyeeduoldbsaye@han

clo®uusing barbed sutures which were compar e

the conventional sutures. They had reported
surgical site infections since wohuenrd al echa nsvceernr
secondary to knot failure and slippage. I n
conventional sutures (mainly the braided sut
in the interstices resun ttihreg hiorsti nfmmummea tso/rsy
barbed sutures where there is no specific |
bacterial attachment site. They summari zed t

were advantageamus sauvMealrr ecsonwmernteirans p8] surgi c
Barbed sutures are used in reconstructive a
with effective and faster der mal approxi mat
support both during and after drhleedrowtedrue £
surgeons also found there iIis |l ess suture mat

|l ess operative time involved in contrast to
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2. 20bsR2etgiastapovdntestinal surgeries

Barbed sutures have an interesting applica
t heir handl ing properties. They h atveen db e e n
anast ewmo®io®ce[dud]One of the most common gynec
barbed sutures are usedcits onheprogesdarean Ou
procedure which has been recently gaining e
| apar oscops c wlhiiecchod wteue i ng using a | aparosc

| aparoscope the requirement of tying knots w

to place knots while performing | aparoscopi c
hamptioved the | aparoscopic procedures as the
engage with the surrounding tissues. Il n sur

hysterectomy have been benefitteedclwistuhr et htei n

reduced by ap-p0éoxiwhatnelcyymp@¥%ed to closing

monofil ament dr5.2draided sutures

Guisto et. al, conducted an analysis to co
outcomes of two different barbed sutures, u
which were compared to monofil ameadite suttarfisn
outtheofiseni directional barbed sutures had a

were more <s<winpdptcialneo bhtsa i recti onal barbed s
were due to the extended suture with barbs
The researchers mentioned that barbed-osutur e
end anastnhadmdd$hes results were coincidental Wi

surgeons and researchers on barbed suture ef
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applications. Similar to results published
al so reported that the use of bidirectional
significantly reduced thedomentaitomedtt mat ba
can be wused in appositional, extra mucosal
healing, and suture holding calpax]ity al ong w

Greenberg and Ei narsson reported t hat t he

| aparoscopic and gynecol ogi cal procedures w
Barbed sutures help in tissue approxihmatei on
procedures where tissue approximation is di
cumbersome. Even though the suture materi al

time, the introducti on -borfe a@ kdengr azralt eedd sswitrwgri e

better than conventional monofil ament sutur
po-sttrgery, both the surgeons and patients w
excellent hemostasis wenerased fwbenl bgabedns

sutures also reduced tissue trauma since ten
in contrast to the conventional sutures wher
to holuwrdshei smugl ace. It was also reported th
the same size conventional suture material i
measured in terms of anchoring wionhhesvisoomae
t hat t he use of bar bed sutures woul d i ncr
myomectomies and other gynecol ogi cal proced

surgeons and [p=@li,en[ts7]i nvol ved
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Demyttenaere et.al, studiedL o &edwanvaand awewsn

closure device (Medtronic, New Haven, CT) wh
the researchers investigdtoBdbuthheesdyaypaged
sutures) in gastrointestinal enterotomy cl os
a surgical technique which i nvolves suturi ng

wound closure deveaeisenktin®@usiubes ht hati acesi
the suturelLddsnuet.urTehse saer eV uni directional bar b
enterotomy closure during different | aparosc
that the enterotomy closure time or anast omc

V.Lo™®sutures were used for suturing the jejut

et.al, in their study concl uded t haetr ntahteisvee b
to conventional sutures fdr5.8dastrointestinal
Gi ampaolino et. al, studied the outcomes of
using conventional sutures and  "™(iEdihri eeotni ol nnac
Sommervill e, NJ) . I n this study they compar
sutures used during | aparoscopic posterior 1
researchers in this studwresncolewdduecde dt hahte wsg
suturing ti me, and blood | oss amd ptolser eo pvea

adhesions between the two [§Bks of sutures u
Barbed sutures are i deal for use during abd
in the place of drains. Gut ows ki et . al , st uc
sutures during abdomi nopl ashtei eesf.f eldifsst hoefi eGuriel

andLVNMsutures adbasionm btatbshremendonsut ures for t he
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performance, safety and t heir effective u s
abdominopl asti es. I n the discussion of the
was reported that there was no ssganfli banbe
sutures tend to support the wound healing pr
"week -sjuasggtery when there is increase in forec
various advantages of biambadnsmbereef tbhi niwe
i nvestigators noted that suture placement of
by the surgeons during their training period
surgdrairsswdures are also used in armlift anoc
concluded that barbed sutures are safe and
circumferential abdominoplasty procedures an

performancemwheed against monp6.0] ament and b

Based on the clinical revi ews and studies
surgeons, it can be understood that the bar
used in different obstetri css eadn dp agtyineenctodl so gcioc

surgeonb6s satisfaction.

2. 206t Bopedic surgeries

Orthopedic arthroplasty involving barbed su
times or faster wound closure ti me, better
the conventbhdhal B&diaud esut ures are increasin

procedures since they have obvious advantage

forces throughout the suture | ine52nd there
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Johnston et.al, studied and reported on t he

utures

utures

bar

=y
Q
—

in spinal surgeries. There is very
for wound cl osures duer,i nigt shpa sn able esnur

bed sutures resul t in faster wound c

n comparison with econvadretdi oda glomr adletrdage @ s rkreB p

nfectio

ns, traumagespraetivemsespsnandosdmei oe

erni atwdhd chi ak® one of the most prevalent mu

equire
enefi ci

onvent.i

Sommer vi

~—+

apyund
urgery.

actor r

ur gsiictael
t.al, d
pinal s
ontr ol

n t er ms

o signi
6.1]
Shah et .

nvol ves

surgi cal-i nwasirwes nttri @ant ma@ mtce mawme not

al effects on these disortdensusThegy
onal suture materials ™™@Et wioword Icrd a
1 e, NJ) knotl ess tissue control de
complications, and readmi ssioRS in c

I n their study, they had detail ed o
egarding the postopemiaghwvei ot cemes
infections -d&rSd sgadurtpes kad apg aet ifeonltl oswe |
etailed out that barbed sutures were
urgi cal rimherrsy eint itomiss SPthweod i lestelae t §
devices (type of barbed sutures stud
of the operation room time, postope

ficant di ff eroancree aidmi wesu rmd sc arhp leir c &

al |, in their review described the u

the repair of injured tendons). T h e

4 3



reported to have comparabl-ranrtkesdi |l g5t troe d hwit t
the appearance, resistance to wound scarring
The use of Dbarbed sutures r eddiuscterdi btuitsisoune otfr
forces throughout the suture |ine due to pr e
the use of batMaedlL &/&hHt virne st e(nQurirlhlaphy agai nst
barbed sutures based on the foll owing categ:

| oad-mmogadap after repasectichhmalges hapd,hearcd ofs

i nvol ved. It whe dsdaobesddsubares that requ
pl acement | ed to the generation of stress |«
the £eotsisonal area of the tendon, through wh
increased. I nvestigators alsoutaloaddabtuerth

barbed and barbed sutures for tendon repai
anchoring force through the suattemre mlaix# enumt hp
out | oad when compared to traditional tendor
the concept of barbed sutures are not widel
t hat barbed sutures can he adsedbdhobebdasnbapl ac

tendon repair as barbed sutures exhi pbted be

[ 6.2]
Wang et . al, i nvestigated the use of a barhb
ver sus a conventional interrupted suture for

t he wound closure efficacy and saf atey of
( STRATABY ¥imet r'MRlI PD,S Et hicon I nc., Sommervil

procedure in comparison to camaénysiesnabasbteud
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y

S

S

i el ded shorter operative times which | eads
omplications as conventional sutures. Wh e
rocedur es, there was relatively | ®wt wruegsur e
i mi ni shed the risk of wound complications,
f local tissue ischemia and hematomas. Rese
afety of barbed sutures ussnghpchmamnygl adds

ncision closure ti me, operative time, total
ange of moti onsuafgekiryee Thei stymmestr i cally ar
utures eliminatedc temea mded tsattuire HKnmtes dthe
urgi cal i ncision closure time with better

ompared to conventional sutures. These adv:
utures enTKKApsooedures require surgeons to
uperficial and serious infections at the s
utures increased the blood flow siineare ofhes:
tress and this reduces the tissue trauma d

aftesupdst3y

Mayet et.al, studied the use of barbed sut:
esearchers st d%iCeod ztah eMeuwsiec adf |1Quci.l,| West wo o
ocking sutures in these surgical procedures

ad reported the poor wound closures and sev
he VMbEecdib8adr bed sutures ( Mef 6.Bplnn cc o Mterwa sHta vte
one by Mayet et.al,"™Mapbetledutbhatsthae @Gseto

o have better surgical out ¢c oolm&@d s watnudr elso weerr e
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uni

directional barbed sutures which have a |

same directiomM™Mswhulresthee Qbiblrectional bar

rep

i nf

ma t

geo

bar

beh

ortedsuwrfgerry paorsg i nclusive of extrusion,

| ammatory responses. These complications
eri ales ranmnccetmi cal compositions. But i n t
metric shape, freqguencrye,ofalbiagrme ntthramnd h:
bs has an i mpact on the wound complicatio
i ews of barbed sutures were al/l perspect.i
ect compar ibseodn ssuitnucree st haersee ablalr made wup fr
ave differently in terms of their degrada
a conclusion to this T¥dutnurceas, rtelvdye wh aod |
ssutures are safe and effective to be us:¢
bed sutures also resulted[BbBbA] higher patie
en though bar bed sutures have wvarious i
hopedic surgeries, the mechanical propert
ur es. I n the case of orthopediicngs usrtgreerniget:s
ce the stresses applied in these joint 1o
y. Al though barbed sutures donét possess
ng used in these jheiynaarreplaacémedepsoyegedr
hout the requirement of knots during plac
mentioned in clinical studies and revi e\
of barbed suture significantly | owered t

viding satisfying resul ts to thetrle sver @ce

46



t

omplications reported in some cases due to

pectrum it was reported that barbed suture
urgi cal Tgreoaomad wrred.i mi ting factor iIs the pr
urrent commer ci al perspecti ve, t he manuf ac
equires skilled technicians and spectali zec
arbed sutures. It erenédal sorgndalt spoodethats
eometries in order to [ar5]i ve at better surg
. SButure biomaterials

. BtTXucture and properties

. 3Ctl Lagen

Coll agen is the most abundant fibrous prote
o 25% of the protein mass of the body. Co
nterest, not only because of tthebecduoe omp

mi mic the -oa@altluuladr ematrrai x ( ECM) component s

sutures are found to be ideal for mo st of t

t

i ssues comprise of coll| pogentfpbpise][ 6] n t hei

Coll agen molecule is a fibrous, structur a

pol ypeptide -banded pal yaprygeditn(ePPI I ) helical

wounded around each othewr ewhidule is$ aggkmbi ned

handed triple helix. The amino acid sequenc

whi ch combi nehanmdefdorsm pae rrciogihlt producing the

The | ength of tropocoll agef2nimdian@@em.| dhe

wei ght of the tropocpbbagen molecule is ~300
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In the collagen mol ecul é&theiitx isesgnadhuwat 9hgt
resulting in a repeating AXaaYaaGlyamsaquenc
acid. The amino acids in the AXaao and fAYaa
(2Byoline (Pro,-4Bb8g®™m)y. andp(a@8SindR)Hyp, 38%).
common triplet sequleinge2p 6] 5%) in coll agen

There aeéeghwedi yferent types of coll agen th

The main types of coll agen found in connecti
and XI . I n all the tissuesiprebenmosh tbembri
coll agen, and they are al/l fibrillar col |l age

t wol drd URndHdgi ns. Collagen fibrils in a tenct
oriented, ordamailpaed a&ahd akignwhich means t ha

the essenti al | oad beari[ng6]structure within
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H HO HHO HHO
lI\II" oo

Procollagen|| Gal-Glu Gal
a1
o
[+ §}

Gal Gal-Glu Gal-Glu Gal-Glu

Procollagenlll Gal-Glu
ai
a1
a1

(c)
Figure 2-22. Triple helix structure of the collagen molecule (a) Structure of the amino acids present
in collagen helix, (b) Schematic of the collagen triple helix (glycine and other amino acids),

(c) Procollagen I, Il and Il {Gai galactose residue, Gluglucose esidue}[68]

The coll agen types, type | and 111 have bee
wither as individual components or the whol
of collagen fibres can be prodwkiedhuaspmgarc®n
the potential solution.

2.3 .Morofli |l ament production techniques

Coll agen monofil aments can be manufactured

powder extracted from rodents, bovine, porci

for coll agen are bovine and rodent tsioounr c e s

pat hways are Wet extrusion techniqgue and el e
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2. 3. 1Welt. IExXIt rusi on technique

Coll agen microfluidic wet extrusion is dor
bi oengineered, strong and stabl e ecfoilllaangeennt smi
t hat can be used as both woundneleozrur gs afttex
Even though this techniqgue can be used to pr
be used to produce fibres with higher diamet

weaker and is compl éiéeresl ase wheedveéoybehi

coll agen micro fibres, the smaller the diam
crystallinity of the smaller fibres are high
propeirmilear sto native coll agen proteins fib

schematic of t he wet microfluidic extrusion

textile wet extrusion technique (fBur-2pe2 pr o
[ 6.9]

Coll agen fibres produced through advanced e
further fabricated into 2 and 3 dimensiona

technol ogy ©principles which appeaes naedaf pc
superior mechani cal pr opeexrttriuesss oaand egdmfi quma
fibres are produced by wet spinning from a
crosslinking in order to previeaeeladeiuhd eb5 ki

fibres produced are aligned andi200@®ndmw.d BEwd
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though these fibres mimic the natitvhey odtlialgle

|l ack biocompatibil [ 7Z79]dué¢78d,th&2¢rosslinkin

Multifilament-
core-sheath-spinneret

Coagulation tube

N

/ Washing medium

Collagen multifilament
yarn spool

Collagen Collagen after
in solution fibrillogenesis

Figure 2-23. Schematic of the wet extrusion technid6®]

2. 3. 1Elle.clit.r2o0c hemi cal Compaction technique

Anot her processing met hod for t he producH
el ectrochemical alignment of coll agen (ELAC
aligned when placed within an el ectiriincalhefi e
sol ut-aloingm et hemsel ves to form a highly orie
thereby facilitate the production of continu
field, | soelectric focusiungs(IsERY taldi g mmedt &

the electrodes, mi grating and a[sd2mb|l TmHhg] du

technigue operates by aligning coll agen mol
hi ghly oriented monofil ament structur e. T
monofil ament made from bovine col dagénusbur e
to native coll agen tissue present in the ex
bi ocompatibility and|[BBbdedgriadabLiAd ttyh rperaodpse
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produced in a process similar to an el ectroc
an electrical field to al(iFging-gtahge. 2f i br es as a

By developing the ELAC process to generate

prove efficient to produce continuous fil an
applications. ELAC threads in coabincausohe
woverbi3oh extile scaffolds which mimic the st
coll agen present within human bodyds extrace

effective and i pt dmidredmotr mp@g tnist yprwhliuicedt hdér
extrusion technique fail abruptly at yield
structur al and mechanical properties, t he

mi mi cked the classiagéntpesdSsegson of native

1. Power supply

2. Syringe pump

3. Rotating electrodes

4. Collection spool
Collagen molecule

Figure 2-24. Schematic of the rotating electrode electrochemical alignment/ compaction device used

for the production of continuous collagen monofilamé¢nts

2. 3.Thdr al denaturation of coll agen
Denaturation is an equilibrium process whi
bonds present in a mol ecul e. Miles et. al, p
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ou

oi

| agen
i g

shrinkage

t h

gh

undcdhwp Inisngvhafch initially occurs in

d of

nal

e coll age

hydroxyproline, one of the compon

fibres

|l ength

n

exhibit an outtgtaandiomg bogh alr/ a

when subjected et hbht sbedt

of the fibres is influenced by

molrexylpe ol Thhe to®ad@avef @am hyc

intermol ecul ar hydrogen bonding between

i s

ronment al

Vi ous

-

X

re

hydrated

triple

det er mi

(0]

ned t hat t he denat@r abooere o he

rr- atmospheric or ambient t emg

studi es t hat water mol-fcmd s wit hiat

oxyproline

or other constidgtuemitlsi toff dfhet

nTohlee cpurlees.ence of water within the trirg

has

i ghbouring tr

i ple helices plays a vital ro

an influence on the t e mpeecruateusr ea nadt

s takes pl

ace. Denaturation is wusually

crystalbones damd otulgehr v ye arkaowint

hel i X chains ciomtto asandom paenfiiogu

aturation of

| agen

n

ecul e

in thi

coll agen mol ecules occurs at

S research. Based on the cal o

t beh & htneieplfe helix of collagen unfold i

r mal

i ch

ar

unzi ps

i nto random configurations ¢

denaturation of type | col |l agnesn i s ¢

e

domai

ns t hat are deficient of hyd
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process rather than an equilibrium process
subsequently identify thermally | iable domai

bonded water bridges which help Thustabheéipga

of water bridges is internally consistent wi
and presence of hydroxyproline have an infl
mol ecul es begin to demadanfei fpih@ld tdiegmrsade i nt o

2. 3Catgut
Catgut sutures have been used for " emuthdr x| o
during the Egyptian era where the surgeons

|l igating wounds wusing dried chords of ani mal

sutures. Catgut sutures aegre 4ghteurnmeoss twhioarmmoant
either from submucosal | ayer of s h[e7elp] Tihret e st
popul arity of these gut sutures i n the sur
bi ocompatibility with the |living tissues. Si
made wup of ~99% collilmmkgeedh wihtehy ssautiet adn@s avgee |
mechani cal characteristics along with which

to eliminate the inherent|[ 2n2a)t,ur[e7 70]f,. Pa[tati8npa,c t]i
catgut sutures are manufactured and stored i
water in order to maintain81ljts structural an
I n 1868, Joseph Lister reported the necessi
solution as the concern of these gut sutures
in infections. I ni ti al | ye o utsh essoel ustuitounr eosf wpehr e

whil e there was significant | oss in the tens
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As an alternative sterilizing agent, Lister

reduce or eliminate the | oss in tensile str.:
effective sterilization.pé& duernbei sargrodbuc
manufacturing and (ii) sterilization and pre

the degradation rate of these catgut suture
t hrough the d&ha(rideeni,ngot hper oglets sutures wer e
phenol and chromic acid sal ts. Hol der reco
Ssubcutaneous or fatty tissues while wusing tI
dorlssombaons.egHie al so concluded that using f
beneficial than the thicker gut sutures sin
thereby causing | esser i nt7e8r]f,e rTefin€cleo miliyt hd inf f
bet ween the plain and chromic gut was their
absorption characteristics of3.the two gut su

Table 2-3 Absorption characteristics of gut sutuf2g], [81]

Pl ain Catgut Chromic Catgut
Loss of 50% of -3t ednasyijiLoss of 50% of tensi
compl ete | oss of st days and | oses con

Completely absorbed-
100 days

Compl etely absorbed

As geaer-8bliee 2can be seen that the plain and
and absorbed by the hostds own proteolytic

i nfl ammatory responses from the host eintesomp

bet ween the types of catgut sutures, they h;:
since they have excellent hamehiingnedhaadcamre!
catgut sutures are used i bl pphatopl astyger ptet:

and rhytipdé8jomy etc.
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2. 3.Qompdrofsocnat gut sutures with synthetic ab
As the manufacturing of synthetic resorbabl
research comparing the characteristi-obdof n
used gut sutures in order to umdeaearamntcaerd otf h &
former class. When these gut sutures where u
ot her synthetic polymeric p82lLpeEd8Bbkgppoby/l
(PPB4]in both case$toatlphgltof oshemdbouni i 81 t
initial days after surgery but it had a | ow
case, when surgeons wanted to replace catgut
out c omeosu naln do uft t hat catgut had better bi od
infections compaf8d]Ti & hvea P GAl satiuderst i fi ed
they compared catgut with PP sutures where
aesthetic outcomes and patient satisfactior
However, t hdhywt cearadclgwd e dnaty be more opti mal

rhinoplasty and also since being absorbable

removal once it id8pllJlaced inside the tissues
Gupta et. al, studied the <clinical signific
procedures |i ke pediatrics, obstetrics and
pediatrics, it was observed thtahettihceseutcadr
specifically when they were wused for cl osu

gynecol ogy procedures %ftswagi dalungdr obadurad
sutures and specifically chgromisc datgethr wams c

used since they were proven to have adequat e
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profi lseecftaron@ (cesarean). These gut sutures

P

S

a

S

erineal repairs where the degradation prof
upport wound healing at thesepllaoicnatciaotngsu.t Fsc
re being pr ef erarbesdo robvaebrl es ysnutthuerteisc dnuoen t o t h e
i ssue formation and growth around catgut

bsorbable sutures. At bery wlssb haststeedtgssat
ince catgut is practically made up of ~95%
resent in the I|-cel hgl arspargi xkn( EGH) extra

Gupta et.al, al so reviewed the postoperati:
bsorbable sutures and described that gut s
roup namely, (i) |l ower straingahéesseéeredissco
o the patients, (ii) showed better knot sec
ccurrence of wound dehiscence, (iii) enhanc
ate of wound dehishende GSiunm ucempadrnikeombetxmns
nd (iv) significant reduction in the need
esarean surgery due-ppot tmweemonchageaceTloé
eported trioai ct putuseanctbhe expanded to surgel
rafts, connective tissue grafts, frenect omy
icryl or pel2yglactin 910

Pavan et . al, studied the perform@nbaesed &G

he Lawrie techniign ee ifeora cetvearliusattiicnsg otfhesut ut

tudy

, they had evaluated the histomorphol o

materials after i mplanted into ani mal t i SSuUE
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catgut sutures by the tissues while PGA rema
had concluded that PGA showed higher corre
mechani cal properties than catrgugt rwhdtchr evasf
Al ong with this they had also concluded th
properties are independent of the size of t
[ 8.3]

2. 3.De@r dati on of catgut sutures

The degradation of coll agen sutures was eV
of catgut i ®utainridno gktoutdhi es as catgut and col |
similar except t hel ifrakcead tchaaltl acgaetng utT hies dcerga:
performed to determine the changes in the
sutures. Ok atdlrae ed e carl a d asttiuadn eplr operti es using
sutures which was then raenlyateendz ytnoa tciocl ldaegger na dse
degradabl e material, degradation occurs fron
fact the enzyme macromol ecules attack only t
bi omateri al t hatenizsy mae g cadieydd rtothysu gh met hod
present . |l nvestigators studied the degradat:.
enzymati-enaymanhioao degradation in order to st

taking fgleaciimgplantati on into the body. Coll a

along with pepsin, I's used in this study to
with respect to weight | oss and ohdrngeviitnr oi t
observations, It was noticed that hydrolytioc
interior resulting in |inear decrease i n Wwe
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chromic catgut wused in the study. The Kkinet

but it -obdgs kinetics similar to the homoge
As known and understood, theswrteatigmnal sanaste
and the hydrolysis was analysed in a severe
with wesolts. I n acidic conditions it i s see
upon hydrolysis isbhsaesvegdi thaant hand 168 hen
t hroughoudedthieoncrmfsst he catgut sutures. Aft
noticed that catgut sutures | ose their strer
t he factsutthuatest teamne be used in surgeries whi
span of 15 to 20 days. Il n conclusion to the
enzymatic degradation of the coll agen annwdt ur €
there is homogeneous degnaymaiion hwdrtdley sd &
mechani cal evaluation during and iafttemhat he

both enzymetnizy mamnd cnamrgradati on occurs con:
tispauep, [81]

2. 3Pl hhydd oxybutyrate) (P4HB)

Pol ywy(d4 oxybutyrate), abbreviated as P4HB i
bel ongs to the Polyhydroxyal kanoates family
are present in nature as ener gy ore sberrovkeesn idno v
whenever required. P4HB monofil aments i s a
and was approved by the United States Food
After the approval, the PAHB hgo IPHRAe f alme il ryg t th

widely used in different bi omedi cal devi ces
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reconstructive surgeries. P4HB homopol ymer
ferment atEisemer n Abhanany!l iot her resorbabl e pol
P4HB al so undergoes hydrolytic degradati on
when i mplantef@ 8WiThe nsttrhefibeuaye oh PUHBt lfe | i

of podrydnetrhe structure is similar to other |

S -n

Poly-4-hydroxybutyrate
Figure 2-25. Chemical structure of Pol-hydroxybutyrate (P4HB|85]

P4HB is a polymer that <can be processed th
and they can be either manufactured as monof
application they are to be usedudwall y nptéefee
since they have better hcanydsltian g icnhea rpaocltyenreirs t\

unli ke PGA and PLA (poly (lactic acid)) whi

tensile properties catni one otfu ntehde whielna ntetme a |
compromising with its inherent ductile natu
absorbable polymeric sutures cl ass, P4HB h
characteristicsyofl|l bwghemodxtassabdl!l pliabil:]

pol yester sutures made froomppol pgliB6él ( PEL] F
Williams et. al, performed a set of experim
P4HB and compared agai nst clinically used

polypropyl®%nantPpoll gnéfpxanhonevasPDDIsler ved t h
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superior strength characteristics than the |
study al sion peirdfenmgneld and degradati on anal ysi
of resorption and the span for compl et e dec
processing conditions. Wh e n compar%dndagain
ProF)e,neP4HB was found to haveilvieghemfsteremnagp
I n this study it was adnto hibcecomeat it hialti Py HB
since when thgyWrbagrbaude rtatee 4 s a very common
body. P4HB monofil ament sutures demonstrate
responses and imatcoarsye drheirref d@cst iiondd arnresponse
the |l ocation of i mpl antation and have very
connective tissues. P4HB having superior m
compari son etto cotshuetrurseysnt t hey-t haseebappradom
| i ga[t8.o]ns

2. 3etpdrPdbddyt etrafl uoroethylene (ePTFE)

Expanded Polytetrafluoroethylene (ePTFE) i

better mechanical properties and chemical C
di fferent medi cal applications. PTFE lis a \
applications due to its property of lubricit
of PTFE with additional i mproved properties
stability, mechani cal stfrerngmedi aald apyalriogpato
produced by heating PTFE above its | owest cI
and stretched at high strain rate. The fil an

which results iertai 3 | aimealt dsvin § .6 pTapi aah e mi c
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structurki gz TMRAE (four fluorine attached to

contributes to the higher -tchremmimedi aealsiapgmlnic
F
C

F /n

Figure 2-26. Chemical structure of Polytetrafluoroethylene (PTFE)

F
|
C
|
F

When PTFE is expanded to produce ePTFE stru
the polymer resulting in a microporous struc

of the suturgsoathowhemni ¢dhee sibreut §28de6 NBI6GH

ePTFE filaments are used in difdeattad DHi ®mt
vascular grafts, hemodialysis and bypass gr :
and | igament repairs, hernia iacnadl hneeasrhte sr eapnadi

ot her apgpBleile@TF&nsutures have distinct char e
from otatbhesrormam!|l e sutures. They have | ower r:
and 100 times more supple than any [®2t3Her mon
Edlich et.al, investigated the necessity foc
pl ace of pol ypropyl ene susarr eseasOnme o tintw
sutures were introduced was to resolve the i
When ePTFE cardiovascular grafts were evalu
bl eeding was pr omi nehnotl essi nawceer et hhei gshuetru rteh ame et«
the sutures to penetrate through the bl ood v

this purpose, the needle holes were greater

6 2



anastomosis process I n order to resolve this
needle was used for closer tissue approxi ma
through the needle hdl283g ,afHBER| dadf tetwad ,i mp
the use of ePTFE sutures in place of PP sutu
with cardiovascul ar patches. It was reporte
di fference beteweaennd tthhee snuetewdrlee luisned whi ch r e

needle and suture and there-hpl[B8B8ducing the |

2. o2npari somrobdtagween cat gut , P4HB and ePTFE
Gol dstein et.al, in their study compared th
surgery (modification of eye muscl es) . | n th

have reduced postoperative reachavutal whad ¢
sutures used in various surgeries. I n vari ot

maj or significant differences between the co

ani mal studi es geamcseutcantguthawa alorhdsat si mi |l
mor phol p@9kBarlumyback et . al , reported | ower in
against catgut sutures especially in ophthal

were carried out with catgut and col ltaggen s
of absorption (i.e., coll agen sutures are a
suture materi all &5 mDetshpiint et hteh etsies smiensor di ffer
catgut, they behaved the same way i n terms
infl ammatory responses since the inherent cl

same with ccradtsgsnk e ¢ § codbld |, a g e8mO |
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Oder matt et . al, compared the P4HB sutures
|l ooking f@ermaaldsonrghabl e suture as a replace

behind the study was the availabibihyg ahdc:

sterilizing the sutures before they can be
researching P4HB sutures in different surge
which aids in improved Kkntour laewarheiye fainai aslt
clinical ut il ity. These features result i n
greater flexibility required for different t

eval uated t he tbhesceo MAHB bsdtiuryesofin regard t
sensi ti zcahtrioonni,c saunbd chronic toxicity, and t
advantageous features of P4HB, investigator s

usedaddeamative to catgut sutures due to t he

with ani mal a[ndd0 Jlhuman ti ssues
Catgut sutures have been in use for wound
when the surgical field of medicine was not

any evidence comparing the cat geaPTBEHtautEsSr evs
these suture materials were started to being
materi al . Il n the case of P4HB, it was approyv
in the year 2007 whiHaev ecovdrayg eme cneomtolfyi | gaamiem
utilized i n medical devi cceesl laud atrhemat mii mi o Et

within the human body.
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2.ldasers ampopltikaiti on i n biomedical and medi c

2.4ntroduction to | asers in biomedical field

A |l aser is a device that emits |l ight as a
a tight spot which makes the use of | aser fo
applications. Lasers are breamgs emidedrnduwstear s

and materials to communicaticemmasand tloe meseée ca

surgeries and ot hehraishicomadedalramphidoatsi gnsi

to penetrate infocassanflaaecwiaby hwghhout d
area of the material. Lasers have become on
processing wherein | asers can be wused for d

productifan nmssf otrhinmmnoparticl es-deerf itnheed mantde rail ¢

fashodapDi fferent | asers function in differen
(i .e.) certain | asers operate in the visible
ul vi @l etFirgeuwiyman2Every source of | aser wor ks ¢
source (laser in this case) or an energy sou

pl asma plume or a plasma cloud ivapbormedi nli

particles and thereby the area that needs to
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ArF co,

193 nm
Excimer laser ¢ 48::"591%”nm HeNe 10,600 nm
248 nm 632 nm

XeCl Gren HeNe

g 543 nm Diode

308 nm 680 nm Nd:YAG
XeF 1064 nm

351 nm /

< Ultraviolet )I Visible Infrared >

Femtosecond laser
. ) 4_00 nm 750 nm _1053 nm . .
Figure 2-27. Schematic representation of different lasers operating at different wavelengths in the

electromagnetic spectrum

Lasers in medical fields are wused for diff
surgery since |l asers emit a localized spectr
fields of gynecology, cardiolggyurdéeomgt obanog

dentistry, and 902r]t hopedi c surgery

I nitially, |l asers were used in the medical
mat eri al (ti ssues) interactions were studie
consequence of both physical anrd ebrioglemgiousl|

nature and they are made up different compon
di fferent tissues iIis necessary in order to
needs to alter or mod3d]fy the surface of inte
Pul sed | aser deposition (PLD) has become o
fabrication techniques and especially in th
| asers used in the biomedical rfa edat eagcer imaa ch
on their mode of operations, namely (i) con
continuous wave | asers (CWL) are the type of

average output power gtiart ,Qverhel onudg pudr ipodvs

6 6



duration or pulse repetition rates are in ¢ttt
thereby they are also known as | ong pul sed |
duration is in tjse rteonde mit)fqg spdidooorsdesfcamfal st {ey
known apsulssheadr tl aser s. One of t he major di ff

operation is the average and pegk2Ruttbue pPov

the difference i ni ntheeuspull sseer, iwshewms ead ctomda e
materi al i's higher-matnee tmeé edacai oonisf hi g
absorption energy is greater, |l arger area of
i n diastiinotnegof the bul k materi al due to | aser
pul se | apaeadse deretr s have a vematsborinder a:
takes place. Since the interaaaijonmr adaammargse d\
surrounding matter in the bul k. This phenome
(HAZ) in | aser physics term is to be consid

bi omateria(Bi p2®PeedTdena@abl ati on of mat er i al
t hermal characteristics and properties of th
the HAZ but it be reduced by decreasing the

which by Kawne hpeu lpsiecsof e mt 6 s d Qdrfd ranges
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Peak output power

i &
= Average output power = Average
3 & Peak output power 2 output power
o o
5 v 5 /
*5‘ -- '5' Sk E R D R R
S 2 S
'
Time Time
(a) Continuous wave (CW) (b) Pulsed laser beam

laser beam

Figure 2-28. lllustration of average and peak output power of (a) a Continwawe laser beam

(CWL) and (b) a Pulsed laser be§ad]

2. &lAassesucskedl anebs omedi cal applications

I n biomedical research, the two cl asses of
short pulse | asers (USPL). Excimer | asers ar
an optical absorption specteluemci nomagnetiitcas
Whil e tshheorul tprud se | asers are | asersjsthmat ha

138) or f emt os’sc)onwdnsi c(hl fasr e= wlioddel y used in m
materials. The two impbern Icasmamro nt ulyeps sarod Aerxk
KrF (Krypton Fluoride) | aser gases while 1in
durations are altered based on micromachini:
many applicatmems) asdres exre preferredr with
femtosecond ranges as the materials behave [

vi si bl e spectrum.
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(a) (b)

Femtosecond laser
Long-pulsed laser

Ejected matter

Focus lens

Without damages Without droplets

long-pulsed laser femtosecond laser

Figure 2-29. Characteristics of different laser ablation mechanisms (a) long pulsed lasers and (b)
ultrashort pulsed lasers (femtosecond la8r)

Laser-maicbi mi ng i s a useful and essential t

of a number of deviceselleimltecbanéencias, sgat leentse

mi crofluidic devices which all craéquierde ppn end i
the matemaahi nMnertofucmiucrea medi cal devices
possible using different pul sed | asers. Mi |
| asers with biomedical |lapphecatirenselweit hgyoh
creation of patterns wusing pulsed | asers in
viability on the biomateri al s -nahcahti nhandg tihec )

three differemetct aweasi ngasenaski projection,
examples mentioned was creating microscal e ¢
the orientation of human aortic vascular sm
scaf fpdlid aap ons-malchilna ssgr tmicdhhmo que, the most
or mi ni mize the heat transpmacthithe dr @@irdn on
mat erials which can controlled byucongr obhbker

operation. Pulse durations can vary from mi/l
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on the result required for thenashe aii fnigc i ap ple
based on two main factors: subsnarcdat en erdatf erait a
required. The compl exity anrdi osursal B i of neeadtiucrael
necessitates t hemawsa niomg | aseér otnimarc biardivragh ¢
technol ogies. -mdsihngi hgsemanmicompensate the i
devices as there is an iinncroeradseer itno tmhae nnteaei dn

function of [t9YMgdERaOomMmaner bbdgers with their shec

and mainly photochemical i nteraction with t
sizes -macmiegciromg applications. The wultrashort
neafrramed have similar characteristics si mi/l

the |l ength off 9t5He pul se exerted

2. 4EQcllmer | asers

Exci mer | asers have become a major part in
they operate with high outoput power at a sh
technique is used for deposition naf umiidaatmi
films on a wide range of mat erials that ar e
MAPLE (Matrix assisted pulsed | asedadev dimher a
fabrication of organic | ayer baver bdeepmedii tciad
devel oped in the view to reduce the photoche
l i ght with organ[i©6]Jor bi omateri al target
The excimer | asers are preferred since the:
in the wavelengdbOnmng&hloats erpPpaumalfl v used f ¢

that undergo degradation when UV | igduglstour c
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E x
abl
t he

ont

ma t

abl

Te
abl

(24

arser in the recent era since they have
ustrial condi t i-foinlsm sappepcliifciactaildny iinnd ushter yt.h
ely used as pulsed | aser depbtaistrosouuecler
e uniform and even distribution and expan
sed exci mef flezxsenve ame cedt able in the fi
d for medicahel adt embayveandfimacrpal ectro
rate at 193nm, 248nm and 308nm wavelengt!

ect UV emitters -cancventedxtrjt basbesfreque

.Bxdilma@ser patterning on biomaterial s

cimer | aser ablation is being used in the
ate the surface under highly controlled c
surroupbdonget cMi ngoi s a ngegrcdawne qdief fuesrean tt
o films made of biomaterials. Laser abl at
being continuously studied due to variet
erials and biomedie@dr dappex ciameronlsasdems th
ate or desorb the target materials since
s thermal damage to th®8pol[ym®]rs and bi ol
zuka et . al , i-;mhvetsd @ tgah iemdg tdife ano Iclradgen f i |
ation. I n their study, they studied etch
8nm) excimer | asers. When <conypaornedt hfeorf itll
y had identified that the use of ArF | as:¢
|l agen films with the thamredhpluldsd ader atfilc

oseconds range (17ns of 2M3mspstThetpeeso
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apes and sizes were dependent on the puls
uence. The structures that were etched we
chniques. When the structur est hwetr et heev ad dugad
e patterns generwetreddarupsernganadn mMarFe | prseai s
ai nst structures generated by a KrF | aser
cimer | aser ablation, thmpoopagtaphygtof ef
e surgical field. Al ong with variation in
so varied with fluence and pul se repetitidc

ectron micrdocaerpy mamd gadpemiche i nvestigato

at an ArF | asersdeofoirhkesed bpastt eamonicmgacre welll
rther used as biomedical surfaces and sca
d edtshaoto c ont rpdhloltaokeltec hmincgr of col | agen f il ms

crostructures on artifici[@lg]organs and ot h

, Spm

Figure 2-30. SEM photographs of etched surfaces formed by the ArF laser at a fluence of

(a) 43 mJ cn? with 100 pulses and (b) 100 mJ-@wvith 43 pulse$99]

OQujja et.al ;stouxcdrmuwredgmiodr ol ymers and bio

medi cal technology and biotechnottoggyt dnien g su

excimer | asers, t hdyamaacgstomdicodilmgfeielr nsmide sg
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ac

pa

SC

as

nosecond pulsed | aser irradiation in UV we

at patt ers:tirnwc tanido ngibcarssecdalf f ol ds 1 ncrease
tivity on the scaffolds as cells adhere, g
t hways engraved. Laser assisted patternini
al e range widdi uinpmr eaxred esnd leedc tpirvi ty. Col |l a

| aser abl ation modehavesisicmi bat ht hddremanlat a
el ectric properties and these properties &
operties of the biological ti ssues. Studi

owed t hef ppwlci esd olnaser processing which do

netrating depth and pul se duration, but tt
aracteristics of film materials amddthe f|I
om these biomaterial s. Il n this study, <coll
|l se KrF (248nm) | aser in order to produc:

radi ati on rpemkarddieeka ns wei H l6ianmge,n gmi carnad abl at
rface materials. I nvestigators reported th

| aser wavelength, physical condition of t

i t hi nf ftohled .s cAanaf i WV tlhasemsa&bl ati on, mat eri al

ither fracture or breakage of chemical bond

radi ation mechanism is a type of processi.:

om etreamhpur e conditions whidcehf i rneesdulmi cirrospr e

rious bTlhadbiameages of | aser processing te
ol ogi cal materials since the biobhboglowlopr
om temperature conditions. And for cel |l
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bi opol ymer films can be preserved by room
possible using these | aseff l1i00dadiation and a
Exci mer | aser ablation is a very widely us:e¢
I shii studied excimer | aser ablation on col
contribution on the coll agenerfi amsataibdémtonn
using the ArF (193nm) | aser which was opera

under stand the effect of water contribution

on dried coll agent eviaisng hlaasaen effli zencdyasal a
When | aser abl ated coll agen was evaluated al
only breakage or fracture of the chemical b
there ocdcwrraedodemd the molecule | ayers du
phot ot her mal reactions occurred in both dri e
slighter change observed in the | atter coll a
mol ecul es reduced ther mal damage on coll agen
the etching occurred at a shall ower region i
fil ms. Based on the above obsémswhati drha,t iwtat
contributed to the | aser ablation effects o

t hermal damage to the[T®1l].aglehO2ol ecul ar str

Aesa et . al, i nvestigated | aser ablation ai
exci mer |l aser s. Similar to all the previ ous
bi opolymers and biomateri al s, the bevadtliaga
using ArF | aser with mini mal damage when abl
observed that there was mini mal damage on <c¢h
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to |l ower induced temperature rise. Hence, t
a fluence closer to the abl ati onc otnhpraetsi hbdled ac
bi-dbegradabl e optical devi cegs awhpldhe.&faino nbse i n
Lazare et.al, have -faolasnoi nrge poofr tceod | saugrefna cbei onpi
pul se KrF | asers. UV | aser ablation on coll a

i s being widely used for di fféranti sair gucag

l nvestigators in this study reportedotamat Ki
structure on coll agen biopolymeric films whi
[ 103]Thi ssen et . al, studied excimer | aser ab
using the KrF | asers. Il n this study, it wa
substrates |li ke poly (ethylenepokyte), afhere
i ncreased cell adhesion and migration on s
i nvestigators concluded that | aser abl ati on

that can be tranaf erimedvstvenda esumbldt @PpPpl i cat i

2. 4URtRrahorafast Pulse Lasers (USPL)

Ultrashort Pul sed | asers are |l asers which
di fference is their pulse duration which is
is dependent on the applicationsbe¢eihmrmy iamet

femtosecond range, -mabheyiladve nternpciRadwrlda aesr s
The -pndo femtosecond | asers -ahermalrenbkegsh
materials with high precision and acc-uracy.
dril |l i ngt emntdurmincg oo f the materi abhbfesctnhed 2 dn

(HAZ) .-mBcbroing essentially involves faster
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sufficient accuracy in dimension and geomet
repetition frequency, and the wavelength of
make suitabmacHiamed gsdmnmnplomat droiraviesaelh® hweptrik ar
pul se repetition rates are dependent on spe

since di fferent materi al s have di fferent 0]

el ectromagn€gtliocs | Mipercd ir mimn g wi t h USPL- resul
equilibrium results and these | asers can b
surrounding materials. This processing techn

~—+

hey are useed vtea yhdatc arhdtyt wi thin the -bul k o

Q

mp | isfoilsaetdflti ¢ ani um ( Ti ) : Sapphire femtosecon
abl ation mechanism for different | aser abl at
of the sapphire -mhaclirmsi,ng hleasl aismmpr oniecd oand
varsi oauppl[ik@@]i ons

2. 4. PRy Redl esfhaort pul sed | asers

2. 4. 2Pi2c.ols.elndntiemt osecond | asers

't is detail ed tysat'8d Qs itnhgel er apnigceo soefc oprud s(els

sysi{é&éEmg@®Pei 8 equivalent to relaxation ti me

any materi al and the pulsed power in that ra
machining speed is dependent on the aderage
the di mensi onal accuracy and precision is af
[ 105]

Femtoseconaé)(bpsscabédond (Fulglde wi2aserdevel o

for t he innovative fabricati on of materi al s
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sector. I n the industrial setup, the machini

100[f%05]
fs-pulsed laser ablation | | Ps- ns-pulsed laser ablation
- semzzzz pulse .
- 1 duration ------ ;
- -
— __
- .
-
= »
no heat affected zone * debris ¥ heat affected zone
DO | 'n::-
e
A
i, cracks
workpiece workpiece

Figure 2-31. Schematic diagram differentiating the pulse durations and damage to the neighbouring
locations on the substrate in case of a femtosecond pulsed laser system (left) andra pico
nanosecond pulsed laser system (rifi@y]

2. 4. . m&chiwmsinmgg ul trashort pulsed | asers

Mi cma@achi ni ngt extdumi g oof materials has beco
pul sed | a-aeards f etmhh ® spicondhalchsai g Thlke dminer o s i
are these | aAvermahelrgemorvahonoh @mbkariah, whi gt
the damage to the¢ 19bMi cumdiarcd i ma tnegr iiasl mow a
chain in the industrial floor since the fabri
when done using the ultrashort pulsed | asers

| asernapl a¢ € ®s e s -s madrutc elda sbeyr uilrtrraadi at i ons, i |

and to generate very precise heat | oad for s
[ 106 ]Sharsed | asers have major advantages o
i nteraction time, small heat afif 6.¢1Wsdh ozeotn e ,

| asers offer high | aismducerd elmseé @ lydawmmd tphreesF
| aser fluence. The extremely short pul se wi

77



intensity witenevagiyghodoaw pwl se | asers can be

substrates at the wavelength whe[r®5]t,he[] SWd]s't

The anbeonvtei oned ultrashort pulsed | asers whi
¢ an@d h@ave become a -drilllaibhge awmdlt d opr onvicd ®
and holes in any materi al ranging from meta
pol ymer s. Earlier, the holes wer eianrge-antiecd o0
mi | | i ng-ednedctmiiccrodi scharge machining which dc
and there is debrisdgethreuatt erdesaronuntdh ¢ hma tce n
al so be used to replicate a single structure

structures generated would be sharp and din
applicatiemsiomdffheofdimhe structures that nee:q

surface can also vary throughout the ablatio

spot size. The depth of penetration irteigouni r e c
rates of the | aserdrsiolulricneg., Atl hoensge wi Itahs smiocfr ol
mi ctreoxture solid surfaces I|like metallic al/l
di mensi onal structures onrsahtdpauamaces, t bk
tuned i s spatial resolution of the-tlexdanrisagu
anmdi cdroi |l l ing are widely wused in the biomedi

to be fabricatmad airn tdi mehrmossieo npsr essient wi t hi n

machining is very useful for prolong tool |
and interfaced 1fOcbr] mul ti pl e usage

Banks et . al, studied the applications and |
| aser system which iIis a versatile technique.
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wi de range of materials from metals t-0 cer a

substrate structure during processing. One
machining over conventional | asere maakemi hgrt
deposition of | aser energy into electrons of

the time taken for the transfer of energy i

di fference, there Iis ynandasedulcasert hablmat i
the materi al which in turn minimizes <coll a
machining there is significant amount of ma

durations and t hntserneeclttiionng oafl olnags emi tvhi tih pl a

to |l ess control over the morphology, and ge
Despite having al/l these advantages over <co
ulshartl pslkesedis that it requires high pul se
of materi al is only removed in a single pul

nature and how these femtosecond Mwas$é&r noman
thermal ablation mechanisms. I n view to this
f$aser for machining high explosives. Il n t hi
operated with a pulse repetbi tsiaonpll6re aa xapfl oofls X 1vke
with two different pul sje doadatctiomps esgedothpoOéE
experi ment , it was observed when the pul se

ignition of the egxpdfostitve gnartfeadel ¢l dluami tno

guality while in the femtosecond pulse durat
no visible collateral damage to the explosiywv
Suggehsattk dfsser s can be used for thin film depo
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for diagnostics applications in the medical

or surgery, it is inevitable to detect when
damage. I n which case, the @lwaynat lpdtumeh e aml
change in its characteristics when there is
tissues) to the nerve bundles in thsheroxim
| aser technol ogy khedomasemorde i matddfyDO0I]n i ndi
Heberl e et.al, discussed the wultrafast | as:¢e

for the manufactluensglsnofr aonulraroclbleases ar e
conventional PMMA (poly (methyl met hacryl at
acrylate polymers which have a transparent n

achieve visionraflanstt hliass es tsu dwe,r esl tuhd eed stua f Q¢

structures and | aser machitnipnrgo nhiassi nbge etho oolb.s ¢
a picosecond | aser was used to remove mater.
high power to remove material from a specifi

focused on devel emisngt han iwmatsr amacduel afrr olm me c
pol ymers, onepwlfymeri chmade far com PMMA (poly (m

PHEMARo( yhyd2 oxyet hyl alnenghawirtyhate)o differen

together. | nvestirgadlrast i othuddredd meehilnasne o
intraocular | ens by varying the wavelengths
depth by altering the | aser fluence and eval

(@)

bservedi $ hamtnt mak eachi evabl e roughness on t
the fluence was altered. From their investi

at 355 nm provided the most promisinfgeyesul t
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had published that a picosecond | aser can

i ntraocul ar [l1leln0s] appl i cati ons

Honninger et.al, investigated the use of fe
applicationg$ ashaewitmg exdwnalnt ages as rightly i
number of previous researchers in their stu
applications, especially in the field of opl

| asetremsysshoul d have very good pul se energy s
duration | ower s t hequwierced sfaary eghlull astei eem eprgo/c &
desired processing results. I nvestigators in

>50)J;4008bat a repetition rate of 200 kHz. S

applicathiosnnsl aser system funsthioons daptaitmalnl Y
excel |l amtulpsuel sse¢ abi |l ity, and high pulse repei
for transparent media includingirbido Bvagied a&ln gt
of 1030nm in ofderreatro appdraftarom mon t he sur f ac

performed patterning onmepnotricoinneed |feenmst ol eicroq (
system. Based on theithabsar vyatmtors.ectoimely | as
used effectively to pattern or ablate the su
to the surroundings. As an hidden message, i

ti ssues dihdermat Kaweaturati on when processed

[ 111]

There have been sever al studies evaluating
thereby can be utilized for ablation of bone
wi t h preci se materi al removal wie¢eths ntegl it dnie
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surrounding tissues. Domke et.al, focused or
the ability to have an inte-hsnéegrthbhsocpni @
which gives a widened bandwbdobhptoonclhdosisg
behave independent to the wavelength of t h
understand the dynamics involved in the femt
performed abl ation ohctHutilf egedentypescoaf ckeis
kidney stones. As a result of 't hei rcrsatcukdsy,

seen around the place where the tissues wer
used. Fr orne gtenle itmange ng resul t s, they reporte
comprised of a comduoneti adml|l afi phagmaer ati ng
gives rise to the photochemical ablation mec
typeshard tissues used in the study.sHartt his
pul sed | aser was used for processing of hart
required to understand the phpotooc¢idmribemahk o abl
et . al ., reported that f emt os ecmindr olnasheadlse sc ¢
materials with reduced or negligible ther ma
study, they had shown that aeditoSapepai eept ¢
accurate small features on metallic surfaces
materi al s. This study concluded that femtos
create precise smallffusabonres &s mihedt laaedmanl
pul[skk3]

A number of researchers havaen dvofre&mtdo soenc osntdu

can be wused for cel |l patterning and to gene
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| as
to

pat

t he

bility. One such study was investigated
er writing using a femtosecond | aser an
bi ltihtrg enenn @ir g ali zati on. I n this study, tF
er parameters of | aser fluence and pul se
erence and viabil-dit me rmxi otnhael sccea flfuolladrs . o r”
tni cseclafif ol ds that @amne,usedr abr wadcwmuarc] e
|l ications and their overal/l function of
ropriate cellular function in a 3D organi
required iwint hoofutt hdei ssruwurpr oundi ng ti ssues.
ect writing-inmdgirmg ea f(dNd Rg ® ¢ lamapsaaydd e a me b n
s techniqgue was developed to control t he
ogel encapsul ated with gold nanorods whi
i neering applications. It was observed t
terning mechanism resulting iml é&edaft etrhe eN
er beam was to denature the coll agen mol e
be generated. When <cell viability assess
terns were created atedhsi gthh eproewewa sa nndo rsel ocw

contrast was observed patterning was do

power. |t was -lrieapholret enta ttehraita |psh catroe a cl ass of

—
(@)

|l ights athspacofderwaovebéngul ate any chei

those material s. Based on the observations n

f oc

used NIR | aser beam can be used to genera

endeltihal recrui tment, alignment , and tube f ¢
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mechani sm of patterning can be widespread t (

di fferent cell types and dtlheir] vascul ar engi
Lui et.al, studied three dimensional mi cr of
| aser system. I n their study, |ltalseey lpseearavtddc

fs with a threshdldnfltlhémcestaufdy). @Gk/lycmreat

coll agen scaffol ds, including hol es, grids,
bi omedi cal applications since these coll agen
and thealr bBvedégradation mimicking normal wo
crdssnked in order to increase the mechanica
fibres, arcd bmandrl esscopGdiemé n®homdl tshtrretlect ur e s
materials with micron resolution is a challe
|l ooked into several met hods to gener aftte t he:
|l ithography, direct writing, and | aser abl at
the | aser abl adamtna ante ttheocdh nisqgwe naomd i s appl i

Laser ablation techni quecrcamatbteemnumsse doft obidelpm
by selective adsor ptabolnat glde npartetnearsnsseo mb h lie al &1 ¢
monol ayer s. |l nvestigators presented how the
| aser abl ation aff ecattst ermes mmomr pchod |l ocaggye no fs cta
patterning usi ng a | aser source, t hey al s
mesenchymal stem cells (MSCs) and fibrobl ast
to previous restadnom wmhdraeacleadserl dbgr owt h ai
surfaces. Di fferent patterns | i ke hol es, I i n

the femtosecond | aser by modi f yRHinggu3teh e2Alsa s e |
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under stood from earl i er studi es and resea

mi crotopography and chemistry are <critical

observations, the researchers showed tivine®nc
higher | ikely to survive washing of the samp
The other major result is that <coll agen feat
hospitable for cell gromtt.h Amd adalhle sgroomwtim &

higher in the case of pmdtttee mreddlsksad ff fod Idds c o

Figure 2-32. Differential interference contrast (DIC) images of patterns generated by focusing the
800nm, 45fs Ti: Sapphire femtosecond laser onto the collagen surface: (a) Circular craters,

(b) Lines, and (c) a grid pattern. Note the scale bars of 20 mm in eachlddsjel

Fabricati-andohamostrouctures on biocompati bl

technol ogi cal areas of organic photonics an
i nvol ved gelatin, coll agen and acbhsiotropsta no na ss pm
and dielectric propg¢€erltOiOes, <spiumipldartt all;i Wil sg L
di mensi odlruaet wriong of pol ymer s i ke chito

pyrrolidone ( PWP)I,y naenrdi cb ibol peonldysmetrhat wer e i r |

Sapphire | aseringutati 6emt@asgeonldn puecsentd ye
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of

stu
bl e
of
PVi
t he

obs

cyl

pat

femtosecond | aser s, they have turned out
tomi ze biomaterials that can be wused in |
di ed t hd oefufsd mtgs amnfd soeltfipcod lysgelrée hea i cop oo f
nds which were the factors that influence

pol ymer blend that were created at diff el

hitosamnednd iMVElislemse,netrhgey ppr oduced | arges
se polymers tend to melt before degradat:i
erved the evolution of the shape with in
al iindtemisbutyi odn and optical aberration.
i ndrical shape appearing at the shall ower
ol k¢ estructure as the depth i mcerde atsheast.

terning on biopolymers and-shabti taseoni of

be possible and thereby reduce the cost
pol ymers in cutting é&dopd exhhmloil oaytjitca®g aiprmp |
crobi al i nteraction and acesnseontiahng fof
medi cal, pharmaceutical, and industrial a
robi al growth can disrupt t he-Afwemgt ebnal

|l ysed the femtosecamd floasdror matti emniorfg ao

mi stry and topography have a strong eff e
esion, orientation and fmfi grrerttiioat,i am,0 wg éhn
protein synthesis. Surfaces with structu
bi osensor s, bi ochi psmarfays di agnagtuigc sd ed |

stheses for me ddicnag o frrspld eminét ese | aUmntdeerr ascttaino r

8 6



along with evaluating the physicochemical pr

attached is necessary in order to design an
cel | growth on the surfaces.or Covmtrrioolulse db i sour
applications can be fabr i-madlhidniursg ntge d remit s e

is a biocompatible and biodegradabl e pol yme

mi cmachi ned chitosan dityploayéad dirmmprheds ed cwmatr

the biofilm formation on the surface of <chit
surface witdafmeaot emd! vbkeame, a femtosecond |
chitosan surf ace whiodh | enn HFaomramead i on. Bi of i |1
mi crobial adhesion to biotic and abiotic sur

to the surface along with enhancing the for

mi ¢cgtor uogural so contributes to nuc-Hemenenoant

maturation of biofil ms. Based onofofbstehrev anta tou
anti bacterial action from c¥ittroasamnfraades, nwh ie
promotes biofilm formation on the surface.
femtosecond (fs) | aser micropatterning on b

anal yse and evaluate bacteniualnsgrnewtah tandud e
topography and bactesenl madhepabnerdfhong, cas
bi omaterial fabricat[iloIn7]f or different applic
Femt osecondprliansteirn gmiccarno al so be perfor med a
t hat can be used to devebbpt bfemedseabndelban
been commonly wused to direct wr i tipnlg can ed

patterns and structures. Zer gpoitmnt ieng aodf d in

8 7



bi omateri al patterns such as DNA and protei:
Earl i er techniques for t he deposition of

photolithography, al though effi cinednceyf foefc ttirv
whi ch i ntended to devel op more efficient t
bi omateri al s smemnftaicoersed Ttheec harbioguees have turn
for these biopolymeric sampl-eelsa iam dp raa ee ritnihees
sampl es. Laser rapid prototyping-dhaneniseemaww
periodisd rmc¢emnmo es of metals and oxides, whi c
and photonics struct proess.tiOme taedwhantqgaigee i af tlh

can be deposited without significant damage,

the adverse thermal effects and reduces requ
pul se | aisgeartso.r sl ndveensaanstrated that | aser dire
mi cpaott erns of biological mol ecul es, such as

process in which the biomaheaerrti ap sl dadcsaorr dis @ rh:
utilized to deposit on the substrates witho

[118]., [119]
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CHAPTER 3 MECHANI CAL FABRI CATI ON AND EVALUAT

SUTURES

K. Nambi Go Wriingandi M.c hvdni cal fabrication a

barbetdures with different barb geometries, o

p. 16, &BebO. PO&BGAIJ X/ASdr2ecfleer[el}cleg as

3.1 I ntroduction

Wound closure is the final stage of any su
three different stages namely, primary, seco
devices are used for tissue app[rloéx]i,maftl ©]n, S|
Surgi cal sutures are the most common and ma
clinically. These surgical Sut ur erse scoarnb albe e |
pol ymeric materials that are usmedntbaseB8utbuwmr i
and closing of bodndymitngsard atrreast ulmepr oc
But it is equally important, as with any i mp
i n the adjoining t ipsrseucei smeotni.c uB eocuasul sye -ainfd twhie
uni formities or discontinuities in the stitc
increases significantly. Unfortunately, when
procedmuea&si nqocmorbidity to the traumati zed g
both the surgeon and the patient, this barbe
the surface make the operative pcoeleOtdur sl onjo
Il n dWhjiscttivee desi gn and devel opment of barb
overcome the problems associated with conven
mul tifil ament braided sutures. Along with el
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wound cl osur e devices, t hese bar bed sutur e

o

b

e

1

omplications which havel brasaiserp otrii &4 @ ;ma dae

1.1]These bar bed s uanucrheosr ianrge okrnwokwie rha se ssse lsfrud d

y barbs/ projections on the suture monofi
omposed of a hel i &algdarewhiyc o farpa ogwtctaromwsnd
he monofil ament suture. Further mor e, since
i ne, the retention forces are distributed
oncentrated aar bheéeck KwntoumesTwetwalliblbiyz epsr otvi di
ension where the wound needs it (i.e., i n

ccurring in the smooth monof[i3l0d menft3x,] ,anf B 3f]

-100 um

Figure 3-1. Mechanically barbed P4HB 2/0 suture with barbs at 3 rotational an§lé®and
240)

Barbed sutures can have barbs pointing eith

uture, dorechi 6owse, which is a bidirectional
arbed suture has a needle at one end and a
uring the surgical procedure. I n téae obhttklke
uture and the suture has needles at both en
tarting at the middle of the woundn atnhde pcraosce
f -di bectionall 1b2ar,b e[d3 294, tt Wrle2yldgar s of i nvest
arbed sutures were commercially available

stablished in 1999 following the publicatio

994 anfd12007137]
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Whi | er ensoonr babl e synthetic filaments have hi
sut urlesmai n di sadvantage i ns vbrieobcaotmepdat it loi | ti i ¢
bi odegradability. Early studies on barbed su
and anchoring perf-oemanbaebbé& syhtuhesicDoonng

were a number of studiads aemvdalamathiong ntglce r mpah

barbed sutures. I n 2003, paerdtouadmantecwsedodn
(PDO) sutures in terms of the barb geometry
surrounding tissues. I n this study, the res

geometry is essent iwalunidse erfdercitpd.7d o ralmadw miee
this publication, there were a number of st
of -dbirecti onal barbed sutures fabricated fro
[ 24]pol yp[rbdly,l en24dnd [A@QRYyviIinyl i[deEa2]Hbhogt s5d

study compared t he anchoring properties 0

polypropylene (PP) sutures in a tendon repa
PVDFdbiectional barbed sutur es ecdans ubteu ruesse da sa
showed superior mechanical perif2c2rlima niceg li ev et
study he changed the barb parameters, such
i nnovative mechanical fabrication technique
geometry would i mpact its memphaadcalo mampf drh
geometry with the type oftissmugerpyulby owd mp aers

tendon|[ 14k.sufkfstcdr t he FDA-hgpproxyddttyhat epol( W

be used as a suture materi al in 2007 there |

QO
n

they have both superiior hineocbapiatabi thayac
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Cong et a l fabricated P4HB

properties with PDO barbed

The present study focuses

pol ymer s
barb

di fferent geometries

perfor mance

Il ngle et al, di fferent barbdgktbeeéni esypes

as theyvairnivoousveti ssue compositions. An | mpo

anchoring ability of barbed sutures without

This chapter describes the mechanical fabr

geometries using a stationary blade assembl

and anchoring properties. This study invest:
1.To characterize the materi alssecotfi osnualu rseh
and percent crystallinity as the mater:i
mechani cal properties of the barbed sut
2. To fabricate barbed sutures with two di
curved barbs using the existing mechanic
3.To evaluate the mechanical properties an
with both geometries namely, straight ar

3.Materials and Met hods

3. Mat erials wused

The materials used in this study were bior

pol-gydr oxybutyrate)xol(lPddHan ,

on

wer e

barbed sutures

sutures[L.B] order

theomecéasaaor bat

sydl@has plovadyrgdty but yrat 5] P4AHB®] s u-

fabricated

wer @ nme assu o gjdl dusdghcsodgp raeavi ousl y ¢

( clag gtutgc hemi cal

92



fil ame/mt]sadnd7 £ xpanded pol yt et r afnhounoorfoieltahnyel netn:
Si zea 004 M 0. 499 mm) -Oaa(d. 389NMz @. 200 mm) (Et hi c«
Somerville, NJ) have been used for surgical
B 78], [ 10Oh4]t he o-Dh@r 3@ rOd ,339Di z2mnen)2 P4 HB monof
( B. Braun Medi cal l nc. , Barcel ona, Spain) ar
the US Food and Drug Administration (FDA) ir

[ 85], 4®®@]ePTFE monofil aments withO.ab5@0 ammat e

(Zeus Scientific Inc., Orangeburg, SC) have
40 y€albagen monofil aments were sourced fro
and Mechanobi ol ogy | aboratory at Case We s 1
monofil aments were produced from bovine <col

concentorf at3imgn anl and 6mg/ ml through [eT2ktroc

[ 7.3]

3. Ma2 er i al Characterizati on

The monofil aments used for the fabrication
characteristics before the mechanical and a
evaluated. The materi al characteei raei ocm ows
sectional shape and percent crystallinity o

techniques used for eval uBaynDi theapeircent XR

and t hsee cctrioosnsa | shape wasuebfs$ervegdatusiagi vbe
of text[ill2e5]fihermat er i al characteristics were
material structure influences the tensile pe

the surrounding tissues.
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3. 2ER2f &ct i-sveec tciroonsasl anal ysi s

Befbaebing was performed, it i sseactciedrsalr y( G
area after barbi mgctThealef heeti waascrcmdsul a
Autodesk Fusion 360 CAD software ie@aoaftleert
bar bing. For t hseecatniaolny safs ,t hteh emocnroofsisl ament
order to make the theoretical -satttiudmal oh&SE

were calculated usi ng otrlree aAID ad d fetrwarae bfi marg |

t heoretical i mages of Fihgeu4eS 3cal cul ati ons ar
A BN B c \ D
4 N — t
Y | r
// \"a { 4 /
[ )\ \ -
e 5 ‘ .\\\ i y \ 4 /
\ o //“ \\\ /
( //.’ y ‘\\‘\ 4
D X N
" Yy / \

Figure‘;zv.i(;AD images generated through Autodesk Fusion 360 software of size 0 (A &B) and 2/0
(C & D) sutures for theoretical analysis for calculation of effective esestional area
(dimensions in mm)
When theiscutsmaéptem than 25% (in my researc

suture diameter) of the -sadtuirenali aanmed & rl, e ft the

calcul ated using the formula shown below (fo

MO Y ohiwéEp ©Y op p ® p ®Y (Equatdfadan]3
where R is the radseatsi ofi ofhet loe | §.0 hiEafl fe ecantoirs\s
cressstional area before and aft@&rwkaebbdDhgaof
using Autodesk Fusion 360 software.

Before deter mi ni-ngc ttihoen all o sasreedani odrlacs sshap &
monofil aments was evaluated using -sbhettenhhi
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shape of textile yarns and fibres. The techr
templ ate which have circular holes with fixe¢
packed within the circular hpaet oof thleet eimip
sliced as close as possible to the templ ate

ceillhaging milTbeomooPer e(hWailftihca in, MAss ectriossal

analysis, the fil amermnctrsessesetrieomnalght é mplpatcté&eas
dondét fall out while observation was done. S
FL Auto 2 Cel |l i magi ngseyxdst emaand hama!|l wyded hte

3.2XRag Diffraction (XRD) analysis
As supporting-secitdemade-Ram abiysBisgctXi on was |
Ray Diffraction (XRD) is a common technique
of amorphous and crystalline regi oenrsf corfmetdnh e
using the S-Ragl di CfyaXmRbm&Xt Bre (6D anal ysi s
under Molybdenum (Mo) i®obadDatAlfan rwitthhe axX Rwa \
was performed, tHwaanghbcofatgdsdbawga$ hmeBr
bel ow

€z_ ¢z'Qz i Q¢ — (Equa2)on 3

Wherkegn ni ndiwgee!l engtrrayofi rtrfaenitaen mlngnar di st

diangle of incidence.
Based on intensity of spots observed on t
crystalline regions of polymers were qualita

in order to quantitatively detatm@tnent iacper

calculated wusing theUbehgwtdnemdas onaldc dloatmad
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Braggds lcaw,sttaHd i Wity of the monofil ament

Her mandés orientation factor, which is based

Q -0cAl @ pn (EquaB8)on 3

Wh efthé %o € i

z

v . L OEF vk 4o wEp

wE i.. re (Equatdg)on 3
LR s

The Her man 6fsa cofxiase nitna ttihoen r &h g ® f,r ofmh ©r & oi sl .

perfectl ywbeE@emt €edhganadl | ine structures are
3. MexXhanical fabrication of barbed sutures
3.2M8chanical barbing instrument

The surgical sut-omebsewgt bBs ctbor ictme o seilnlget hitse sft
Suttuiresweutpulelsrect Bonal bar bs-Owerceatgutt on zR
catgiuz® mM@onofil aments using thEi &3 B amwminadledb
by the former Qu[ild6]Medi cal Company

The complete f-dbrechatoonal obarabebdi suture u:
i nstrument involves three barbing operati ons
create a helix. The barbed sut ur esutwdrne ftabmr
were used which were fabricated at certain o
barbs around the sutfuirgd3r[eDhi s[il®]nof 12Rdwn i
The monofil aments were held in place wusing

the instrument. These clamps held the sutur
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operation involves the following steps: 1)

i nstrument and the tightening screws -were u
shaped groove. 2) After securi fgitheosatdot)
pl aced on the base. 3) The blade assembly w
bar bs. 4) The inst Ptuamenut wtatse rfoitradte ds éryi €els8 Oc

side. 5) The instrurieati wasorogahald paskt bgr

template | was replaced by knife positionini
third and fourth barb series were cut in a
next serngsomdr dtairdons, the knife positioning

numbers were used for the next four sets of
the suture retention? claanndp st-nmeer taeboarnveed ape dc &S
reeated with the next pair of positioning te

numbers on the retention clamps and the knif

Groove for suture placement

Suture retention clamps

Tightening screws

Pressure/ Tamp plate

Stationary Blade assembly

Knife positioning template |

Knife positioning template |1

Figure 3-3. Component parts of the mechanical barbing instrun@mated with BioRender.cgm

The shape and geometry of the barb are crt
sutures. When considering a straight ©barb, t

depth asFisghudvenTBienre i s a need to alter these
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anchoring capability with respect to the su
surgical procedures evaluated barbed sutur e
di fferent tissues. For exampld, thattbar beddsy
used for tendon repair require barbs with a
case of skin tissues the sutures needed to

depltihd4]., [15]

STRAIGHT BARB
C, )
CURVED BARB
c,,[ o

D| —_ —_ _m o — — D — Diameter of suture filament

o
|
|
I
|
|

D — Diameter of suture filament
C4 — Barb cut depth
O — Barb cut angle (165°)

C, — Barb cut depth
©, — First Barb cut angle (165°)
O, — Second Barb cut angle (180°)

Figure 3-4. lllustration of the straight barb (top) fabricated using straight blade assembly and curved

barb (bottom) fabricated by modifying the cut angle

3.2Ba@arB geometry

I n this study, barbed sutures were fabricat
using the mechanical Fb a®Bien gl hien sftrreqmeamtc ys h aw
of the barbs were fixed anld edéetleardmi med etmb | tyl
of 9 Dbl addescnwidihsitnanace arranged i n Foer itehse a
bi directional sutures, the bar bed -csnecgtaipo nisn v
the mThhell ®trai ght barlbeswiweg ep arua menti € rhs :it hteh d o
at 20% of the suture di ame@®r and the cut an
Barbed sutures with curved barbs were ffabi

instrument and bl ade Aarsd etmbé ys ame t h@% amfgl teh e

98



After for producing the st ?(apiagrhatl Ibedr btso, tah es

was made to increase the barb | engitdhudaemd3 t h

shows the illustration representing the cut

di fferent blaFibg gB&o AR tg@Yir@ese3 can observe the d

the straight and curved barb shapes from the

were swagepownt éd,tapledtk are commonly used |

needl es were sized for the cofr ssupamci raghds st

for size 0O suture.

3.2S83mBles fabricated using mechanical fabri
Using the existing mechanical fabrication instrument which involves a stationary blade

assembly, barbed sutures were fabricated with two different barb geometries namely, straight

and curved barbs on catgut, P4HB, collagen and ePTFE suture monofilaiadriés.31

shows the total number of samples that were mechanically fabricated which would be used for

evaluation of mechanical properties, anchoring performance and degradation analysis.
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Table 3-1. Number of samples mechanically fabricated for future property characteristics evaluation

Materials

Specimen
Groups

Mechanical Fabrication

Tensile

Anchoring

DSC

Degradation

# of samples in
each group

# of samples in
each group

# of samples in
each group

# of samples in each group

PP

CB

P4HB 20

NB

S1S

S2S

S3S

26

C1S

Cc2S

Catgut 2-0

NB

S1S

S2S

S3S

Ci1s

C2S

Catgut O

NB

S1S

S2S

S3S

26

Ci1s

C2S

e N R B B B B i B R B I R B B B B

ePTFE
(ASM size 0

NB

S3S

B B B R e e e e e N N e R R R R R R R R

Sum

e
=

52

Total sum based on
fabrication technique

214

AbbreviGB commerci al ly
S1SBtraight

S3SBBtraight

barb

barb

wi t°h;

wi t he

barbed

sutur e

ocofBsSBai ghitombalr bawglt & (P20

(commmacbald; name

rot at

t haRrede ©) 2 o0CidctSiBovnead baanrghl evsi t(hH0O on e

angl e aincdurGresdB bar b with °% w20 ot ati onal angles (O

3. Dpdaical mi croscopy

Crosesctional analysis was o0bsiemavgeidn gu nndiecrr a shc
whi chhiigse saolmitcirmmcope. The evaluation was dc
of 4x andheOxXabWhiclae¢ed barbed sutures2 were
| i ght opti cNilk omaT@donsmc,opkagan) at O0.5x magni f
| ow power i mage of the variation in barb sha
the stationary bl ade assembl y.
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3. 8Bu8 ure tensile test

The tensile properties obhathed megethames aweé y
and compared against caPrPmat ar ab |l y ntaeasati /| MTBS €
mechani cal tester (MTS Systemdl od&demnelPlr afi olile
ASTM D2256/M2022568t andard test method for Te
Singteand Met hodo. Sutures were mounted betyv
of 60 psi with a set gadge teogbdhe @® 05 pnénéd dnh e
The mechanicaltipmaperansd sinlg@tfiwmcat mbasaked
recor delde initial tensil e modul us, whi ch me
determined from the sltome nofcurhe, raoadr déeéck s
toughness was det er mi ndeids palsa ctehnee natr ecau ruensd. e rS tt
how sutures resist deformation when a tensi
sutures absorb enefgymanhdoondetgb phagtbcedkek

3. JuGarnessue pull out test

I n order tion maimcd ortihreg performance of bar

surrounding tissue, porprobeodet mi e wdsslswset d
pul I ouf 12BiretBgd h ust r atteiss stuhee psudtluroeut t est
with how sutures were inseThedsamploed hef tder

weis e oirredphosphate buffered solution (PBS) as
dor sal portion of the pig at the Coll ege

University. 3/ 8 taper po-dnteatkdhak-baorabrebde d wa
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sutures. The suture bite | ength {Dsljutwase aal

0.941 mm for a size 0O suture with a 3/8 tape

pull

D, - Distance between

point of incision and point
D, of exit

Skin Tissue

Capstan clamp with sand paper on the inside

A Direction of ‘ F B

4! '
’v

ALY
~
~
S~

Capstan clamps (top) =

~~~~~ R ’¢
= Fabricated barbed ,*
suture

-
-
-
-

~ Capstan clamps (bottom) -5
[ 3

Figure 3-5. (A) Scheati diagram of treaiture/ tissue puthut test protocol; (B) P4HB-Q
bidirectional barbed suture; (C) catgud di-directional barbed suture sewn through the
thickness of the porcine dermis; (D) and (E) anchoring samples (prepared as shown in (B)
and (C)) are mounted on M Q+test tensile tester for anchoring performance evaluation
The anchoring propef abebcathed h-Eamieadoas u € at
were measured and compared against commerci i
test/ 5 mechanical tester (MTS Systems, Eder

clamps on the test instrmamentmowmApg oladr iamg il a

wer e ewdlthhdthe deebdusiend t he ASTMiRPB2R2ASDaAdAl

Test Met hod for Tensile Proper tdi ewsaso fatSiancghlee
the top clamp while the porcine dermis was |
the clamp surfaces so as to avoid slippage ¢
uni axi al tensile test twasofp&r fi nrcrmeeds wWi7t. 16 2a cg
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speed of 150 mm/ mi-out Theada@ait mdmi pukrlk was

measurement of suture engagement with the su

3. BtAatistical analysis

Barb geometry, mechani cal properties and a
bet ween t he -bbaarrbbeedd sauntdurneoncontr ol for each o
catgut and ePTFE. The data were al sloe comp

polypr ¢ pPRPuENdar b-eds 2t ures. Each group had fo
perform the statistical anal ysis.a Tomaey st at i
ANOVA with TukeyoOs-ladjplstome ®t © 5wiutsGrnag i@r iLgibr
Nort hampt on, Massachusett s, USA) NsThaemdawer ¢
deviation.

3.RBesults

3. xrbssctional anal ysi s

Fr oomgu+#2e t3he area of the filaments before a
values wedeteumedet bherecectfifecali ver €ea osfs t he f i |
|l oss in their area after barbing.

Table 3-2. Results obtained from calculation of effective c¥ssstional area of monofilaments

before and after barbing

Parameters Suture size
Suture Size Si ze Si z@ 2
Suture diameter 0.400 0. 350 n
Effectiswetdromsad ar ea 0.126 0.096 n
Ef fectiswetdromsad ar ea 0.072 0. 0558 n
Lossriessescti onal ar ea 42. 85079 42. 72%
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The sampl es pr epar esde cftoiro naanl a layrseian gw etrhee vcireow
FL Auto magc¢ealgl mi cr oscopsedtoi dmaelntds fapd hef ctrh
cat giuglBGe A nI6( B) and FPg BB @n3H6( D.) The sampl es
i maged under two different magni ficat4 ons o

sectional shape of the suture monofil aments

Figure3-6. Light micrographs of crossection of 2 Catgut-R sutures at (A) 4x (scale: 650um) and
(B)10x (scale: 275umand 2 P4HB 2 sutures at (C) 4x and (D) 1éxagnification obtained

using EVOS imaging system
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3. X:Ray Diffraction (XRD) analysis

Using -Rahye DX ffraction I nstrument and the
di ffraction patterns of the poil fFingelBfAé&h & i | a me
XRD analysis was perfor meRiaybyCruwssit mg-X R aPihry

i nstrument with Molybdenum (Mo) irradiation.

Figure 3-7. Diffraction patterns of suture monofilaments (A) Catgut size 0, (B) Catgut €1z€Q)

PP size 2 and (D) P4HB size-2
From the intensities of t he s pdutasl usehso wne riel
calculated wusing the intensity from the dif

was Mo waivteh edpdt H.. (7TLlhie Bréa ggQis@dwaw: rearrange
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order to dvall awlsatwd itcthe was t Heal WBse.dc dloc €lad tcit
of 20dha&l ues amMab¥3kown i n

Table 3-3. 2d values calculated fromtheXay Di ffracti on patterns wusing

Paramet e| Catgut PP P4HB
Wavel eengt h 0. 71 0. 71 0. 71
Pl ane (n) 1 1 1
| ntperanar di 1. 45 2. 05 1. 91
Angl e  co fdden 14. 171F¢€ 9.9722 10. 711

2d 28. 3437 19. 9414 21. 423

Usi ngdudleue2s cal cul ated from TBbB8ddhse |Y%aw ¢
crystallinity of the monofil ament samples we
formul ae ir@qprad s-@miskihd r ange of Her m@nokbi esi e
bet ween 0 @ aohth,e whemrstalline regions are rar
filament samples i SR npbtrhee afmobrrpeh/o ufsi Iwahmel net isfa
oriented and are hThél Mecmgs dal &xf lwe n P&t in ® M HiE
and catgut were found to be 0.8255, 0.809, a
3. Vp3intixlrosbaply geometry

Barbed sutures were fabricated with two di
curved, t hat were observede(un dpar& Eli gwBdRrower
From these optical mi crographs, it can be o0b

usi ngetcthani cal barbing | nddgummemnhidd amidy.uwbrl ea de
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Catgut monofilaments P4HB monofilaments
size 2/0 size 2/0

Straight barbed in 1 rotation A —200 pm
angle (at 0°) — S1SB

—-100 pm

—100 pm

Straight barbed in 2 rotation
angles (at 0°, 120°) — S2SB

Straight barbed in 3 rotation
angles (at 0°, 120° and 240°) —
S3SB

Curved barbed in 1 rotation
angle (at 0°) - C1SB

Curved barbed in 2 rotation
angles (at 0°, 120°) — C2SB

Figure 3-8. Optical micrographs of barbed catgut 2/GEAand P4HB 2/@QF-J) sutures under a
polarizing light microscope at 0.5x magnification

Barbs were tried to cut on the el ectrochemi

bl ade assembly available. The barbs were fab
concentrations. The filaments 6ébtameedsf obme
from 6mg/ mli solutions. Optical mi crographs c
are shown in(tFhe&Qfiegure bel ow

Figure 3-9. Optical micrographs of Collagen monofilaments viewed under EVOS Cell Imaging
microscopeat 4x magnification (scale: 650 um) (A) collagen filaments produced from 3

mg/ml solution and (B) filaments produced from 6 mg/ml
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3. Budure tensile test

The tensile results of -btareb erde shua nuireasl Ilwe rilea
compared against the cdmmet @& d B8 e blahreb eud tR An
tensi I(eFifghirmdg(was signi ficantly reduced afte
pol ymer material .i FrTBdbiltehe analbee seleinsttddt t
|l oss for the size 0 catgut straigh® batped
straight barbed sut urtehe( px4H® 19t;z aai gh7t. 5b a% ble
(p<.001), and a 51.9% | oss for the ePTFE st
sutures were comparbeadr teod tchoenitrr aless.p (eTElt & weaele onnog
310B)was significantly reduced after barbing
percent change foll owed a simularmatrenden®i lt
resul ts. The toughlrhespsl OB)( waskstgnirfuipcamntel y
banbi irrespective of the polymer materi al al
to the decreaudetomaeeveenssht ehé€Arkcethe Dbart
compared t o t Rbeairrb erde scpoencttriovies .non

The stiffness or(Fi g3uxG®ROEC ttemes i d et unroa s | B0 We
after barbing eboampbaerde & rotmoh rtol esi.v Al a3de il i s¢ &
be seen that there was a 18. 7% increase in t
6. 8% increas@ d¢atrguthestsr a&ieg 2t barbed suture
P4HB s0i zset rZzai ght barbed sunhereatp<fO001l)t heard

barbed suture (p<.001l) -bampadedonor odheir res
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Initial Modulus

Ultimate tensile force of suture monofilaments B
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Straight barbed in th ion (at 0°120%nd 240°) (S38)

Curved barbed in one rotation (at 0%) (C1S)
Curved barbed in two rotation (at 0°120%) (C25)

Elongation at break of suture monofilaments
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Figure 3-10. Tensile properties of the mechanically barbed andbawhed monofilament sutures.

(A) Ultimate Tensile Force (N), (B) Elongation at Break (%), (C) Initial modulus{Bind

Work to rupture (J). All the sutures were compared with size 2/0 Quill polypropylene (PP)

barbed sutures
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Table 3-4. Results of suture tensile tests and sutiggue pull out tests (meanSD), n=4 per suture

material/ type/ size

Suture Suture Ultimate Elongation Initial Work to Maximum Elongation at
Material Size/Geomet Tensile Force at Break Modulus Rupture (J) Pull-out Maximum Pull -
ry (N) (mm) (N/mm2) P Load (N)  out Load (mm)
PP S3SB 40.3+4.4 11.2+1.7 0.3+0.1 058+0.1 188x7.2 11.7+ 2.0
2-0 NB 59.3+29 101.8+£6.5 1.3+0.1 3.4+0.3 0.9+05 28.2+27.1
2-0 S1SB 142+08 385+288 22+0.12 0.3+x0.2 52+1. 11.5+4.8
2-0 S2SB 149+1.6 420+468 23+£0.1° 0.3+0.12 6916 159+£3.8
P4HB
2-0 S3SB 74+£1.3 23438 27101 0.1+x0.2 51+0.8 143+£1.0
2-0 C1SB 10.7+ 2.2 31.4+53% 27017 0.2+0.22 57+x1.% 13.0£ 3.3
2-0 C2SB 6.0+2.22 20673 3.0x0.2 0.1 +0.12 3409 13.3+4.9
2-0 NB 50.1+6.1 23.7+1.1 25+0.2 0.5+0.02 25114 9.0+25
2-0 S1SB 148+ 2.0 6.2+0.7 0.5+0.024 0.02+0.002 26+1.% 16.7 +17.8
2-0 S2SB 74+4.0 3.0+x1.% 04+0.1° 0.01+0.01° 27+1.1P 57.7+43.8
Catgut
2-0 S3SB 11.3+ 7.4 52+3.2 27+0.2 0.03+0.02 45+3.8 31.0+21.%
2-0 C1sSB 9.4+28 50+1.% 27+0.% 0.02+0.0P 44+2P 7.4+37F
2-0 C2SB 41+1.3 19+1.2 0.5+0.1° 0.003+0.02 23+1.0 24.6 + 30.0
0 NB 53.1+6.7 27.4+25 22+0.3 0.7+0.1 5.2+4.0 89+13
0 S1SB 27.3+7.Z 12.1+3.5 0.04+£0.08 0.2+0.1 6.9 £2.8 20.2+17.4
0 S2SB 13.3+4.5 6.6 £3.C 0.4+0.1 0.1 £0.04¢ 6.1+0.6¢ 17.8+10.9
Catgut
0 S3SB 135149 59+3.5 2610 0.1+0.1 85+4.Z% 15.4+£1.03
0 C1SB 95+4.3F 43+2Z% 0.4+0.1 0.03+0.02 4921 17.1+£10.8
0 C2SB 8224 42+15 05+0.1 0.04 £0.03¢° 5.0+x3.Z 18.8+ 8.6
PTEE NB 21.8+3.1 17.9+£6.6 1.2+0.6 0.1+0.1 Swaging r.‘Ot possible using
S3SB 168+6.5 11.9+7.0 19+1.19 003+00f  conventional procedure
AbbreviNBiinoimar bedistSrl&SiBght barb

with,; oEBIB at gthit obalr |

with two rotatdP2m &3 EBraglghs (bGEr b wi t R tU%20e)24@C2SB on al

icurved barb with oneicruatveetdi dmalb awi glhe°tavd@® 0®2 KB i on al
3P4 HB 2-b@rbed versus béaSibzad X/uG-tueaewtsgdt veoBuS barbed s
°Size 0 datrdetd wem sus bHeaPrThFeEd AsiM rulrtaats ver sus barbed s
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3. BuFdarnessue pullout test

The anchoring performance results for the
against-bahbed hRioguelte ITZB-H(. e |l nvariably the ba
their highe-oumakFoafdiniA@ ulslhhowed superior ancho
because the barbs engaged with t hTeab84er ridundi
can be seen that there was a 66.8% increase
a 76.9% increl@seatiput tdater asiighet 2bar bed suture
for the RP4HBraidgsuzmarcbdée p<. 001) c onbpaarrbeedd t o
controls. The results fonutt Fog@r®¥)gGaowen at
similar increases as -obselvad dat ahtomakhaeu

S ut uTraen34pe(

I Non-barbed (NB)

I Straight barbed in one rotation (at 0°) (S1S)

| | Straight barbed in two rotation (at 0°,120°) (528)

| | Straight barbed in three rotation (at 0°120%nd 240°) (S3S)
Curved barbed in one rotation (at 0°) (C1S)
Curved barbed in two rotation (at 0°120°) (C25)

A Maximum pull-out load (N) of suture monofilaments B Elongation at peak load (mm) of suture monofilaments

T T T T T T T " T~ T " T T T T T

24 . T E:ror rBarsl: sé_ T T T T T T T T T T T T T T T T T T T
. 80 4 Error Bars: SE
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Samples

Figure 3-11. Anchoringperformanceesultsfor both the mechanically barbed and +zarbed
monofilament sutures. (A) Maximum pudut load of sutures in porcine dermis and (B)
Elongation at maximum pubut load of sutures in porcine dermis. sdmples were

compared with the barbed siz&®2uill polypropylene suture

111



3.D4i scussion

Barbed sutures have been available for surg
they were approved by the United States Food
sutures have been used for ceaturtbhey dapect
the Egyptian era8]lar ojub@y]30hCe B@-thydr ohxaynbdu t yprca
(P4HB) was approved by the FDA in the year 2
devices. Il n the current study, wemsaukazmriscdlul
barbing instrumedésandbétdadkboassembl y

Fr ocdimgu36e s(@hxp6 (B)t can be o0 bsseecrtvieodn atlh asth atphee
monofilaments is not cCircul-aectainan ahlo neolgeemes o
interpreted that the catgut monofil aments ar
extrarcamdbdvine gut t hat wer e combi ned t o
monofil amermtig.cuTlhe memMct oberdobsessed in cat
indicates the | ikelihood onfiorae sokriine/ nctoerde, sctrryu
denser outer skin cd&mpatebe gtud-catstaenId6(eM)t i & | C
can be interpreted that P4HB monofil aments
observed from i mages obtained under both 4x
cal cul ations using thesedtD crod Itcwdrrasdae dv diso dbeds
42 . 5%.

As seen faygymdt heracti olFhg@B&etietr ncarmrs hlmevni mther

PP and P4HB are highly crystalli nei mtodnnysmetrys
bright spots while catgut monofil aments have
P4HB monofil aments. Thha t arharl phmewnd sn avteu ree riery
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yell ow halo in tlireondi ffhracvtail are sTa & e ritosee d

orientat Qwasf zatt eaul aft ed f or PP, PH&Bc alndu ICatt

Her mands ori'@®fndratP®,n H4aHB oand catgut 1indicat
foll owed by P4HB and catgut. PP and P4HB mon
crystalline structures are aligned and ori er

mo n o feinltasm Catgut has higher heterogeneity i

partially amorphous in nature. The heterogen
can be attributed to crystall i teeag cdir isd rutda teiso
known that -teanhfged cellcagsens t hat I's extracte
porcine. As catgut is extracted and process:
fibrils within thehtei mpsuebohagianalistruehaee

affects the homo&leneity of catgut

Despite the difficulty of altering the bart
curved barbs were successfully (d&r eaé)red TWwhe h
i mages D, Fi,g88iehhdsdrane how curved barbs w
two rotational angl es. Since they were fabr
consistent cut depth for all the barbed samp
barbd hwt hree randet isounbau odepeagntde sfaasi ltehde cut d e
coul dndét be maintained consi s.telinn dhdemnugthouf
wound healing, it is important to design and
Such a development wil/ be beneficial for s

operating room streiscsatain@dngp.ostoperative comp
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From the optical mi crographs of coll agen 1

observed that the filaments were not uni for
resulted in breakage of the fil amebnrtiscadn e
procedur e. Since collagen monofil aments are
materi al for bi omedi cal and bi omateri al ap
monofil aments with uniform thid@lnde Duuearnd dih
reason, we wereno6ét able to continue and purs

The present study has demonst, ad RathFdE PatHBI t
barbed sutures using a mechanical barbing apg
performance were evaluat#d swssdentyp ydridtemcsdll.e R
evaluation of the tensitl ebaprbapnegr tciaeuss,edi ta wsal
80% reduction in UlFtiigmdtedTADenseétdecf oonoei ON) h
properties i s at osssebcuttieodn atlo atrheea lad stsg& hierb aa rb i
decrease in ultimate tensile force due to b
materi al

From the el ongaFi o3rOa})(,Bo)r eawasesbhsésveéd t ha
sutures of both geometries had a higher red:l
ePTFE sutures. Fr om(tFh e3-uvOD)(tkh ¢ ot o wgph we s refs u

was reduced significantly by at ateastbud@@® as

| oss isrecen ozl area of the Dbardredi rsiuttiuale smo.
Fi g3Y@® )sGowed anni hbeeasnetial tensil e modul
example, the stiffness of catgut tshud ue fefse atr e
the plasticizer components in the alcoholic
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catgut fil amen[t8&3]AMhearas!l Kal itme mgldse of P4HE

aboutl 0700%, wehqg wihv ailsent t o the 1 nherent | oss
bar bing.

After tensile testing, the suture speci men
to identify any changes that occurred to the

were made for biwotambbdr seed unadminmer oirfdet hea ob
procedure modi fied the suture structure and
catgut sutures, there were | ongitudinal stri

This indicated tdhfatcdthgutditfifeseatwert ¢ atnwlisst e

manufacture. I n the case of the P4HB sutur es
testing, exhibitedeaappebednowe asfpremgtestin
ePTFE suthheefailed filaments fragments appeec

more open microporous structure caused by t
testing. For the PP sutures, the fil aments |
failed filament fragmehtkeeappbatangeaatbetl e

The barbed sutures provided effective ancho

barbed sutures tended to slip out of the sul
out |l oad. Having measured t he aardc hcourrivnegd pbearr
sutures, it was observed that the sutures w

anchoring as dembnstiut-tusestérpubh (Fhgutrest |
1The anchoring observateonssaweérkbowntdket bhehl
the surrounding tissue. I n the <case of t he

compati ble with the porcine dermis and fail
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sutures, the barbed monofilaments failed ¢
commer ci al PP barbed sutures, they failed at
|l ayer. I n fact, it w®s babdbedyv esrud tuin@s &t h darh
compared to the P4HB and catgut barbed sutur
and the P4HB barbed sutures failed when th
monofil ament . It was difficsutunes savaget nee
addi tional heat stabilizing process to hard
anchoring properties werandnetalseurreefdo roen weh ed eecF
aheagpuam®@€EFE monofil ament s.

Two different barb geometries were fabric
performances were evaluated in porcine derm
Il ngleg et whs determined that the barbs with
anchoring in sk[fih5]oM tdhermrmigartdissgdswes hi s vi ey
di fferent barb geometries were fabricated m
performances were evaluated. From the anchor
sutures shoavetd!l silgeti fer anchoring perfor man
straight barbed sutures.

3.8oncl usions

I n conclusi on, this study showed that diff
the mechanical barbing procedure by fabricat
it was observed that the barhecttabdepthiooubp
done on both P4HB and catgut monofil ament s

barb cut depths on all/l suture monofil ament s
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reproduci bl e curved barbs,

evaluated and optimized f
sutures showed significant
showed higher anchoring as

was al so observed that t he

to straight barbs i epdoreairna eder mihsg st iss e s i
of barbed sutures from resorbabl

first to fabricate and eval

advant ageo-uso robvaebrl enobnar bed

dermis | ayers and hAesncfeutnerea dion e dtei

to switch the fabrication
t o ifcadbtre preci se and accur
fabrication technique, it

barbed sutures.
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CHAPTER 4 FABFRHR ATRINON EVALUATI ON OF BARBED SUT

4.1 I ntroduction

Laser -maicthi mi ng uigslatfat ewelilndsucst r i al fabricat
utilized to fabricate minute and intricate |
and electronics industries. The-makassiofg i as
cl assasoforutl tpul sed | asers (USPL) :selchoinsd dlaasses
which are pr enfaecrhri edd nfgorasmitthrese | asers have

affected zones (HAZ) dn gtirge. surrounding subs

fs-pulsed laser ablation | y Psns- cilead lasar ablition
o —t---=== pUlS€ ------2 .

=
- -
- __
- »
-
= -
no heat affected zone debris "  heat affected zone
- o..c.. .o.:-
aLIo
i cracks
workpiece workpiece

Figure 4-1. Schematic illustration differentiating the pulse durations and damage to the neighbouring
locations on the substrate in case of a femtosecond pulsed laser system (left) andra pico
nanosecond pulsed laser system (rif@y]

Femtosecond (fs) | asersnaadtheé nwindjeloynw mree faeni rce
polymeric films. The ability odimiclrtomadkart turle
a wide range of materials hashat nwanbelve ods
medi cal applications. One of the most pr omi
| aser ablation princi-mierodDumaogi hhegl awae @&
using the Excimer and Nd: YAIG sleaswardt hysst eEmse

these | asers were crmiparbdre rodngmas,hitnh ex gmajtorst

118



spati al resolution of the machined regions

(HAZ) surrounding 1t118¢ i rradiation spots

Pronko et . al ., h andi cdreommo nhsat Ireast evde rteh ama cshuibn e c
| asers which had the ability to produce hol e
nanosecond | asers. I n this studtyion heCkPA)s elmna
on Ti : sapphire | aser systemlwktHiz, f plul cswi req@

3000J, mini mumil®@a®fes. pluh stehiws dtdasearch, they

two very simple ideas nafmelgncexi Btesnbel df f a
and the role of ther mal di ffusi on. Experi me
depth of | aser energy penetration was deter
treat ment . Thdeedtals ewa sa bisdoemttiifoined t o be i nde,
i.e., the threshold in the absorption regi me
the simulation studies and results, it was
function of | aser pulse width. From Gaussi an
proper choice of Il aser incident fluence, it
significantly smaller radius tnksam anadinusfofn
machining using femtosecond | aser pul ses sh

because of the reduced heat diffusion to th
was also concluded i n tdhilsa ssetru dsyy stthearts thhaeds e
fluence threshold making them suitable for

are desired to minimize the coll ateral d ama

outside the regbenasf | owtaseptossedd et o Short
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result in smaller spot size which might | e a
i ncreases at shorter wavelengths Wwhil8h woul d
Kefer et.al ., in their study on femtosecon
wor kpi eces studied and combined two novel f
scanning and turning processes in order t o
rotational symmetric workpieces. I n this st
systems could be utilized to produce micros
terms of achievable minimum di ametcers,s radxne
Additionally, in their study they also concl
of fered increased fabrication speed and ti
techniques used for[ p2dducing microstructure

This chapter discusses the fabrication of b

a femtosecond | aser (ultrashort pul sed | ase
anchoring properties. This stvuedsy.: i ncl udes th
1.To identify the appropriate | aser systel

optics and mounting stage for fabricatic
2. To fabricate barbed sutures with two dif
curved barbs using the optimized femtose
3.To evaluate the mechanical properties an

with both geometries namely, straight ar
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4 Materials and Met hods

4. Mat eri als wused

4. 2Stehématic of femtosecond (fs) | aser

Femt osec(omdaMomisr®msi gn Femt osecondSkcagece fC
Lithuani)aui Eabbpefor the experiment al study
LasBersed Manufacturing and Matadr iGllesmsPmo clensi
which was identified as a suitable | aser t
monofilaments under study. The identified | &
with a wavelength of 10B@e 6di MO0t hf sa . (pFRAVWEM) d
schematic of the fs | ases almawhabheFhguECégms
4-2)Scanl alk SKacsaanbMp, nc,he@er man)i,s Hiuhreopdeesi gni ng
linked with the identified femtdoec dad blsase
generated based on which the | aser fabricatd.i

t heshaped mounting grooves.

Polarizing
Focusing lens lens Scan Head

rotation
axis

Femtosecond (fs)
laser source

ﬂg s

V-grooved fixtur; A
Figure 4-2. Schematic illustration ahe femtosecond IRisersetupto be used for laser fabrication of

barbed sutures
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4. 2axer fabrication of barbed sutures
4. 20ptLlmization of | aser parameters

The femtosecondLlaBRBaraser Mawafid atbdrei mg and M
Labor,atDoerpyart ment of MeClhams eaml WhRisyed misiattyi fi g e
be suitabl enafcdhn ni mg minNncrsature material s wit
I mablle 4

Table 4-1 Initial laser parameters of thdentified fs IR laser

Parameters Values
Type of laser Infrared (IR)
Wavelength 1030 nm
Pulse duration 190 fs
Pulse repetition rate 100 kHz
Laser fluence 2.9 J/cr

The anbeorvtei oned parameters need to be altere
cut barbs on the periphery of the suture
per f oasterniges of preliminary | aser ablations
pol ymeric materials are different in terms o
4. 2Sampl es ftahbrroiucgaht eedaser f abrication technic

Using the existing mechanical fabrication instrument which involves a stationary blade
assembly, barbed sutures were fabricated with two different barb geometries namely, straight
and curved barbs on catgut, and P4HB sunorofilaments. Table-2 shows the total number
of samples that were mechanically fabricated which would be used for evaluation of

mechanical properties, anchoring performance and degradation analysis.
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Table 4-2. Number of samples laser fabricated for future property characteristics evaluation

Laser Fabrication
. Specimen Tensile Anchoring DSC Degradation

Materials G

roups # of samples in each| # of samples in each| # of samplesin each| # of samplesin
group group group each group

NB The results for this specimen group aoenpared with already existing results
S1S 4 4
S2S 4 4

PaHB 20 S3s 4 4 1 26
C1S 4 4
c2s 4 4
NB The results for this specimen group are compared with already existing results
S1S 4 4
S2S 4 4

Catgut 2-0 S3s 2 2
Cis 4 4
Cc2s 4 4
NB The results for this specimen group are compared with already existing results
S1S 4 4
S2S 4 4

Catgut 0 S35 4 4 1 26
Cis 4 4
Cc2s 4 4

Sum 60 60 2 52
Total sum based on 174
fabrication technique
AbbreviGB commer ci ally barbed suture (commbacbald; name

S1SBtraight barb witch; cofa$Bai ghitobalr bamwglht & (P20 r ot at
S3SBBtraight bar b wit h° t bharede )2 400CdctSiBovnead baanrghl evei t(h0 one

angl e aincdurGresdB barb with °% w20 ot ati onal angles (O

4. Dp3ical mi croscopy

The fabricated barbed tdhiet uBVeGS welriehawioenvge dc
mi croscope, whe £d| uitds om mMi ghoscope. The e v .
magni fication Tfi sbxpreonwd dle@x a | ow power | mag
and geometry for thefeamplses omabidiacatred tagien
4. Budure tensile test

The tensi |l e |parsoepre rflbanberisiectafhamtidibeendo nsut ur es wer

and compared against chRhmeuceal 6pi aeaMd@d®b Me
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43 es(tMTrS Syst ems, Eden P55 @NIraaed dveNl,| USAI)l owvit
D2256/ D2@386MAStandard test method for Tensi
Strand Methodo. Sutures were mounted between
with a set gauge | ength ofodSshamaxhespdd®. df c
mechani cal udrtapearttei ehsea@tsb 1 ga tfioaveeat measak ed
recorded. The initial tensiletmodtlres ¢chwhg )|
determined from the sltome naorfdutrtirhee, rvecrok dtea I
toughness was det er mi ndeids palsa ctehnee natr ecau ruvned. e rS tt
how sutures resist deformation when a tensi

sutures absorb energsgtiaad undekFgbheplyabteakde

4. BSudwarnessue pullout test

I n order tion maimcd ortihreg performance of bar
surrounding tissue, porpyrobeodet mi e wdsslswset d
pul I ouf 123t etmigstshue pul | wawst ftod dtowepmdotsoanoll ar
for the evalwuation of anchoring performance
Chapter 3 aFsguidkus8trated in

The samples of sdtermdshospgplate weufef ered sol L
t hey were harvedsotresdal f rpoomttlen mifd t he pig at
Medi ci ne, North Carolina State University. :
di recti onal -bdbralr ok ds watnwdr ensoon The suture bite |
0.804 mm Dosubusezand 0.941 mm for a size O
The anchoring propertiesomfarbleed mec¢hamisc avlelry

and compared against commerci aCtiyt aviecsh ad38 e
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(MTS Systems, Eden Prairie, MN, USA) wi t h

i nstrument. Anchoring-optoperatdi easn do fe |l magiamu ra
withO@Noadugsiend the ASTMibPB8R2ASDEBAAMId Test
Tensile Properties of Single Textile Fibers:
while the porcine dermis was held by the b
surfaces aymi as st i ppage of the dedanwid uani aax i|x
tensile test was performed with a gauge | eng
150 mm/ mi n. Theutmalxoand matpufldi | ure was consi d

suture engagement with the surrounding tissu

4. Bt@atistical anal ysi s

Barb geometry, mechani cal properties and a
bet ween t he -bbaarrbbeedd sauntdurneoncontr ol for each o
catgut and ePTFE. The data were al sloe comp

polypr ¢PPuéEMdar b-eds @2t ures. Each group had fo
perform the statistical anal ysis.a Tomaey st ati
ANOVA with TukeyOds-ladjplstome ®t © 5wiutsOrnag i @r iLgibr
Northampt on, Massachusett s, USA) NsThemdawer :

deviati on.

4 RBesults

4. 3 dentification and Optimization of Il aser p
4. 3Pdelli minary | aser ablation trials

With the identified fs IR | aser source and
check if this type of the fs | aser could be
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the very first trial of | aser interactions w
and verify that this fs | aser could be used
t he par ameTadi-£ I4vasst eudseidn t o cut the fil ament

Fi gue 4

k 100um

Figure 4-3. Preliminary cut trial treatment done on (A) Catgut siZe<ture monofilament and (B)

P4HB size 20 suture monofilament

Based on these observations from the preli
identified fs | aser could be used for mi cr on

alteration done to the parametpesi pheoydef t

monofil aments without creating the thermal d
After the cut trial treatments performed or
to evaluate i f this |l aser could be wutilized

geometry as required for tlme ofraleri dat ideent eafm
went on to fabricate a single barb on a 2 mm

l i stTed |-ehkle fabricated single bar i pum#de a4 gut

173.10pm

100pm
—_—

|
Figure 4-4. Preliminary single barb cut catgut siz® 2 mm suture sample using fs IR laser
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The fabricated bar b onFcgautdgewetd i & U tewr & hsaa mp | h
was suitable for fabrication of barbs on sut
suture material-ofcdméc¢esptwafsorn hteherfoofl aser f a
monofil aments wi tchc umoacey pirme cd asmpair iamnaln at o me
4. 30ptRPmization of mounting stage

I n order to fabricate the barbed sutures u
have the right mounting stage on which the s
throughout the fabrication pragesisnv dlhwed pwao
through different design versions and fabric
of the optical stage.

x Ver siWtni Ili:zation of the existing stainless

stage

During the initial preliminary trials, we
portion of the R geberhight nwas shhoeveh f or the mec
barbed sutures. When used for mechanical fab
as a -tboepncihnstrument for the fabrication. The
hol di ng o6hebgstul usle sfeisr Ml yantdhr2Zoughout the | as

the major disadvamd algei gvlats afh et weiigmst r ument

Figure 4-5. Stainless Steel (SS) mounting stagep portion of the mchanical barbing instrument
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The weight of the pamtgobewddheld. hlshs umend Isc
height of thecimnstTrhemertquwases mz.nds of wei ght
as the mounting stage needs to be incorpora
avail able at our <coll aborating | aboratory. \
t of akartiec t he stage with an alternate metal,

the weight oY the stage by 1/ 3

x Ver siFaabr2i:cating an aluminum (Al) replica
Due to tmeentalbomee di sadvantage, we fabricat
stage in Al. After fabrication, t he weight
evaluate i f this replica coul d brestursierde rats wah

calcul atbd 6. @85kgs) and thecmeisgmt | afr tloe

stage. The fabricatlRdustea@fewrepl i ca i s shown

Figure 4-6. Aluminum (Al) replica of the SS mounting stage

I n order to determine i f the Al stage woul ¢
if it can be incorporated with the existing
The current avail &ibd we7dmélewd esse ttuhpe sfhoolwno winn

l1.Unanodi zed Al uminium Breadboard

2.Newpora0 3amMgl e bracket (132606)
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3. AP102BSMXahd#iMXmetadaptomp pl at e

U - Unanodized Aluminum
Breadboard

Newport 360-90 angle
bracket (132606)

AP102B: X-LSM and X-LHM
metric top adaptor plate

Figure 4-7. Current instrument setting (the optical stage) availableagerBased Manufacturing and
Materials Processing Laborataay Clemson University

From the data speci-menoatoord sbmpbnehtshet &
of the mounting stage could be reverse cal cu
The entire weight o fi® QW écoirmpe@Omad diange mer
IQ ™ XQQ

With 0.68kg (1.5 0bs) adding to the stage,

gener at e Eh@ Q@ bEeaX z2xbdda PP WEHE v VA

From the data sheet of component 3, it wa:
maxi mum cantil ever | oad cannot exceed 50 N.c
the stage needs to be | ess than or equal to
Due to this maximum torque restriction, t he
the current instrument setting. I n order to
the | aser ablation in beinghdowej ght WwWgsoneq
weight of the Al replicated stage, that i s,
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0. 34@Qg35kg. And by doing so, we could repl a
showhi gu7ey 4t he new fabricated stage with gro
With this requi rdeenseinggn eidn tnmien dmo uwet irnegg st age
versions namely, version 3 and version 4 whi
i n contrast to whhedasilsied »fvéosironms-fferen
wedge.

x Ver siTolmed@r.eti cal design of new mounting st
Based on the cal cul-daeasiogse dd otnree ema d nteirng wse
wei ght of the stage is around 0.35 kgs. Befo
theoretically visualized wherate whkthhpmraye
groove at the center in which the suture wo
first t heoretical design studied was a stac
previous versions 1 anedse2nt whi cthh earfer otnhte orfe d

turned out itho gh®&kalBowhown

______

75% of suture ¢

Figure 4-8. Version3 of the mounting stage (theoretical design) with groove tightening screws

This version of the stage was not pursued
screws was |l ogically incorrect as the stage
previous versions which had a sstoalgied asntda tm oovna

pieces at the top. The movable vices could
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di fferent di amet eld ssutnamed )y,amwd 3G.040mn ma (0

of the stage consisted of a single solid stz
version of the stage |l ogically incorrect.

x Ver si Bnndt design of the mounting stage wi
With all the requirements and | imitations i
the final stage design was decided with | ust

version 3 and making the newcvérisi borof speg

di ameter. The final versiiof gauevelr si on 4 of

«“|‘-.

50‘3“?“‘/—

-\

15mm |

75% of suture ¢

Figure 4-9. Final and current version of the stafat was used as the mounting stage during the
laser fabrication process
As mentioned, two separate Gtagtrsr everwi tflabi

di ameter of 0.350 mm and the other for si ze

The aluminum fabricai &dg wi10h g4 s dAR(dBe)dshown bel

Ay

Figure 4-10. (A) Monting te for suture size®@with a P4HB 20 suture held in the groove and

(B) Mounting stage for suture size 0 with a Catgut O suture held grolose
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The weight of the stlkgs awad tmeea shuaiegthnt oo fb et

which was within the | imits required to mou
order to proceed with the | aser fabrication
4. 30ptBmi zation of | aser parameters

The next <critical step involved in the opt

The parameters need to be optimized appropri
are two very different polymerilceg mondeefri Itahneer
treatments. The reason behind this is that F
filaments are thermoset in nature as seen du
filamEng-BMDaed to tils gmdt ctheanga in the abl ati
in order to treat the filaments effectively
to the monofil ament sutures.

Parameter optimization was first done for
maj or change except for the | aserlJ/ftiiedce w

J/ttm2. 7 232c2J/AIm the other parameters wor k

monofilaments resulting in negligible to no
The optimized parameters for | aser tTabadement
4-3 .
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Table 4-3. Preliminary parameters used foatgut sutures

Parameters Values

Thickness of work material (suture) 350 pmi 400 pm

Laser spot size 0.34 um

Laser pulse repetition rate 100 kHz

Pulse duration 165 fsi 190 fs (FWHM)

Laserfluence 2.7 J/cmi 2.9 J/cm

Laser power 3w

Scanning speed 1.08 m/s

Overlapping ratio 70%

Hatch distance 10.2 pm

Scanning passes 900

Using t-mentaboved i fablagne4 des catgut monofil al

under the fs |l aser to see ifasewei wasubtl bar bdé
damaging the integrity of the filament. Whil
not ivihteh required interval bet ween the barbs,
treat ments can be done at specific intervals

Figure 4-11. Series of barbs ¢wn catgut size 0 suture filament using the optimized parameters listed
in Table 43
Fr ofimgu+llewel can see proof to the series of
filament s, buoff obesbasbweawer eutwor ki ng on ac

t heaser in accordance with the new fabricate:
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st alghee opti mi zation of parameters was influe
Di fferent combinations of parameters were tr
be used to further proceed Twiet H htrreee fmalh roirc gt
t haetrpelvayed with were (thleolasérnpPuurhdy es caahremigny
pas®Wesh the same | aser pulse energy of 135 ¢
passes wedeamdhakyal uateerdniinre drhckeraptpog ogdgeti at
overl apping ratio and scanning pass for the
| aser Diyfsfteerment | aser pul se eared glwes @dfal 5®5
evaluated and the respembi warte ashipautirse.if4or t h e

Table 4-4. Treatmenbutput of P4HB 2 suture filaments with different combinations of laser pulse

energy (UJ), overlapping ratio (%) and scanning passes

Laser Pulse Overlapping ratio (%) | Scanning passes Treatment output
Energy (u1J) (optical micrographs)
135 50 100
135 50 200
135 70 50
135 70 100
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Table 4-4. Treatmenbutput of P4HB 2 suture filaments with different combinations of laser pulse

energy (UJ), overlapping ratio (%) and scanning passes (continued)

135 70 200
105 50 50
75 50 50
45 50 50
135 50 40
135 50 30
135 50 20
45 50 20
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Table 4-4. Treatmenbutput of P4HB 2 suture filaments with different combinations of laser pulse

energy (UJ), overlapping ratio (%) and scanning passes (continued)

25

20

20

After performing the

Tabl-&£, 4anot her

| arsepul se

energy

set of t

(63),

next couple of trials

energy of

scanning

~—+

filament

Based on

coul d be

reat meinddbred odw

15 0OJ,

passes of

optimization trnals W

ri al

s were performed |

overl apping rPthen (%)

wer e dpeaff 03 .m3d dIshedrm tp utl

overl apping ratio of 50 %.

shows t he

14 Or daenrd

t106 Oh aweer et heev abh aurald

resul ts of the tria

unl i ke t hei fmrbd+i. dus trials | isted a

the optimization

used to

fabricate

barbedur e-5 Falslhe 4 i nal

of catgut

treat ment

and P 4

out put s

HB bar

obt ai

set

bed

ned

trials performed,
barbed sutures wi
of parameters tha
sutures which weil

earl i er.
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Figure 4-12.Lasertreated P4HB -D sutures with the ablation parameters: laser fluence JéEm

3.3 J/icm, laser pulse energy of 15 pJ, overlapping ratio of 50% and scanning passes of (A)

140 passes and (B) 160 pas@éste: Red arrows represent the barbs cut on P4HB sutures)

Table 4-5. Optimum laser parametefiar laser fabrication of P4AHB and catgut barbed sutures

Parameters Parameters for P4AHB Parameters for Catgut
Thickness of work material 350 umi 400 um 350 pmi 400 um
Laser spot size 0.34 pm 0.34 pm
Pulse duration 165 fs (FWHM) 165 fs (FWHM)
Laser fluence 3.3 J/cnd 3.3 J/cnd
Laser pulse energy 15 ud 15 uJ
Scanning speed 1.08 m/s 1.08 m/s
Hatch distance 10.2 um 10.2 um
Parameters for straight barbs
Laser pulse repetition rate 10 kHz 10 kHz
Laser power 0.15 W (150 mWw) 0.45 W (450 mW)
Overlapping ratio 50% 50%
Scanningpasses 140 100
Parameters for curved barbs
Laser pulse repetition rate 5kHz 5kHz
Laser power 0.15 W (150 mW) 0.45 W (450 mW)
Overlapping ratio 0% 0%
Scanning passes 700 160 (S|ze02)’0) /350 (size
The anbeorvtei oned | i st of optimum parameters
and cdatrgpwetdur es.
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di

4. Vp2ical mi croscopy
Barbed sutures were fabricated with two
curved, that wehree EoVbGsSe rFviie rdfaugtirod g2 r niiled reiPcoeo p e
From these optical mi cr ovwgirtalhp m@aans yp &1 | ataino nb eo f«
parameters we were able to fabricate barbed
Barb shape/ orientation around the P4HB 2/0 suture monofilaments Catgut 2/0 suture monofilaments
suture filament .
A )
5()0__um
Straight barb in one rotational \
angle (at 0°) 500 yum \
(B) (O) At 1200
. : . ALY ————
Straight barb in two rotational - ALO° o '
angles (at 0°and 120°) : ALOC
SOU_pm 1000 pm
©) At 240° (H) .
Straight barb in three rotational 55 /it/240
angles (at 0°, 120° and 240°) ﬁ At 0° "
) At0° At 1200 1000 pn ALI20" i um
R =
Curved barb in one rotational m
angle (at 0°) I ————ecc— -
S(Mn 300_}“"
At 1200
(E) 0) !
Curved barb in two rotational At 1200 i‘
angles (at 0°and 120°) 500 pm s 500 1im
- Ser At0 500

4

EVOS FL Auto 2cell imaging microscope at 10x magnificati@iote: Arrows point to the

Figure 4-13. Optical micrographs of barbd&¥HB 2/0 (A-E) andCatgut2/0 (FJ) sutures undéhe

barbs that were cut on the filament surfaces)

. Bul3 ure tensile test

The tensil kasesufbtabrboetdabasdmeb endonsut ures wer e
compared against the cdodmpdirdei adth)lye bar bed PP
The wultimatd Ft gdalsA@Al)wvad oscgni ficantly redui

t

t

rrespective

here was a

he i zatut

of

74.

straightanméeb@d osst ioe

t

5 %

he

pol ymenr

0SS

f

or

T4eGbitl teer ¢ @ th .

t he s3i9z5¢%n 0

b&r s eer

ocsast ¢f uot

top <. PO H
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straight bar bAldl subherkekan(lped 0OUt)ures were corm
barbed control s. T R g ¥®)waast isoing natf i lcraena H y r
barbing irrespective of the polymer materi al
to the decr eauslet ionbasteer vteednusilinl sst hfdohrec et oughness
(Fi ¢-04®») was significantly reduced after bar
and the percent chrege ffolt bevedewlr tsiamatl ebtsen:
foreesul ts. AlIl the barbed sutubarsbeeéer o tomel
The stiffness or(Fig&4t4pgof temsi set moes!| sl o we
after barbing eboampbaerde ¢ rotmoh rtol esi.v d ik wd6e il i s¢ &
be seen tha8 thereasasia the size 0 catgut

6. 8% i ncreade cfadrg utth es tsiaz eg h2a nEda2% & dn csruetausree f{
P4HB sO ze®tr2ai ght barbedpauedr ¢o(phb@0bpEpdspe

control s.
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I Non-barbed (NB)

[ Straight barbed in one rotation (at 0°) (S1S)

[ Straight barbed in two rotation (at 0°,120°) (S25)
[ Straight barbed in three rotation (at 0°120%and 240°) (S3S)

Curved barbed in one rotation (at 0°) (C1S)

Curved barbed in two rotation (at 0°120°) (C23)

A Ultimate tensile force of suture monofilaments
rrr-rrrr-r-rr-r-rrr-rrr -rrr-17rrrr-1rrr T TTTd
e *p<=0.05 **p<=001 ***p<=0.001
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120 +

100

[+2] @
o o
1 1

N
o
1

Commercially Barbed PP 2-0 suture

20

rrrrrrrrrrrrrrrrrrrTrT T T r T T T T T
—_— * p<=0.05

**p<=0.01 *** p<=0.001 "]

Error Bars: SE |

[ )
— o (o]
w 0
Catgut 2/0

Samples

Work to rupture of suture monofilaments

T
4
3 4
p
3
E
w
(=]
24
o
o
o
[
£
o
m
>
-4 8
1 =)
o
£
£
Q
(&]
0 -
PP

L N B BELE BELE BL A DL RIS BELEN NI NELEN NS BELEN NN L B N |
*** p<=0.001
Error Bars: SE_|

* p<=0.0 **p<=0.0

2] W on n v
o ® & 3 o O
P4HB 2/0 Catgut 2/0 Catgut 0

Samples

Figure 4-14.Tensile properties of tHaser fabricatetharbed and nebarbed monofilament sutures.

(A) Ultimate Tensile Force (N), (B) Elongation at Breakn(), (C) Initial modulugN/mn¥),

and(D) Work to rupture (J). All the sutures were compared with size 2/0 Quill polypropylene

(PP) barbed sutures
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Table 4-6. Results of suture tensile tests and sutiggue pull out tests (meanSD), n=4 per suture

material/ type/ size

Elongation at

Ultimate Elongation Initial Maximum ;
Suture Suture . Work to Maximum
Material Size/Geometr e S B edils Rupture (J) PULE: Pull- out Load
Y Force (N) (mm) (N/mm?) P Load (N) i
PP S3SB 41.1+49 142 +2.1 0.3+0.1 0.2+0.1 18.8+ 7.2 11.7+2.0
2-0 NB 59.3+2.9 101.8+6.5 1.3+0.1 34403 0.9+0.5 28.2+27.1
2-0 S1SB 27.8+0.8 675+2.6 2.2 +0.12 0.9+0.12 25+0.4 134 +3.4
2-0 S2SB 23.4+3.4 58.7 + 7.6 2.6 0.0 0.7 +0.12 1.3+0.3 72.9+34.9
P4HB
2-0 S3SB 22.1+3.0° 565+7.3% 23+0.0° 0.6+0.2 49+1.4 50.5 + 13.7
2-0 C1SB 26.7 £+ 2.2 64.7+ 3.2 2.2+0.12 09+0.12 39+1.12 112.4 +20.3
2-0 C2SB 202+1.2 541+22 25+0.1° 0.5+0.12 2.6+0.68 101.2 + 36.F
2-0 NB 50.1+6.1 23.7+1.1 25+0.2 0.5+0.02 25+1.4 9.0+25
2-0 S1SB 30.3+8.P 146+36 05+0.1° 0.2+0.1° 1.7+05 39.1+23.%
2-0 S2SB 248+29 125+2.4 1.7+0.9 0.2+0.1 6.3+3.1 329+34.9
Catgut
2-0 S3SB 25.7+4.P 11.9+2.23 1.9+1.0° 0.2+0.1° 8.6 +2.0° 8.7+6.4
2-0 C1SB 21.0+2.4 9.7 +2.6° 0.4+0.1° 0.1+0.1 44+39 322+11.9
2-0 C2SB 13.5 #3.1° 51+1.2 04+0.048 0.04+002 4328 15.1 £ 20.7
O NB 53.1+6.7 274+25 22+0.3 0.7+0.1 5.2 +4.0 89+13
0 S1SB 50.9 +8.1 20.3+45 1.8+0.9 0.6+0.% 9.2+55 30.3+19.2
0 S2SB 433+5.0 184 +2.6 1.7+0.9 0.5+0.1 8.6 +6.66 25.5+18.2
Catgut
0 S3SB 492 +5.F 221+23 1.6+0.9 0.7 £0.1 59+39 242 +15.9
0 C1SB 40.1 +6. 16.6 + 3.5 1.6 +0.8& 0.4 +0.1 5.0 £ 5.4 26.2+16.9
0 C2SB 294 £2.6° 11.7+16 0.5+0.0Z 0.2+0.1¢ 134 +2.F 11.3+4.F
Abbrevi MBiinooimar bedj s tSr1&iBght barb wit®; ori&S3Boatiagthito nbaa r ba nvwgil te
rotation@al 920g93%B i0Oght barb with td2n®&de)2rd00c&8B ovreall bam dl evd t

one rotationailcuanwglde band ®23$B °t wh20 ot ati onal angles (O
aP4HB 2-b@Grbed versus PBarbed/ 6-baabgdt veorus barbed sutur
cSize 0 datrdetd wenm suse PBRFB ecADMubmemeser sus barbed sutur
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4. Budadwrnessue pullout test

The anchoring performance results for the

against-bahbed hRiognalrs | TA-6)(. e Il nvariably the ba
t heir hi gher-ourax ( Bha glrpeA))(I s howed superior

performance because the barbs engaged with t
Tabd6e it can be seen that there was a 66. 8%
suture (p<.001); a 706 .c9%% giuntc rsetarsaei gfhatr btahreb esdi
a 496% increase -0f ogt rtahieghRR4 HiBarsbhiezder s2dt tbpet b p
respecthiavebenddomontrol s. The result®ufolt oade
(Fi g#4rsB)chowedni | ar i ncreases as -ooubts elrovaedd diant a

the two si zesTaob##6ec at gut sut ures (
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I N on-barbed (NB)

[ Straight barbed in one rotation (at 0%) (S18)

| | Straight barbed in two rotation (at 0°,120°) (S2S)

|| Straight barbed in three rotation {at 0°120%and 240°) (S3S)
Curved barbed in one rotation (at 0°) (C18)
Curved barbed in two rotation (at 0°120°) (C2S)

A Maximum pull-out load of suture monofilaments B , ,
R o e I B B B e e B e s e e S B p Elongation at peak load of suture monofilaments
*p<=0.05 **p<=0.01 ***p<=0.001 140 T T T T T T T T T T T T T T T T T T T
Error Bars: SE s *p<=0.05 **p<=0.01 ***p<=0.001
Commercially —wae Error Bars: SE
20 Barbed suture i 120 I T
zZ | -
g £
k- £ 100 4
b =
= 154 | g
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w20 -
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2] D n ® o 0 ol © O Q@ O 0 0w W o W
5058 3803|258 80 8 5|58 20
Catgut 2/0 Catgut 0 Catgut 2/0
Samples Samples

Figure 4-15. Anchoringperformanceesultsfor both the mechanically barbed and fzarbed
monofilament sutures. (A) Maximum ptdut load(N) of sutures in porcine dermis and (B)
Elongation at maximum puthut load(mm) of sutures in porcine dermis. All samples were

compared with the barbed sizé®uill polypropyleneéarbedsuture

4 D4 scussion

Ultrafast materi al processing, being a ver:
for microfabrication, has gained a | ot of i
mi cromachining of devices used for amdt om
semiconductors, afhd®@4hThhimedn @il di cheawusltop esnt
have created a revolution ibneahblhee tratmircradmg
features with ultrashort pil46§hlrawilng asdroy
help these | asers to achieve very high peak
result in v-afyemiedmabl bemas during micromach
very s hmatterl|l aisnetrer Aaemi cus t mbkiendgor precision
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on indus[tad5]aFlemd osleeceond (fs) | asers are part
of Il asers which exhibit negligible to no dar
this reason, these fs | asers are adéismgswseacab
|l i ke dentistry and mbaA]l ma[lLlLg28] nvasive surger
From the initial ilRagefBedl)abinadr &Brnibel Dbsea!
the identified fs | aser is suitable for crea
without any ther mal damage to theFeguBerd fi
that the available fs IR | aser could be wuti|
study. When the filaments were cut using th
suitable for treatmgitgudre (dadth)diwotut mo mef imad mal
terms of melting at the edges of the cut pa
monofilaments are thermoset polymers in nat

observedfi lnarmdgitB8e (B)ewashaet i ght ther mal me |

these polymeric filaments are thermoplastic
Al l the preliminary | aserFroftaomlcatpito ns htorwii anlgs
femtosecond I R I aser could be wutilized to f:
monofilaments without exhibiti neg hahrebrsma |B adsaen
the preliminary | aser trial s, the | aser p a
monofil aments respectively. While parameter
al s-desegned, modi fied and drabtro cadteids fwy tthh e |
i mposed by the current existing | aser Syst e
Clemson University. Di fferent par amezeer cCom

evaluate and determine the suitable and opti
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fabrication of barbed sutures.TalFlr-g mditthewasp

observed that a | aser pulse energy of 135 O0J
was detri ment al ablation in the surrounding
regi on. I't was al so seemst hmdts ot hpeo oqu a IFirtoyn a f

be observed that the best output was obtai ne
overl apping ratio of 50% waarsd ad & os sa&remi ntgh ag
combination provided the best guality of cu
evaluated. After careful faelyladwedrtei adre,t etrhma npealr
the optimum and appropriate set of paramet er
P4HB and catgut barbed sutures with straigh
barbs cut using the eopdntme & efdo mp atr W& eguraas ndam ¢
12

With the optimized ®Rdtl-RpfiPpgbiBamedecat Qgust &
with straight and curved barb geometries wer
vi ewed under t he-iBMa@S nFgL sA/usttoe nmFi agnadil éa.r4eT hseh o w
barbs cut using the fs | aser system were mo
angle making | aser fabrication technique a
fabrication technique.

The present study demonstrat eand hRRAaHB tbarsbh.
sutureshasfamt osecon,d drRd |talseert eryssitleen pr ope
performance were evaluat #d sssdantyp ydridtemcsall .e R
evaluation of the tensile propertie®Q%i-t wa

reduction in ult(magéeda)eABel eedowcticieonf N)n t h
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properties I s attiysielrutiodatl o arfeea ladseri macbo
was similar to the results obtained for the
ChaptTehre 3decrease in ultimate tensile force
type of suture materi al

From the el ongaFi op4arda J(,Bo)r eawasesbhsésveéd t ha
sutures of both geometries had a higher rec

sutures. From t he( wiog-kA®R))d hreupgtowrgh nressu lotfs t h

reduced significantly by at | eastr i &% eads ta r
i n esreacstss onal area of the baobednsut(Rit@wroe Th e
414 )YeBGowed an indrnedsdeinrsitilee momdul us as a r €

the stiffness of catgut sutures harefpest uba
pl asticizer components in the alcoholic ster

filaments af 8ahWhdrkeads nien ptHhe case of P4HB,

706100%, whi ch i si nehgeurievnatl elnots st o nt heel ong.ati on
The increase in the initial modul us of t he |
observed in the case of mechani cal fabricat e

The barbed sutures provided effective ancho
barbed sutures tended to slip out of the sul
out Tlamc h greirf g ronbasnecrev ati ons were undertaken
barbs engaged witliFilgidheartbendiasg bDissbhe ce
monofil aments appeared compatible with the

ti ssue | ayer. For the PdhBsstuaured,cltbeebtob
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The

eval

| ase

tensile and anchoring performances of
uated in order to observe whet her swi tch
r fabrication had an influeackPaphetdhsuta

4 Goncl usi ons

I n
| ase
stag
sutu

scan

conclusion, this was the first study to
rrsystem. Being the very first study, it
e, |l aser parameters, &mdclaa®eeP4dHBt ans icm
res. The four major parameters of | aser

nNing passes were det er ad enreide |a pfr otprrii aalt = |
his chaptehe abpbtteenr apar amegens, bar bed s
two different barb geometries, namel vy,
strated in Chapter 3. The optical mi cr o
i stenttdirmenef onbein barb Duwet tdbepthle pod s
abcoraitstngnt and highly precise barbs on
ability to reproduce the bar bsasoenr alalbrtih
nique could be a very &effective and ef
i cation technique f oTrhe hmee dhadmriicalt | prno pd
oring performance of the fabricated bart
exhibit similar properties as that obs
res. As di scumseeldamincdal o bfseebrrviecdatfear bar b
Il cated bar bedsdi gsruitfuirceasntallsoos ss hiorwetdhei r me
er anchorage with the surrou#wdisnug-utries s u

ue pul l out protocol . As a future direc
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studies between mechanical and | aser fabrica
| aser treat ment or abl ation influenced the s
|l i ke to assess how the mechaamncealofprioprebaed e

fabricated through two different fabricati on
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CHAPTER 5 COMPANWVE GHDANIOFAL AND LASER FABRI CAT
TECHNI QUES
5. 1Introducti on

Bar bseudt ur es wer e devel oped wi t h t he Vi ew

complications associated with smooth monofi
surgical procedures. The main component of
therpphery of the filament which aids in th

[ 4] ,.BpbBPEd sutures are mechanically fabri c:

—~

Chapaerd 8)e | aser fabricated u@SChaptaerr ud)t re
their respective tensile ahd andborionghpwvepe
transition to an al tidrarsaetri fe bfrdalcraitd atni ars i thec
| aser,wgduthr ane ni mal damage t[ol 1t8hlg, 9g[ulrln@Gsn cirn g
understand the parameters involved during |
the nature of the s Boubedmauéeurabk wera $abs
using a stationary bl ade aesnsseommbh ¢ a@fed). sgs é e
The barbed sutures were fabricated with diff
eval uate how varying the geometries influenc
I n this odbtrewcdti wree armde geometry of bar bed

materi al characteristics were studied in orc
had affected the inherent p r oTpheeretciheasn i ccfal t hae
anchoring p raol psear mp a&rse dwefrer bar bed sutures

mechani cal and | aser fabrication procedures.
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Thi s chapt ecro nip asbceusseseeesn tmheec hani cal ly fabri c.
barbedi sauteaerms of their barb geomettrhersmalmec
propearntdi eéeshei r dedghadastowdypioftlluees the foll
1. Tobserapabhpwyde the different barb geometr
mechanical and | aser fabrication techni c
2. To determine the change in the ther mal k
to thkearbedncounterparts and to evaluat e
influenced the thermal characteristics ¢
3. Teevaluate the degradation profiles of P
to determine whether the barbing proced
sutures.
5.Materials and Methods
5. Mahi pul ation of barb geometries and fabric

Catgut and P4HB barbed sutures were fabric

straight and curved barbed sutures. As this
geometry, the sutures were f abirn coartdeedr wtia hc os
within the material and as well bet ween di ff

were separ atiemh bd%®bedleoaw. oned
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Table 51. Specimen groups with description on barb geometry fabricated using both mechanical and

laser fabrication techniques

Specinn Description of geometry and ori en
Group suture main axis

CB Commercially barbed in a helical al
N B Nobarbed suture (or) smooth monof.i
S1SB|Barbed suture with straight barb i
S2SB|Barbed suture with straight barbs
S3SB|Barbed suture with straight barbs
ClsB |Barbed suture with curved barb in
C2SB |Barbed suture with curved barbs in
C3SB|Barbed suture with curved bard4s0A)n

5. Zodnpar imemhani cal and anchoring characteri

The obtained suture tensile test Chaptlkts 3fc
TH gu@l®gdBd | aser f abr i Chatpd tbFr padrlbele)d asluot nugr evsi t(F
sutiuriessue pull out test result€hdpti€imeaBrheani c
311 and | aser f ab €Ch amttdrdg ublaér)bdewde rseu tcuornepsa r(e d t
and interpret i f there were similarities or

properties of the barbed stugaawhreisguWaie. t o chan

5. DiFferential Scanning Calorimetry (DSC)

Ther mal behavior of suture monofil aments v
Cal orimetry (DSC). Di fferenti al Scanning Cal
I nstr Dmdrmatiwa®8A) i s an analytical il nstrument

energy abkeaded by a substrate as a functior
fl owwwe TA Discoivery DSC w2rh®t rRICnse ctool er (enab
-9 BC) is a heat flux i nslthismemisswiuyiginaal layt o

anad yt he ther mal transitions that occur wit|l
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gl ass transi tgi,onmetletmpreg rgtteuncpeeyr (cait aulrlei z(@lt i on t e
the case of thermoplastic pol ymae)riicn ftih ea nteanst
thermoset polymeric fil amemdrshed hand ulharrhkked,
into pieces whildhg.weT hgeh Hoeca twieregn r58t/e nwans armadi
all the sampl es AWe2r266. h éTehtee da nwapg ytsd s2@ls eval
ASTM D34tlasdhrdard Test Met headtfuoresTraaards iEtnitchma |l Tp
and Crystallization of Pol yméer.s Usy nQi ftfhdrse ns
test method, the ther mal tragsi tmedns ngf teglmp:
() and the degradation/qg decdmpo eiszidd na nme me
eval uated.
5. Hydrolytic degradation study

The resistance to hydrolytic degradation w
the view to determine whetchamdeagdaae!| itdre thhaa
t meo-mar edure monofil aments. [RBR¢ ,s (ath@ ] ¢ 4fridBt0¢ r

[ 10] ,un[d8&x]go degradation t hr ouagvhi thywdrr ooll yttiic

degradation protocol wadhestdediradaitmoonr ¢pemftd
and catgut monofil ament s.

The -maombed and barbed suture monofil aments
phos phudtiseelrut i on (pH = 7.4) for up t®RRdays wee

for catgut sutures. The wlkeedrl é§d aftoienk 5t f® | ®d 3 ® |

P4HBut andsnewed 2 daysdayg s cheec &ctemgsudisu o fe
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At each time point, t he f ol |l oamm(gE ) ao patnmect ael
mi crosd wpiyght and @i atmen®irl; e amdoperties (un
conditions) .

5.20ptllcal mi croscopy

Suture weamplvisewed unde2 Ilai dgNHtkiomp sLcadopoép hantt O
magni fi cecesbopdbkedehr ved wunder this microscope
degraded earlier than the suture monofil amen
through surface erosion principle or if the
principle.

5. 2Wdi agntdi amet er

A 35 mm | ength of each suture irrespective
the mass change during the degradation proc
samples were removed from the degdadataimen es
were measured. After the wet measurements, t
5 hours and the dry weight and thickness wi
measurements, the samples wear esordattiuromed t o t
The weight retenti onEqwasilamin®luldataendet s i ncoh

calcul at €gu ats2 omebh hieoned bel ow:

WQM@D Q0 QeEBQéEEzp T (Equa-l)on 5

0QOa QWA —zpnm (Equa®2)on 5

wheWeanRlar ewehght anodf dtihaemestaempl| e atWarhde cur

Doi s the wergpgitdnalmdf ertr he asamgklkondg with diar
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measur ement s, the diameter change of t he saeé
di ameter within each group were plotted to
specific time point.

5.2Tdn8il e test

A35 mengt hsaofwaesaclhhsed to measure the tensil
andydrated condlpgBadbhandtarmPedekBe g0 adat iaomd pr oc
at days 00, 2and, 18, f8r catgut 4dpériatea bpdoidmitep
and gAtouegch time point, samples were remove
in a vacuum petri dish overnight. For the hy
in 1X PBS solution, ftohre 2s ahnopulress. w-eorre tneosutnitnegc
mounted between the flat capstan cl amps at &
i n2h BMm) and a crossheavd tshp eae d oamfd Ic5N) | nanwfdmi2rb
tested to f aitleusrte/ 50 nmetchhreanMTcSalQ t est er .

5. B8tmtistical analysis

The dklattai nedmwédreeédveen mechani cal and .|l aser
The statistical analowveays ANOYApwirflor meldewyds na
a-lpevel of 0.05 wusing Origin software (Origi
average data iINstmepartdedesas amean.

5. RBesults

5. Mahi pul ation of barb geometries and fabric
The barb geometries were manipul ated by moc

on the materials on which barbs are to be f a
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I n the case of mechanical fabrication techn
fabriusamgdt he stationary straight bl ade asse
angle which is the measure of barb cut angl e
measure of IICaaptigcugB@dee M3 H a(ser fabrication t
pat hways were aligned in an array similar t
by modifying the existing blade assembly in
in the casatobnl asevearf ghaei cwhes | were modi fie
is cut in two different angl es.

Thie gudé Ay asrmdbwsB)t he straight barb and curyv
(violet in col or) and catgut (yell ow or cr
technilgweaeReen(d) samadwdq Bt)yhe straight barb fabri

in color) and catgut (yellow or cream in col

(A) Straight barb

i ! 1 ' =100 pm
- 100 pm|

(B) Curved barb

Figure 5-1. Barbs fabricated on both catgut and P4HB sutures using mechanical fabrication technique

Mechanical
fabrication technique

(A) straight barb and (B) curved barb
(A) Straight barb

500 um

(B) Curved barb
—

500 um 500 um

Laser fabrication
technique

Figure 5-2. Straight barb fabricated P4HB (left) and catgut (right) sutures using laser fabrication
technique
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5. o2nparison of mechamiacalctamnd samnckoring

The mechanical Fpgpogehbiwes mnhmeluy,ti mate ten
Figu#dshbéweel o mgaatt i borne &kg Henh) wed the initial
FFgu#bes hbwed the work to rupture (J) were CcoO

fabricated barbed sutures with respect to th
A
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70

&0

50

40

30

Laser barbed (IB)

Il Non-barbed (NB)
I Mechanical barbed (mB)
.|

Ultimate Tensile Force (N)

NB mS1SE IS1SE| NB mS1SB IS1SE | NE msiSE IS1SB
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Ultimate Tensile Force (N)

NB m$2SB IS2SB| NB mS2SB IS2SB | NB mS2SE 5258
P4HB 20 Catgut 2:0 Catgut 0

NB mS3SB ISISB| NB m33SB ISISB| NB mS3SE IS3ISB
P4HB 2-0 Gatgut 2:0 Catgut 0

Samples Samples

. ! F
Dm _Curved Barh in one rotational angle (at 0") (C1SB) B Gurved Barb in two rotational sngles (st 0° snel 120% (6258)
*pe=005 TTpes0.01 Tt pe=0.001 70 T T T T

5005 pueD0t o pee000t
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0 4

Ultimate Tensile Force (N)
w
g
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=)
|

NB mC1SB IC1SB NB mC1SB IC1SB NB mC1SB IC1SB
P4HB 2.0 Catgut 20
Samples

NB mG2SB IC2SB| NB mC25B IC2SB| NB mC2SB I1G25R
Catgut 20 Catguto

Samples

Figure 5-3. Ultimate tensile force (N) comparison between-banbed (NB), mechanically barbed
(mB) and laser barbed (IB) sutures, (A) Straight barbed in one rotational ahd®1(®), (B)
Straight barbed in two rotational angle84ad 120) (S2S), (C) Straight barbed in three
rotational angles 12, and 240) (S3S) (D) Curved barbed in one rotational angl® (0

(C1S),and(E) Curved barbed in two rotational angle$4fd 120) (C2S)
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Figure 5-4. Elongation at break (mm) comparison betweenbared (NB), mechanically barbed

(mB) and laser barbed (IB) sutures with different barb orientations, (A) Straight barbed in one

rotational angle (@ (S1S), (B) Straight barbed in two rotational anglésa(@ 120) (S2S),

and (C) Straight barbed in three rotational anglgsl@®, and 240) (S3S) (D) Curved

barbed in one rotational angl€QC1S), and (E) Curved barbed in two rotational angles (0

and

120) (C2S)
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Figure 5-5. Initial modulus(N/mm?) comparison between ndrarbed (NB), mechanically barbed

(mB) and laser barbed (IB) sutures with different barb orientations, (A) Straight barbed in one

rotational angle (9 (S1S), (B) Straight barbed in two rotational anglésa(@ 120) (S2S),

and (C) Straight barbed in three rotational anglésl@®, and 240) (S3S) (D) Curved

barbed in one rotational angl€’QC1S), and (E) Curved barbed in two rotational angles (0

and 120) (C2S)
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Il Non-barbed (NB)
I Mechanical barbed (mB)
I

Laser barbed (IB)

Figure 5-6. Work to rupture (Jcomparison between ndrarbed (NB), mechanically barbed (mB)
and laser barbed (IB) sutures with different barb orientations, (A) Straight barbed in one
rotational angle (@ (S1S), (B) Straight barbed in two rotational anglésa(@ 120) (S2S),
and (C) Straight barbed in three rotational angleési@®, and 240) (S3S) (D) Curved
barbed in one rotational angl€’YQC1S), and (E) Curved barbed in two rotational angles (0

and 120) (C2S)
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