
ABSTRACT 

NAMBI GOWRI, KARUNA. Laser Fabricated Barbed Sutures for Wound Closure during 

Plastic Reconstructive Surgery. (Under the direction of Dr. Martin W. King). 

Based on the American Society for Plastic Surgery 2020 annual report, there are about 23 

million plastic surgical procedures performed in the US each year. During the last few years, 

there has been an exponential growth in the plastic reconstructive surgeries market. 

Conventional monofilament and braided sutures are being replaced by barbed sutures. Barbed 

sutures have been constantly studied, evolved and commercially manufactured during the last 

two decades as these sutures are a type of innovative wound closure device. Barbed sutures are 

sutures with a plurality of barbs projecting from the main suture filament at specific intervals 

which, when used during wound closure, will interact with the surrounding tissues. Due to the 

presence of these barbs, these knotless sutures become self-anchored to the surrounding tissues 

without slippage and have lower stress relaxation which can be problematic with conventional 

sutures which require knots. Barbed sutures that are available in todayôs market are 

manufactured with the same standard barb parameters of barb cut depth and barb cut angle 

without considering the final use applications. In order to increase the clinical efficiency of 

these barbed sutures with respect to their anchoring capabilities, the barbed sutures need to be 

fabricated with specific barb parameters depending on the end-use clinical procedures. 

To fabricate barbed sutures suitable for different surgical procedures, we first tried 

fabricating different barb geometries using the existing mechanical fabrication technique using 

a stationary blade assembly. The barbed sutures were fabricated using monofilaments of 

natural biomaterials, such as catgut, and synthetic biomaterials, such as poly (4-

hydroxybutyrate) (P4HB) as these monofilaments are biodegradable in nature. While 

fabricating these sutures we observed that it was difficult to reproduce a consistent barb cut 



depth across all curved barbs as it was manufactured manually. With the aim to create more 

consistent, precise, and reproducible barbs, we looked at alternative fabrication techniques that 

would have minimal damage to the inherent structure and properties of the suture 

monofilaments. Bearing this in mind, the femtosecond laser system which is an ultrashort 

pulsed laser source was identified to be a suitable micro-machining technique to create barbs 

on the periphery of the main suture filament with negligible damage to the suture itself. Next, 

the laser system was optimized in order to fabricate barbs on the periphery of the sutures 

without damaging the whole suture filament. The fabricated barbed sutures were evaluated for 

their structure, mechanical and anchoring properties, thermal behavior, and degradation profile 

in order to understand the influence of laser treatment on the polymer properties and the 

structure of the barbed sutures.  

This study to fabricate barbed sutures through laser fabrication technique had several 

innovations. First, our study was the first to study and evaluate barbed sutures fabricated using 

catgut sutures, providing a reference for the future fabrication barbed sutures using collagen 

monofilaments which is a growing filament of interest. Second, our study was to practically 

fabricate two different barb geometries and to evaluate their anchoring ability with surrounding 

tissues, demonstrating that different barb geometries for specific surgical procedures. Third, 

this study was the first to optimize a femtosecond laser system in order to micro-machine more 

precise and consistent barbs on the periphery of the suture. In summary, our study on the laser 

fabrication of barbed sutures shows promising direction for the commercial production and 

manufacturing of barbed sutures with different barb geometries which could satisfy the 

necessity of requiring different barb geometries with respect to the surgical procedures. 
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CHAPTER 1 INTRODUCTION 

1.1 Background and Motivation 

Based on the American Society for Plastic Surgery 2020 annual report, there are about 23 

million plastic surgical procedures performed in the US each year. The market value of these 

cosmetic surgeries is about USD 64 billion and the market size has a 9% annual growth [1]. 

Currently these plastic surgeries are being performed using conventional non-barbed sutures 

and only few surgeons across the United States use barbed sutures in their clinical practice. 

The use of barbed sutures in clinical procedures was described in the mid-18th century, when a 

number of researchers looked for a design of a wound closure device that would be easier to 

insert and close the wound compared to the conventional sutures. Conventional sutures require 

knots at both ends of the suture bite during closing a wound. While barbed sutures are defined 

as a suture with a plurality of barbs projecting from the main suture filament at specific periodic 

intervals that will interact with the surrounding tissues when used as a wound closure device.  

Suture knots in non-barbed monofilament and braided sutures have to be firmly placed as 

they are the only point on the suture line where the suture anchors with the tissues. If the knots 

are misplaced or not firmly held around the tissues, it might lead to wound complications and 

discomfort to the patients [2], [3], [4]. The wound complications involve knot breakage and 

slippage, wound dehiscence, inflammatory responses and infections, tissue ischemia and 

scarring, and lower tissue holding capability [2], [4], [5] which might lead to re-admission of 

patients in order to reperform the procedure by removing the older suture line and inserting a 

new suture in its place. In either case, both the patient and the surgeon have to go through the 

tenuous and arduous procedure one more time.  
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As an alternative and better wound closure device, barbed sutures were designed and 

developed in the mid-18th century. After the year of 1964 when Dr. John Alcamo published his 

patent on developing a type of surgical suture that neednôt be smooth and can have projections/ 

barbs present on its periphery [6], there has been continuous research as to improve the design 

of these sutures making it more practically usable during a clinical procedure. These barbed 

sutures are used in different surgeries like cosmetic, urological, gynecological, orthopedic, 

obstetric, and general surgeries [7].  

Currently the commercially available barbed sutures are QuillTM SRS barbed sutures (Corza 

Medical, Westwood, MA) which is a bi-directional barbed suture, StratafixTM (Ethicon Inc., 

Sommerville, NJ) is a barbed suture which has barbs either in a symmetrical fashion or in a 

spiral/ helical array and V-LocTM sutures (Medtronic, New Haven, CT) which is a 

unidirectional barbed suture with a needle on one end and a loop on the other end [7], [8]. All 

the above-mentioned commercial barbed sutures are fabricated through a semi-automated 

mechanical fabrication technique which is done using an array of blades that are aligned 

parallel to each other at a specific angle and depth which is a direct influence of the barb 

parameters.  

In this study the mechanical fabrication of barbed sutures was performed using the 

mechanical barbing instrument donated by Quill Medical Inc., which consists of a special 

assembly of blades that are arranged with a fixed angle (barb cut angle) and fixed depth of 

protrusion (barb cut depth) [9], [10].  

Since Dr. Gregory L. Ruff invented the design of barbed surgical sutures in 1994, several 

patents have been published to modify and optimize the structural designs and manufacturing 

processes for the fabrication of barbed sutures [11], [12]. In one of the earlier patents by Dr. 
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Harry Buncke in 1999, it was reported that barbed sutures can be fabricated using different 

cutting techniques namely, a stationary blade assembly, and a pulsed laser ablation mechanism 

(Figure 1-1) [13]. Many researchers, especially surgeons, have reported comparative studies 

during clinical procedures on barbed sutures versus conventional sutures. But only a few 

researchers have studied the influence of basic parameters of the barb and their anchoring 

performance in different kinds of tissues. One of the notable works looking into barb 

parameters and their anchoring ability was investigated by Dr. Nilesh P. Ingle and Dr. Martin 

W. Kingôs papers on determining and evaluating the barb parameters required for different 

operative procedures like for skin and tendon repair surgeries [14], [15]. 

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

blade assembly and (B) Pulsed laser ablation mechanism 

In this dissertation work, barbed sutures were fabricated through both mechanical 

fabrication using a stationary blade assembly and an ultrashort pulsed laser (USPL) fabrication 

based on the principle of laser ablation. Barbed suture fabrication was performed through both 

techniques in order to compare and understand the feasibility of a laser fabrication procedure. 

In order to evaluate whether different barb geometries behave differently in skin tissues, two 

different barb geometries namely, straight and curved barbs were fabricated through both 

mechanical and laser fabrication techniques. Finally, our results would determine the feasibility 

A B 
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and commercial scalability of laser fabrication of barbed sutures as an alternative to the 

existing mechanical fabrication technique.  

1.2 Goals and Objectives 

Commercially available barbed sutures are manufactured through a semi-automatic 

mechanical fabrication technique using a blade assembly. The blade assembly used for the 

fabrication is assembled with a fixed cut depth and cut angle which arenôt altered and are 

fabricated similarly irrespective of the surgeries they are used for. Therefore, as an alternative 

to mechanical fabrication technique, laser fabrication technique was studied to understand the 

feasibility and commercial scalability of the technique. Along with evaluating the feasibility 

of laser fabrication, this research work also analyzes different barb geometries and their 

influence on the anchoring performance of barbed sutures with varying barb geometries. To 

achieve the primary goal, we had three main objectives, as described below: 

Objective 1: Mechanical Fabrication and Evaluation of Barbed Sutures (Chapter 3). 

First, material characterization of catgut, poly (4-hydroxybutyrate) (P4HB) and polypropylene 

(PP) was performed using an x-ray diffraction (XRD) analysis technique in order to determine 

the percent crystallinity of the suture monofilaments. Also cross-sectional analysis was 

performed in order to determine the internal structure of the monofilaments, i.e. whether the 

monofilaments were homogeneous or heterogeneous in nature. Second, barbed sutures with 

two different barb geometries, namely straight and curved barb geometries were mechanically 

fabricated using the existing mechanical fabrication protocol and blade assembly. Third, 

fabricated barbed sutures were evaluated for their mechanical properties, namely their ultimate 

tensile force (N), elongation at break (mm), initial modulus and work to rupture (J), as well as 

their anchoring performance in porcine dermis tissues. 



 

5 
 

Objective 2: Laser Fabrication and Evaluation of Barbed Sutures (Chapter 4).  

First, an appropriate laser was identified for micro-machining and its parameters were 

optimized in order to fabricate barbs. Second, catgut and P4HB barbed sutures were fabricated 

using the optimized parameters. Third, the fabricated barbed sutures were evaluated for their 

mechanical properties, namely their ultimate tensile force (N), elongation at break (mm), initial 

modulus and work to rupture (J), as well as their anchoring performance in porcine dermis 

tissues. 

Objective 3: Comparison of mechanical and laser fabricated barbed sutures (Chapter 5). 

First, optical microscopic analysis was performed on all the fabricated barbed sutures to 

observe the differences of barb openness between the mechanical and laser fabrication 

procedures. Second, differential scanning calorimetry (DSC) analysis was performed in order 

to determine if the filaments had any thermal damage during laser fabrication as they were 

subjected to high temperature ablation. Third, hydrolytic degradation analysis was done to 

analyze whether there was any change in the degradation profile of the filaments due to (i) the 

barbing technique, i.e. if the barbs tended to degrade faster than the core filament resulting in 

a loss in anchoring performance, and (ii) if laser treatment affected the degradation profile. 
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CHAPTER 2 LITERATURE REVIEW 

Nambi Gowri, K., King, M.W., (2023), A Review of Barbed SuturesðEvolution, 

Applications and Clinical Significance, Journal of Bioengineering, 2023, doi: 

10.3390/bioengineering10040419 (referenced as [16]). 

2.1 Introduction of surgical sutures 

2.1.1 Surgical wound closure 

Wound closure devices are used to ligate the incision during a surgical intervention as well 

as maintain tissue approximation for the duration of wound healing [17]. Wound closure is 

usually the final stage of a surgical intervention which can be performed in three stages; 

primary, secondary, and tertiary closures, which are influenced by the amount of available 

surrounding tissue for closure, and the type and depth of the wound. Wound closure devices 

are specifically designed to close a wound by holding the diseased, injured or incised tissue 

together with the help of one of the following devices: surgical sutures, staples, surgical 

zippers, clips, adhesive tape or adhesive strips, tissue adhesives and laser bonding. These 

devices are widely used to close cutaneous or skin wounds [9], and are designed and fabricated 

from various materials depending on the precise anatomical site and the function of the 

approximated tissues. These devices can either be fabricated from permanent or biodegradable 

materials depending on the longevity of their active function in vivo [18]. 

Surgical sutures are a type of wound closure devices that has been used for millennia, and 

they were and are used to hold the injured body tissues together after an injury or a surgery. 

Surgical sutures are classified by the US Food and Drug Administration (FDA) as either a 

Class II or a Class III medical device. Based on the surgical sutures market size report of 2022-

https://doi.org/10.3390/bioengineering10040419
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2023, the global suture market was valued at USD 4.2 billion in 2021 and is expected to have 

an annual growth of 5.8% from 2022-2030. 

Sutures contribute to the largest percentage of devices used for wound closures yet there is 

no standardized method for securing them [17]. Sutures are most effective and critical 

component of wound, surgery and trauma management has they hasten the wound closure and 

healing process [9], [19]. In ancient days of performing surgical procedures, sutures were the 

most used wound closure devices since they can be sewn into the surrounding tissues in order 

to close the wound more effectively in comparison to other devices [18]. Proper approximation 

of the wound edges and corners is paramount to proper wound closing technique. This includes 

the placement of the sutures either subcutaneously or into deepest layer of tissues; meanwhile 

in some other cases the wounds might require only a single layer of wound closure [20].   

2.1.2 Suture thread materials 

Surgical sutures can be classified based on their origin as natural or synthetic that are 

processed and manufactured from absorbable or non-absorbable material that has a structure 

of either a monofilament strand or a multifilament/ braided strand. The suture materials are 

classified as absorbable and non-absorbable depending on their characteristic nature and 

anticipated ability of being resorbed into the host body. There is constant improvement in the 

different classes of surgical sutures which depends on their material properties and their ability 

for wound approximations [19]. The classification of these surgical suture materials that have 

been commercially used depends on the need and requirement for a specific type of procedure 

where they are being used (Figure 2-1) [21], [22]. 

Absorbable sutures are made from polymers that degrade through enzymolytic or hydrolytic 

degradation mechanism, which means the polymer structure breakdown through chain 
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scissions where either enzymes catalyze the degradation or water molecules penetrate into the 

structure. Contrarily, non-absorbable suture is a surgical suture produced from a material that 

is unaffected by biological activities occurring within the body tissues and therefore remain 

permanent unless removed after the wound has healed [19]. Absorbable sutures lose their 

mechanical strength before they are completely absorbed by the tissues. One type of absorbable 

sutures is the gut suture which lose their strength in 4-5 days while the chromic gut sutures 

(i.e., the gut sutures that are treated with chromic acid salts to improve their degradation rate) 

can last up to 3 weeks before they are completely absorbed [20]. These gut sutures are 

commonly used for wound closures after the surgical procedures are performed.  

Figure 2-1. Classification of suture material types [21] 

Suture materials are often chosen based on the type of wound; biological performance and 

the biomechanical properties of the biomaterials employed. Based on the two factors, the 

biological performance of the material plays a major role during selection since the suture 

material is the one that is in contact with the surrounding tissues. The surgical sutures have 

three main considerations during surgeries that are namely, (i) Type of suture; (ii) Suture tying 
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technique and (iii) Configuration of the suture loops [23]. The factors for selection of an 

appropriate suture material for a particular type of surgery is dependent on the following 

factors, namely, (i) Number of tissue layers involved in closure of wound; (ii) Desired tension 

across the wound; (iii) Depth of suture placement; (iv) Expected time of suture removal (in 

case of non-absorbable sutures); (v) Preferred level of inflammatory reaction [19].  

Monofilament sutures are preferred for the manufacturing of barbed sutures since the barbs/ 

projections are easier to be cut from monofilament sutures in contrast to multi-filament/ 

braided sutures. When the barbs are cut from the multifilament sutures, due to the movement 

of the blades the suture fails to remain intact and suture strands may protrude resulting in 

failure of the entire suture. In the beginning, these barbed sutures were being prepared from 

synthetic aliphatic polyester sutures namely, Poliglecaprone, polyglycolic Acid- 

Poly(caprolactone) (PGA-PCL), and polydioxanone (PDO) which were commercially 

available in the market as Quill SRSÈ and MonodermÈ sutures [19]. The most recent material 

that is being used for barbing is the poly (4-hydroxybutryate) (P4HB) sutures due to their 

superior mechanical and biocompatibility properties compared to the other synthetic barbed 

sutures [10]. 

2.1.3 Suture size 

When surgeons perform a surgical procedure, the strength of the suture is a very essential 

factor since the material has to withstand the tension of pulling through the tissue and the 

frictional tension occurring during rubbing against the tissue. Out of many criteria to classify 

the suture materials, one of them is based on their size or diameter of the suture which is known 

as suture size. The criterion of suture size is very important since if the suture is too fine for 

the specific incision, it might break before the tissue heals while if it is too large or thick, the 
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tissue conforms to the suture when the opposite should occur within to have effective wound 

healing and when the suture size is too large, there is greater opportunity for foreign material 

to enter and cause tissue and/ or immune reaction.  

There are currently 2 standards to standardize suture sizes which are United States 

Pharmacopoeia (USP) and European Pharmacopoeia (EP). In North America and other parts 

of the United States of America, the USP way of detailing the suture size is prevalent.  

The suture sizes vary for collagen and synthetic sutures which is summarized in Table 2-1. 

Earlier, the finest suture used was a Silk size 0 suture but with the advancements in technology 

to manufacture finer sutures, the USP standards now use two numerals to identify a suture 

(such as 2-0 and 8-0) finer than size 0. In this method of classification, as the first numeral is 

higher, the diameter of the suture is smaller [9].   

Table 2-1. USP standard suture size chart for collagen and synthetic sutures and their 

corresponding average diameters 

USP Size 
Collagen Suture Synthetic Sutures 

Metric Size Diameter Range Metric Size Diameter Range 

#7 - - 9 0.900-0.999 

#6 - - 8 0.800-0.899 

#5 - - 7 0.700-0.799 

#4 8 0.800-0.899 6 0.600-0.699 

#3 7 0.700-0.799 6 0.600-0.699 

#2 6 0.600-0.699 5 0.500-0.599 

#1 5 0.500-0.599 4 0.400-0.499 

#0 4 0.400-0.499 3.5 0.350-0.399 

#2-0 3.5 0.400-0.399 3 0.300-0.339 

#3-0 3 0.300-0.339 2 0.200-0.249 

#4-0 2 0.200-0.249 1.5 0.150-0.199 

#5-0 1.5 0.150-0.199 1 0.100-0.149 

#6-0 1 0.100-0.149 0.7 0.070-0.099 

#7-0 0.7 0.070-0.099 0.5 0.050-0.069 

#8-0 0.5 0.050-0.069 0.4 0.040-0.049 

#9-0 0.4 0.040-0.049 0.3 0.030-0.039 

#10-0 - - 0.2 0.020-0.029 



 

11 
 

2.1.4 Attachment of needles 

Barbed sutures have needles attached on one side if unidirectional and on both sides if the 

suture is a bidirectional barbed suture. The suture needles are made of stainless steel, and they 

are chromic treated in order to increase their corrosion resistance. The suture needles are of 

different types namely, straight, half-curved (also known as ski), curved and compound curved 

needles and there are four types of curved needles: 1/4 circle, 1/2 circle, 3/8 circle and 5/8 

circle needles [9], [24]. The suture needle is selected using their anatomical measurements of 

needle length, needle diameter, its curvature (needle body) and the cut which is the point of 

insertion (Figure 2-2).  

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 essential parameter when selecting a suture needle since only 

when the diameter of the needle is closer to the diameter of the suture, the wound trauma and 

internal bleeding and leakage can be prevented from occurring during the surgical procedure. 

Figure 2-3 shows a suture swaged with a suture needle. The attached needles have various 

types of tips which is the point which first penetrates into the tissue before the suture itself. 
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Needle points include the following, taper point, taper cutting, reverse cutting, spatula cut, 

prime reverse cutting, diamond cut, and conventional cutting (Figure 2-4) [9], [24].  

Figure 2-3. Illustration of suture swaged with a suture needle [24], [25] 

Figure 2-4. Different needle points and bodies [26] 

The suture is attached to the needle at its swage which is the ñeyeò of the needle. The needle 

diameter is not a critical characteristic to be considered for conventional sutures, but they are 

very critical when it comes to barbed sutures. The reason why needle diameter is very 

important is that thinner the needle, the smaller the incision hole which enables the barbs to 

engage more with the surrounding tissues resulting in higher anchoring strength and less likely 

to fall out of place. Moreover, the needle diameter should be as close to the suture diameter to 

hold the suture intact during surgical procedures. The predominant shape of the needles used 
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during the surgical procedures are the 3/8 circle or 1/2 circle. Different surgical procedures 

require different surgical needles since the location and type of tissue that the needle needs to 

penetrate into in order to allow the suture material to pass through for wound closures is 

different.  

In Corza medicalôs suture needles guide, there are different shapes of needles specific for 

different surgical procedures. Taper point needles are used for soft tissue closures such as 

vascular and most soft tissues below the skin, while taper cutting needles are used for 

penetration through tough tissues and for deeper wound closures. The reverse cutting needles 

are used for skin closures and for fibrous or ligamentous tissues. Besides these three needles, 

the premium reverse cutting, and precision conventional cutting are used for plastic 

reconstructive and cosmetic surgeries as they are preferred for delicate procedures. While 

different needle tip points are used for different surgeries, the needle body types are also 

variables. The straight needles are used for procedures involving tissues closer to the exterior 

where the tissue is accessible by hand and are less confined to the surgeons. As discussed 

earlier, the needle bodies of 3/8 circle and 1/2 circle are preferred for superficial thicker tissues 

[27]. Taper point, taper cutting, and diamond point needles are more commonly used with 

barbed sutures and recently, premium reverse cutting is also being used since they have shown 

to work well with delicate tissues and thereby providing better result in cosmetic and 

reconstructive surgeries.  

2.1.5 Suturing techniques 

Besides selecting the appropriate suture material and needle required for that specific 

wound, surgeons need to identify the right suture stitching pattern which depends on (i) type 

of the wound, (ii) location of wound, (iii) thickness of skin present through which the suture 
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needs to travel, (iv) degree of tension that would be experienced at that specific area in the 

body and (v) the desired aesthetic and cosmetic result [24]. An ideal wound closure technique 

would provide maximal wound eversion, maintain the tensile strength required to hold the 

tissues throughout the healing process and the patterns need to be easier for the surgeons to 

complete the closures and tissue approximations at a faster rate without any suture marks 

present around the location. The choice of these suture patterns depend on the configuration of 

the wound and the biomechanical performance and characteristics [26].  

Suture patterns are classified as (i) continuous or interrupted and (ii) inverting, everting or 

appositional. For most of the tissue approximations, the appositional suture pattern is preferred 

since it provides the best anatomical approximation leading to better surgical outcomes. The 

continuous suture pattern is faster to complete but the major drawback is that if a knot fails in 

this pattern it might result in complete disruption throughout the suture line. In the case of an 

interrupted pattern, there is better knot security but this technique increases the amount of 

foreign material in and around the wound causing infections and inflammatory responses 

within the host body [28]. In order to further classify the suture patterns, the different types of 

suturing patterns/ techniques are, (i) running continuous suture, (ii) horizontal mattress, (iii) 

vertical mattress, (iv) running subcuticular suture, (v) buried sutures and, (vi) simple 

interrupted sutures (Figure 2-5) [26].  

Figure 2-5. Different suturing patterns [24], [28] 
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2.1.6 Problems associated with conventional sutures 

For more than a century, surgical wound closure has been performed using conventional 

braided or multifilament sutures where the surgeon is required to tie knots to secure the suture 

in situ. Figure 2-6 represents the two different suture structures that are currently being used 

for wound closure. Both smooth monofilament and braided multifilament structures are 

currently being used for different types of applied stress and tension-free procedures in 

different anatomical locations.  Given the diversity of clinical applications, surgeons have 

reported that conventional sutures are associated with a risk of complications, like wound 

dehiscence, knot slippage, suture rupture and surgical site infections (SSIs). Traditional 

surgical sutures require knots to be tied where the thread ends and exits the wound. These knots 

result in an adverse inflammatory reaction and cause friction on the overlying immature scar 

tissue which can lead to rejection and "spitting" of the suture knot. 

One of the major disadvantages is related to knot slippage and suture failure. Since these 

sutures are composed of smooth monofilaments or braided multifilament yarns, they tend to 

slip within the knot, where the suture material is exposed to a combination of bending, 

compressive, tensile and shear stresses. Breakage or failure of the suture is caused by these 

combined forces all acting on the suture material within the knot which in turn results in wound 

dehiscence and tissue trauma. Because the knot generates a localized high stress concentration, 

the knot becomes the weakest point in the suture line. So, when the knotted sutures are 

embedded in the dermis at the wound site, they tend to break within the wound itself resulting 

in inflammatory and immune reactions within the host body. Sutures are used for closure near 

to or at the dermis which can result in wound rupture when there is extreme tension leading to 

patient discomfort and an inflammatory response by the host body[2], [8], [29]. Along with the 
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suture knot failure, the major disadvantage of braided monofilament sutures is that they are 

prone to attract bacteria that proliferate in the interstices between the filaments where they are 

shielded from the host's inflammatory response and results in wound infection [2], [3], [4].  

Barbed sutures are sutures which have projections along the length of the filament which 

promote self-anchoring within the surrounding tissues. These barbs help strengthen suture 

attachment at the wound site, and the operative time is reduced for surgeons who utilize these 

barbed sutures during their surgical procedures. In contrast to conventional smooth 

monofilament sutures, barbed sutures are associated with less stress relaxation since the 

projections are located along the entire length of the filament, thereby resulting in a lower and 

more uniform retention force distribution. Since barbed sutures are manufactured using 

monofilaments without any internal pores, there are fewer infections and a reduced risk of an 

immune response from the host body. Using these barbed sutures in place of conventional 

sutures is also more economically feasible since barbed sutures are more efficient than smooth 

filaments, and fewer sutures are required for the same surgical procedure with superior surgical 

outcomes [5], [30], [31], [32], [33]. 

Figure 2-6. Typical suture threads used in surgical procedures (A) Smooth monofilament 

suture. (B) Braided multifilament suture (C) Plurality of barbs on the periphery of a 

monofilament suture 

2.2 Barbed sutures 

Suturing and closing bodily tissues after internal surgery is a time-consuming process.  But 

it is equally important, as with any implantable medical device, that the sutures be inserted in 
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the adjoining tissue meticulously and with precision. Because if there are openings, non-

uniformities or discontinuities in the stitching pattern, the risk of wound rupture and dehiscence 

increases significantly. Unfortunately, when this happens there is a need to repeat the surgical 

procedure and cause discomfort to the patient who has previously experienced trauma. So in 

order to reduce the risk for both the surgeon and the patient, this barbed suture design with a 

plurality of projections along the surface makes the operative procedures both more effective 

and time efficient. The design and concept of barbed sutures has been known for over a century, 

but they have drawn little attention due to the lack of applied biomedical research and their 

limited use in clinical practice [10]. Since their approval by the Food and Drug Administration 

in the US in 2007, barbed sutures have been used in various surgical procedures primarily for 

plastic and cosmetic surgery. 

2.2.1 History of Barbed sutures 

The inspiration for the development of barbs on the surface of surgical monofilament 

sutures came from the structure of a porcupineôs quill where the barbs are designed with the 

intention of securely adhering to the surrounding tissue[29]. The use of barbed sutures in 

medical applications was first mentioned in the mid-1950ôs, and the first US patent that 

described barbed sutures was published by Dr. John Alcamo in 1964 showing the possibility 

of developing a monofilament suture from fibers, filaments or threads with a rough, bumpy 

and jagged surface.  These surgical sutures are currently known as barbed sutures[6].  In his 

patent, Dr. Alcamo had reported the design of these sutures (Figure 2-7) with unidirectional 

projections, teeth, or depressions which would enable surgeons to use these sutures for tissue 

approximation without the need to tie a knot. Since his designs were all unidirectional, 
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surgeons had to ñdouble backò to ensure complete closure of an incision or an open wound [6], 

[9], [10], [29].  

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

depressions [6] 

In 1967, Dr. Alan McKenzie was granted a UK patent (GB 1091282-A-Sutures) for a 

bidirectional barbed suture design.  He mentioned that the sutures were made of nylon, silver, 

stainless steel, or tantalum filaments. Dr. McKenzie had also mentioned that the bidirectional 

barbed sutures would facilitate the handling and widen the potential applications for surgeons 

since they were not required to ñdouble backò as described earlier by Dr. Alcamo with his 

unidirectional barbed suture design [9]. 

In 1978, Taichiro Akiyama claimed in his patent that the projections on the surface needed 

to be spherical in shape and molded at specific fixed intervals along the length of the suture 

(Figure 2-8). Based on Akiyamaôs claims, these projections can be molded in three different 

shapes, like a cone or a bowl. Akiyama also mentioned that this design can be used as a ligature 

specifically to ligate or close a ruptured blood vessel. He designed these knotless sutures as a 
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replacement for conventional sutures that have a tendency to slip after the suturing procedure 

[10], [34]. 

Figure 2-8. Taichiro Akiyama's design of a knotless suture with molded spherical projections[34], 

[35] 

In 1993 Inbae Yoon published a patent that focused on the design of a surgical closure device 

that can be used effectively by surgeons performing endoscopic surgery. In his patent, he 

included a number of designs with tapered barbs but without a needle attached at the end of 

the suture (Figure 2-9). Instead of a needle, the designs had a sharp distal end that performs 

the task of the surgical needle by penetrating the surrounding tissues during surgery[10], [36].  

Figure 2-9. Surgical device with tapered or whisker-like barbs for endoscopic surgeries [36] 

Dr. Gregory L. Ruff published two patents on barbed sutures as tissue connectors in 1994 

and 2001. He reported that the concept of using barbs eliminates tissue scarring; reduces the 

risk of tissue necrosis and is associated with shorter operating times during clinical practice 

[10]. The barbed tissue connector may not be flexible like a traditional suture, but it has 

sufficient resilience to integrate with surrounding tissue. The design mentioned in the patent in 

1994 had a conical array of barbs present on the circumference of the suture (Figure 2-10) [11]. 

These barbs may well have been inserted by hand or by an assisting device, in order to avoid 

disrupting the barbs present in the uniformly distributed bidirectional barbed sutures. In the 
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bidirectional barbed suture design mentioned by Dr. Ruff, the barbs are able to yield or collapse 

when pulled through tissue in the direction of insertion, but they stand up in a rigid 

configuration when pulled in the other direction since the barbs engage with the surrounding 

tissue. This results in easy suture insertion and improved anchorage with surrounding tissues. 

This anchoring mechanism of the barbs makes the sutures more effective and efficient when 

compared with conventional sutures which require the time-consuming process of tying knots 

and the higher risk of scarring, tissue necrosis and wound ischemia [10], [11], [37]. 

Figure 2-10. Dr. Gregory Ruff's conical barb design of a tissue connector [11] 

More recently in 1999, Harry J. Buncke, the father of modern microsurgery, published a 

patent in which the innovative concept of barbed sutures was mentioned along with the 

technique to cut these barbs or projections along the surface of the suture. In his patent, he also 

mentioned that barbed sutures can be manufactured through either physical cutting or laser 

machining. Buncke also introduced various suturing techniques using barbed sutures that can 

be used for facelifts and brow lifts in cosmetic surgery. For the one-way unidirectional barbed 

sutures, he recommended using paired sutures so as to maintain anchoring in both directions 

(Figure 2-11) [13]. 
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Figure 2-11. (A) Harry Buncke's unidirectional barbed suture with barbs cut in a conical sequence 

and (B) a cross-sectional view  of the barbed suture [13] 

In 2003, the researchers Steven D. Morency and Jeffery S. Jones described in their patent a 

type of barbed suture made from a flat filament with a rectangular cross-section and the barbs 

were created along the lateral edges of the filament (Figure 2-12). They demonstrated that the 

barbs have the ability to collapse and flex inwards permitting easy insertion into tissue. On the 

other hand, when stress is applied in the opposite direction, the barbs stiffen and resist 

displacement. In their patent they mentioned different barb configurations, such as straight and 

curved, sharp and rounded, and convex and concave geometries. As the barbed sutures were 

made from flat sheet material, they were fabricated by processes such as photo-chemical 

etching, injection molding, stamping and progressive die cutting [10], [31]. 

Figure 2-12. Morency and Jones' barbed suture, fabricated from a flat sheet with the barbs cut along 

the lateral edges [31] 

In 2015 Avelar et al reported a new barbed suture design in which different barbed and non-

barbed zones along the monofilament suture were clearly specified and distinguished from 

A 
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each other. They also clearly delineated any change in direction in a bi-directional barbed 

suture. In the patent they mentioned the use of a laser system to indicate the difference in 

features on surface of these monofilaments as shown in Figure 2-13. They described this 

process of differentiation as a technique to improve the efficiency and functionality of the 

suture, as well as assist the surgeon to easily identify the different features of the wound closure 

device during the stressful operating room environment. As the field of surgery moves towards 

greater automation and the use of indirect robotic arms, the innovation of delineating any 

change in features and ensuring that this information is an integral part of the delivery system 

will reduce clinical complications and improve surgical outcomes [38].  

Figure 2-13. Avelar et al included laser markings indicating the barbed and non-barbed sections of 

the barbed suture [38] 

Ever since the patent published by Dr. Alcamo in 1964, a barbed suture design has evolved 

through a number of patents published by the United States Patents and Trademark Office 

where different researchers have described different barb designs that may be efficient and 

functional in facilitating various surgical procedures. Nevertheless, not all designs and ideas 

claimed in the patents have been scaled up and translated into commercial products that can be 

profitable to the healthcare and medical device industry. Some of the ideas and designs listed 

above illustrate the evolution of barbed sutures during the past six decades. The barbed suture 

design published by Dr. Gregory Ruff in his patent published in 1994, which was inspired by 

the porcupine quill, is the current commercial design known as the QuillTM barbed suture. This 

and other commercial barbed sutures are described below in Section 2.  
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2.2.2 Techniques of producing barbed sutures 

Barbed sutures are self-anchoring sutures and so there occurs no slippage, which can be 

problematic with conventional sutures which require knots. The knotless sutures are currently 

manufactured on poly (dioxanone) (PDO), polypropylene (PP) and other commercially 

available synthetic filaments (Figure 2-14). 

Figure 2-14. Image of a 2-0 Polypropylene (PP) Bi-directional Barbed suture [5] 

These barbed sutures have barbs in a spiral/ helical array positioned on the circumference 

of the sutures. The barbs projecting from the barbed sutures can be produced through either 

mechanical or laser cutting techniques (Figure 2-15). Barbs produced through physical 

processes can be done in two different approaches. One is by using a stationary blade assembly 

where the blades are aligned with each other with fixed parameters of angle of inclination (barb 

cut angle) and depth of projection (barb cut depth). In the second approach, two rotating wheels 

with blades are used to produce the structure. In the latter case, the wheels rotate and push the 

suture forward while producing parallel barbs on the lateral sides. The third distinctive 

approach mentioned by Buncke and Hoffman in their patent was the use of a laser system that 

can produce the structure based on the material removal/ ablation mechanism (i.e.,) either by 

working at the location where the barb needs to be or at the locations between the barbs while 
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leaving the barbs undisturbed. In both cases, the end result is the required structure with barbs 

on the circumference or sides of the suture monofilament [13], [39].  

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 (C) Producing barbs based on the laser ablation 

mechanism [13] 

2.2.3 Single barb geometry 

The geometry of the barb is important to establish the functionality and performance of the 

particular barbed suture. The reason for this is that different surgical procedures require 

different barb geometries in order to optimize anchoring with the surrounding tissues. It is 

important to note that there are many different types of tissue within the human body and they 

each have their own structural and organizational characteristics and their unique mechanical 

performance. The two major barb parameters that need to be chosen appropriately are the barb 

cut depth and barb cut angle (Figure 2-16) [15]. 

 

A 
B 
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Figure 2-16. Geometry of a single barb [14] 

2.2.4 Morphological preferences 

The length of the barb can be calculated from cut depth and cut angle of the barb using the 

following formula:  

ὒ
Ὀὧ

ίὭὲρψπ—
 

Where Lc is the length of the barb cut from the main suture filament, DC is the cut depth and 

ɗc is the cut angle as represented in Figure 9. Depending on the type of surgical procedure such 

as incisional or wound closure, the barb parameters will vary in order to meet the mechanical 

requirements and avoid suture line failure or wound dehiscence. Along with these parameters, 

the number of barbs present along the suture line is important since it will determine the 

anchoring capacity of the suture once installed [2], [14], [15].  

Barb stiffness is an essential criterion that determines how a barbed suture will perform 

during and after surgery since the barb is the component that acts as an anchor with the 

surrounding tissues. A shorter cut depth will result in a stiffer and shorter barb which may lead 

to difficulty in penetrating and anchoring surrounding tissue. Surgical procedures that involve 

tendons and ligaments require barbs with a smaller cut angle and a deeper cut depth in order 

to achieve efficient anchoring. In the case of dermal surgery, the barbs need to have both a 
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deeper cut depth and a larger cut angle in order to provide better anchoring to the skin tissue 

which is flexible, preferentially aligned and thinner than a tendon or ligament [14], [15]. 

The shape, size and morphology of the barbs has a significant influence on the tensile 

properties and retention strength of the barbed sutures. The cut depth is inversely proportional 

to the tensile strength of the suture.  In other words, the deeper cut depth, the lower the tensile 

strength of the monofilament suture, because, as more material is removed, the cross-sectional 

area that can support a tensile load is reduced. In the traditional case of monofilament and 

multifilament sutures, the tensile strength of the suture is reduced by approximately a half 

when securing knots, since the knot causes the concentration of many different forces at the 

same location which then becomes the weakest point in the suture line. It is recommended 

when using barbed sutures to follow a sinusoidal suture pathway because a curved suture line 

causes the barbs to stand out and generate improved anchoring with the surrounding tissues. 

The undulation in the suture line also imparts elasticity and reduces the risk of suture breakage 

which is a major concern for traditional smooth monofilament and multifilament sutures that 

require knotting. The barbs or projections are located along the whole length of the suture, 

which means that barbed sutures do not migrate to the zone of maximum tension which often 

occurs during and after surgery with traditional knotted sutures thereby reducing the efficiency 

and functionality of open hernia repair and generating longer scars in vivo [4], [12], [14], [40]. 

2.2.5 Skin anatomy and requirement of cosmetic surgeries 

2.2.5.1 Biology of skin tissues 

Skin is the largest organ in the human body which is organized into a number of layers 

which are thin and discrete. These layers are stacked in a fashion to create a sheetlike organ 

that covers the entire body. Skin acts as a barrier and protects against physical, thermal, and 
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mechanical impacts, hazardous toxic chemicals, microorganisms, and radiation. Skin consists 

of neural networks and receptors which function based on the environmental stimuli and 

determine the different sensations like heat, cold, touch and pain. Skin also aids in regulation 

of body temperature, prevents the loss of bodily fluids, and also synthesizes vitamin D. The 

organ skin consists of three different layers namely, epidermis, dermis and hypodermis 

(subcutaneous layers) (Figure 2-17)  [41], [42].  

Figure 2-17. Biological structure of skin [43] 

Epidermis is the outermost layer which performs the function of protecting the internal 

layers and organs from extreme changes in the environment. It consists of 4 or 5 individual 

layers depending on the location in the body. The layers are stratum corneum, stratum lucidum, 

stratum granulosum, stratum spinosum, and stratum basale [10], [44] (Figure 2-18). There are 
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several accessory structures or appendages, including different glands, hair follicles, and nails 

that are present within the layers of the skin which are critical for functioning of the skin.  

Keratinocytes are the primary and principal cell type that make up ~90-95% of the 

epidermis. They act as the protective barrier and play an important role in the immune system 

by secreting the cytokines which aid in mediating the inflammatory and immune responses 

[44]. Keratinocytes are cells that move from the bottom towards the top where they migrate 

and proliferate from the basal layer and differentiate in the upper epidermal layers [41]. As the 

progression of these keratinocytes takes place, the phenotype also changes and this alteration 

in the phenotype corresponds to the variation in the expression of keratins, main structural 

protein of keratinocytes. The keratins are alpha-helical proteins which are classified as either 

acidic (type I) or basic (type II). The keratinocytes in the basal layers have a more basic 

expression (i.e., keratins 5 (acidic) and 14 (basic)), whereas the more differentiated cells in the 

outer epidermal layers express keratins 1 (acidic) and 10 (basic) [42], [44]. The keratinocytes 

migrating up to the stratum granulosum are known as granular cells and they bind the keratin 

protein filaments together. While the cells transit from stratum granulosum to stratum corneum, 

they secrete a hydrophobic lipid barrier when simultaneously losing nuclei and organelles. The 

stratum lucidum is found only in skin found on palms of your hand and bottom of your feet 

where there is thicker skin compared to other areas of the body. The cells found in the outer 

most layer, stratum corneum (cornified layer) are known as corneocytes and stratum corneum 

is the layer which maintain the balance between the loss of dead cells (desquamation) and 

growth or production of new cells. [10], [45]. Desquamation occurs due to normal 

physiochemical environmental conditions of pH, hydration, etc. [41]. 
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Besides keratinocytes, the epidermis also houses other cells namely, melanocytes, and 

dendritic cells such as Langerhans cells and Merkel cells. Melanocytes are responsible for 

secreting the melanin pigment which provides skin pigmentation and acts as an UV barrier and 

protects the internal layers and organs. Langerhans cells are bone-marrow derived cells which 

are responsible for the neural functions and the Merkel cells are responsible for the 

transmission of sensory information from skin to the sensory nerves [45], [46]. 

Figure 2-18. Histological (left) and cellular (right) structure of the five strata of epidermis [47] 

Dermis is the second layer underneath the epidermis which consists of connective tissues 

which acts like a cushion for the body different mechanical and environmental stresses and 

strains [42]. Dermis is a thick and discrete layer which is rich in extra-cellular matrix (ECM) 

components and contribute to the strength, flexibility, density, toughness, and structure to the 

skin [41], [44]. Within the dermis, a vast network of fibrillar and amorphous connective tissues 

supports the dermal cellular components (fibroblasts, mast cells, plasma cells, lymphocytes, 

dermal dendritic cells, and histiocytes), vascular and neural networks, appendages, and ECM 

proteins (collagen, elastin, and ground substance). Apart from the above mentioned 
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components, dermis also consists of blood vessels, lymphatic channels and sensory nerves 

(free nerve endings and end corpuscles, including Pacinian corpuscles which sense vibration, 

and Meissner corpuscles which are responsible for tactile and pressure sensations) [41], [45]. 

Dermis is sub-divided into two layers: papillary dermis and reticular dermis (Figure 2-16). 

Papillary dermis is a thin superficial layer which has a loosely arranged matrix with finer 

collagen bundles while the reticular dermis is the thicker layer which has densely packed 

coarser collagen bundles [41]. Papillary dermis is in contact with the Basement- Membrane 

Zone (BMZ) or the Dermal-Epidermal Junction (DEJ) wherein the regulation of nutrients from 

the dermis to the epidermis takes place and vice versa and BMZ is the anchor for the epidermis 

to the dermis layer. While the reticular dermis is in contact with the cutis of the subcutaneous 

layer or hypodermis (Figure 2-19) [46].  

Fibroblasts are the main cellular component of the dermis which are responsible for the 

production and secretion of the ECM molecules collagen, elastin and glycosaminoglycans 

(GAGs) that are found in the skin [44]. Fibroblasts are integral to epithelial-mesenchymal 

interactions crucial for the development, repair, and regeneration of skin. The most 

predominant collagen type secreted by these fibroblasts are the type I (reticular dermis) and III 

(papillary dermis) which constitute ~70% of the dry weight of the dermis. Elastin is the ECM 

protein responsible for the resiliency of skin and is less tough than collagen molecules and 

accounts for ~5% of total weight (dry state) of dermis. GAGs are the major organic ECM 

components, and the most abundant polysaccharides present in the body. The hyaluronic acid 

(HA) is the key component which acts like the water reserve in the dermis and are well 

recognized for signaling functions and epidermal differentiation [45], [46].  
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Figure 2-19. Histological image obtained through Hematoxylin-Eosin (H&E) staining of skin 

showing papillary and reticular dermis [48] 

Panniculus or hypodermis is the innermost layer of the skin and is composed of lipocytes 

or adipocytes. It is the layer that helps in the attachment of the skin with the muscles and bone. 

The hypodermis or subcutis acts as an energy reserve as it contains almost 80% of the body 

fat. As it is the energy reserve of the body, it helps in insulation and maintenance of the body 

contours. This layer consists of loose connective tissues made up of mostly collagen, fat 

tissues, large blood vessels, and nerves (Figure 2-17) [41], [44], [45], [46]. 

2.2.5.2 Aging of human skin and cosmetic surgery 

As understood from the biology of skin, it is known that skin is a complex material which 

exhibits non-homogeneous, anisotropic, nonlinear and viscoelastic mechanical behavior [42]. 

Skin, like all other organs, undergoes significant changes in its functions as there is progressive 

deterioration to its morphological and physiological characteristics with age. Even though all 

the other organs within the human body undergo aging the first visible evidence as an effect of 

aging is provided by the skin. Cutaneous or Skin aging is an intricate process which involves 

two simultaneously occurring processes: intrinsic and extrinsic aging [43]. Intrinsic aging is 
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an irreversible degenerative process which is a time dependent change occurring in all tissues 

within the human body. Extrinsic aging is dependent on the environmental factors like UV 

radiation (photoaging of skin) and dyspigmentation [42]. Intrinsic aging is also known as 

chronological or natural aging which occurs due to decrease in the proteins (collagen, and 

elastin), reduction in vascular response, and genetically programmed dermal and subcutaneous 

tissue atrophy [42], [43].  

Skin aging is a natural process. Nevertheless, cosmetic surgery can slow down the aging 

process. Uniquely, through cosmetic surgical procedure the tissues of the body can be 

transformed on the basis not as a cure to diseases but to meet the desire of people seeking 

youthful appearance. Cosmetic surgeries are an option that can be performed on normal body 

by utilizing scientific intervention and artistic creativity [10], [49]. According to the 2020 

American Society of Plastic Surgeons (ASPS) statistics report, 15.6 million cosmetic surgeries 

and about 13.2 million minimally-invasive surgeries are being performed in the United States 

[1]. Common cosmetic surgeries include rhytidectomy (face-lifts), strabismus surgery 

(correction of eye muscles), rhinoplasty (nose correction), breast augmentation and 

abdominoplasty (tummy-lifts) [50]. Suture suspension technique is the most commonly used 

technique to reconstruct the loose and flabby tissues to a tighter and younger-looking site 

during cosmetic surgeries. One of the classical suspension techniques is the superficial muscle 

aponeurotic suspension (SMAS) lift which is also known as rhytidectomy. In this suspension 

technique, the face muscles are tightened by removing the excess skin and fat.  An alternative 

and less invasive technique is the minimal access cranial suspension (MACS) lift (Figure 2-

20), wherein the suture is anchored in the deep temporal fascia and suture loops are used to 

elevate the loosened/ sagging tissues. This technique has much less skin excision and less 
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complicated in comparison to SMAS lift [10], [51]. After the discovery of the innovative 

barbed sutures, these cosmetic surgeries have been performed using barbed sutures since they 

exhibit better surgical outcomes and less scarring compared to conventional sutures. 

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

looped in a purse-string fashion [51] 

2.2.6 Role of barbed sutures in various reconstructive surgeries: benefits and 

complications 

Barbed sutures can be used in several surgical situations such as emergency room 

procedures, general and thoracic applications, urological surgery, orthopedic and hand 

applications, obstetric and gynecological procedures, hair restoration and in the majority of 

plastic, reconstructive and cosmetic applications [52].  

2.2.6.1 Aesthetic surgeries 

Cosmetic and plastic surgical procedures are performed on both healthy individuals and 

injured patients by using clinical interventions and artistic creativity to improve the patients 

appearance and body image [10], [49]. According to the 2020 American Society of Plastic 

Surgeons (ASPS) statistics report, 15.6 million cosmetic surgeries and about 13.2 million 
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minimally-invasive surgeries are performed each year in the United States [1]. Common 

cosmetic procedures include rhytidectomy (face-lifts), strabismus surgery (correction of eye 

muscles and droopy eyelids or ptosis repair), rhinoplasty (nose correction), abdominoplasty 

(tummy-tucks), and breast augmentation and reduction procedures [50]. A suture suspension 

approach is the most commonly used technique to reconstruct loose and flabby tissue to a 

tighter and younger-looking appearance during cosmetic surgery. One of the classical 

suspension techniques is the superficial muscle aponeurotic suspension (SMAS), which is also 

known as rhytidectomy. In this suspension approach, the face muscles are tightened by 

removing excess skin and fat.  An alternative and less invasive technique is the minimal access 

cranial suspension (MACS) as represented in Figure 2-20, when the suture is anchored in the 

deep temporal fascia and suture loops are inserted to elevate the loose and sagging tissues. This 

technique involves much less skin excision and is less complicated when compared to the 

SMAS lift [10], [30], [51]. Since the development of barbed sutures, these cosmetic surgical 

procedures have been performed using barbed sutures since they exhibit better surgical 

outcomes and less scarring compared to conventional sutures. Table 2-2 lists the various 

modified sutures that are currently or have previously been used in cosmetic and plastic 

surgical operations. 
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Table 2-2. Comparison of different available barbed suture devices [30] 

Suture Name Description Suture Placement 

Aptos TM Thread (Tbilisi, 

Georgia) 

Bidirectional, non-absorbable barbed 

suture 
Free floating 

Contour TM Thread (Tbilisi, 

Georgia) 

Unidirectional, non-absorbable, looped 

or non-looped barbed suture 
Anchored proximally 

Isse Endo Progressive Facelift 

Suture (Tbilisi, Georgia) 

Unidirectional, nonabsorbable barbed 

suture 
Anchored proximally 

Silhouette Mid-Face Suture 

(Suneva Medical Inc., San 

Diego, California) 

Non-absorbable suture material with 

absorbable knots at 10-mm intervals 
Anchored proximally 

Woffles Thread (Kolster 

Methods Inc, Corona, California) 

Bidirectional, non-absorbable barbed 

suture doubled in a sling format 
Anchored proximally 

V-Loc TM Wound Closure Device 

(Medtronic, New Haven, 

Connecticut) 

Unidirectional, knotless, absorbable 

barbed suture 

Anchored or not 

anchored 

QuillTM Knotless Tissue-Closure 

Device (Corza Medical Inc., 

Westwood, Massachusetts) 

Absorbable and non-absorbable, 

knotless, bidirectional barbed suture 

with central non-barbed segment 

Anchored or not 

anchored 

STRATAFIXTM (Ethicon Inc., 

Somerville, New Jersey) 
Bidirectional, absorbable barbed suture 

Anchored or not 

anchored 

The use of bidirectional barbed sutures instead of conventional monofilament sutures has 

obvious advantages of increased speed of placement, easier handling and the freedom from 

tying knots as seen in the purse-string effect. Several clinical studies were performed in order 

to understand the clinical significance and efficacy of barbed sutures, and it was reported by 

all the surgeons that the use of barbed sutures significantly reduced the closure time when 

compared to traditional sutures. Procedures like abdominoplasty, brachioplasty (upper arm 

lift), and mastopexy (breast lift) require the approximation of three layers of tissue; namely the 

superficial fascia/ deep tissue, deep dermis, and superficial dermis. The approximation of these 

three layers using a traditional suturing technique with conventional sutures requires three 

separate sutures, but when using bidirectional barbed sutures only 2 running sutures are 
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required and the closure time is reduced by approximately 50%. Figure 2-21 represents the 

gradients of tension experienced by the surrounding tissues when a bi-directional barbed suture 

is deployed during tissue approximation [52]. 

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. (C) U-shaped deployment results in the 

forces on the barbs being opposed by the bend in the U, rather than by the opposing barbs 

[30], [52] 

Innovative barbed surgical sutures play an important role in the ñlunch timeò facelift 

procedures since patients prefer the least invasive or non-invasive surgeries. Facial 

rejuvenation for transforming facial aging has evolved from tension-based procedures such as 

mini face-lift to various subcutaneous, sub-SMAS and sub- periosteal planes of dissection. 

Atiyeh et.al, investigated the efficacy of barbed sutures used for ólunch timeô facelift surgeries. 

ñLunch timeò facelift surgery is a procedure which avoids large incisions, significant 

undermining, or substantial recovery time. The study was focused on the different variations 

A 

B 

C 
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of barbed sutures namely, short AptosTM threads (Tbilisi, Georgia) for AptosTM lift or Feather 

lift procedures, long Woffles threads (Kolster Methods Inc., Corona, CA) that were preferred 

for suspension of sagging tissues, and ContourTM threads which had unidirectional barbs with 

an anchor loop on one end which are known as Feather lift extended Aptos TM length threads, 

that were used in different facial rejuvenation surgeries in earlier days when barbed sutures 

were introduced as an alternative to conventional filaments. It was mentioned that barbed 

sutures are used in facial aesthetic surgeries which involve the lifting of brows, midface, lower 

face, and neck. The minor complications that were reported due to the use of barbed sutures 

were mild facial asymmetry, swelling, erythema, hematoma, slight discomfort, and scar 

formation at the entry and exit sites. When ContourTM threads were used for the facelift 

procedures, there were noticeable ecchymosis and swelling which persisted for many days to 

weeks. The study concluded that the use of barbed sutures can be an alternative tool for lifting 

ptosis tissues, but they are preferred to be used in open surgical procedures. And the choice of 

barbed sutures require careful evaluation and acceptance during open rather than laparoscopic 

procedures [53].  

Kaminer et.al, investigated the long-term efficacy of use of barbed sutures for minimally 

invasive thread-lift procedures. They studied the efficacy of AptosTM threads and the modified 

AptosTM threads (Isse Endo Progressive Face Lift SutureÈ) (Tbilisi, Georgia) which are 

unidirectional polypropylene sutures used in facelift surgical procedures. It was found out in 

this study that patients prefer surgeries which have high-quality results which are found in 

face-lifts which have less risk and downtime. The study was conducted to understand if the 

unidirectional, and anchored sutures had a long-lasting lifetime in order to support the aging 

of the skin. And the results were in favor of the barbed sutures as they provide support for a 
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period of 16 months with higher patient satisfaction in contrast to the monofilament or braided 

sutures [54]. 

Cortez et.al, in their study investigated the wound complications that arise while these 

barbed sutures are used for wound closures during plastic surgeries or other cosmetic 

reconstructions. In their study they had compared the two major commercial barbed sutures 

which were available in the market during their study which were the QuillTM (Corza Medical 

Inc., Westwood, MA) barbed sutures and the V-LocTM (Medtronic, New Haven, CT) sutures. 

The study involved patients who had undergone breast reconstruction, body contouring and 

complex free flap surgical procedures. The study involved both 1-layer closure and 2-layer 

closure using barbed sutures which were compared with the same procedure performed using 

the conventional sutures. They had reported that the use of barbed sutures reduced the risk of 

surgical site infections since when a conventional suture was used there was wound dehiscence 

secondary to knot failure and slippage. In this study, they had also observed that the 

conventional sutures (mainly the braided sutures) have greater affinity for bacterial adhesion 

in the interstices resulting in inflammatory response from the host immune system unlike the 

barbed sutures where there is no specific location along the suture line which acts like a 

bacterial attachment site. They summarized that the use of barbed sutures in cosmetic surgeries 

were advantageous over conventional sutures in terms of surgical risks and outcomes [8].  

Barbed sutures are used in reconstructive and plastic surgeries since these help the surgeons 

with effective and faster dermal approximation and they enable better tissue adherence and 

support both during and after the procedure is completed. While using barbed sutures the 

surgeons also found there is less suture material required while closing the dermal tissues and 

less operative time involved in contrast to traditional sutures.  
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2.2.6.2 Obstetric and gastrointestinal surgeries 

Barbed sutures have an interesting application in laparoscopic and plastic surgery due to 

their handling properties. They have been proven effective for performing end-to-end 

anastomosis ex-vivo procedures [55]. One of the most common gynecological procedure where 

barbed sutures are used is the caesarean surgery (C-section procedure). One other type of 

procedure which has been recently gaining attention is the surgical procedures involving 

laparoscopic techniques which involve suturing using a laparoscope. While using a 

laparoscope the requirement of tying knots would increase the operative time since it is difficult 

to place knots while performing laparoscopic procedures. The introduction of barbed sutures 

has improved the laparoscopic procedures as they do not require knots to be placed in order to 

engage with the surrounding tissues. In surgeries like closing the vaginal cuff during total 

hysterectomy have been benefitted with the use of barbed sutures where the closure time is 

reduced by approximately 40%-50% when compared to closing the cuff using traditional 

monofilament or braided sutures [52].  

Guisto et.al, conducted an analysis to compare the suturing techniques and surgical 

outcomes of two different barbed sutures, unidirectional versus bidirectional barbed sutures 

which were compared to monofilament sutures. Investigators reviewed earlier studies to find 

out the use of unidirectional barbed sutures had a higher risk of inflammatory responses and 

were more susceptible to complications than bidirectional barbed sutures. The complications 

were due to the extended suture with barbs visible and present at the end of the suture point. 

The researchers mentioned that barbed sutures were safe and effective to be used for end-to-

end anastomoses and the results were coincidental with a lot of other results published by 

surgeons and researchers on barbed suture efficacy and safety to be used in different clinical 
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applications. Similar to results published by surgeons previously, investigators of this study 

also reported that the use of bidirectional barbed sutures were easier, provided lesser drag and 

significantly reduced the operative time. In conclusion, they had mentioned that barbed sutures 

can be used in appositional, extra mucosal anastomosis since they helped in anastomotic 

healing, and suture holding capacity along with reduction in surgical time [55]. 

Greenberg and Einarsson reported that the use of bidirectional barbed sutures in 

laparoscopic and gynecological procedures was beneficial to both surgeons and patients. 

Barbed sutures help in tissue approximation during laparoscopic surgeries since during these 

procedures where tissue approximation is difficult and tying of knots can be arduous and 

cumbersome. Even though the suture material was being used in these surgeries for a very long 

time, the introduction of the barbed sutures was ground-breaking and created surgical results 

better than conventional monofilament sutures. When the surgical outcomes were evaluated 

post-surgery, both the surgeons and patients were satisfied with the outcomes in terms of 

excellent hemostasis generated when barbed sutures were used for ligations. The use of barbed 

sutures also reduced tissue trauma since tension is evenly distributed throughout the suture line 

in contrast to the conventional sutures where the tension is confined to the knots that are placed 

to hold the sutures in place. It was also reported that the bidirectional barbed sutures outshine 

the same size conventional suture material in both tensile strength and wound holding capacity 

measured in terms of anchoring with surrounding tissues. Greenberg and Einarsson envisioned 

that the use of barbed sutures would increase in total laparoscopic hysterectomies, 

myomectomies and other gynecological procedures as it is an encouraging tool for both 

surgeons and patients involved [56], [57].  
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Demyttenaere et.al, studied the advantages and complications of V-LocTM advanced wound 

closure device (Medtronic, New Haven, CT) when used in laparoscopic surgeries. In this study, 

the researchers investigated the advantages and uses of V-LocTM sutures (type of barbed 

sutures) in gastrointestinal enterotomy closures. As mentioned earlier, laparoscopic surgery is 

a surgical technique which involves suturing with limited visualization and thereby requires 

wound closure devices or sutures that are easier to tie knots both at incision and at the exit of 

the suture line. These V-LocTM sutures are unidirectional barbed sutures that can be utilized for 

enterotomy closure during different laparoscopic surgeries. When investigated it was identified 

that the enterotomy closure time or anastomotic time was significantly lower and faster when 

V-LocTM sutures were used for suturing the jejunum, colon, and the stomach. Demyttenaere 

et.al, in their study concluded that these barbed sutures has an efficient and effective alternative 

to conventional sutures for gastrointestinal surgical procedures [58]. 

Giampaolino et.al, studied the outcomes of laparoscopic myomectomy when performed 

using conventional sutures and bidirectional barbed sutures, STRATAFIXTM (Ethicon Inc., 

Sommerville, NJ). In this study they compared the surgical outcomes of different types of 

sutures used during laparoscopic posterior myomectomy. Similar to all the other studies, the 

researchers in this study concluded that use of barbed sutures reduced the operative time, 

suturing time, and blood loss and there was no significant difference in post operative 

adhesions between the two types of sutures used in the surgeries [59]. 

Barbed sutures are ideal for use during abdominoplasty as progressive tension sutures (PTS) 

in the place of drains. Gutowski et.al, studied the safety and efficacy of incorporating barbed 

sutures during abdominoplasties. In their review, they had studied the effects of QuillTM sutures 

and V-LocTM sutures against non-absorbable non-barbed sutures for their biomechanical 
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performance, safety and their effective use in different procedures involved during 

abdominoplasties. In the discussion of the biomechanical performance of barbed sutures, it 

was reported that there was no significant difference in the host tissue responses and barbed 

sutures tend to support the wound healing process by offering strength to the wound after the 

1st week post-surgery when there is increase in forces exerted on the wounds. Along with the 

various advantages of barbed sutures that were reported in a number of clinical reviews, the 

investigators noted that suture placement of barbed sutures was easily understood and learned 

by the surgeons during their training periods. Along with body contouring in abdominoplastic 

surgeries, barbed sutures are also used in armlift and thightlift incisions. The investigators 

concluded that barbed sutures are safe and effective to be used in both standard and 

circumferential abdominoplasty procedures and that they have similar or better biomechanical 

performance when compared against monofilament and braided sutures [60]. 

Based on the clinical reviews and studies published by a number of clinical trials done by 

surgeons, it can be understood that the barbed sutures are safe, effective, and efficient to be 

used in different obstetrics and gynecological procedures with increased patientôs comfort and 

surgeonôs satisfaction. 

2.2.6.3 Orthopedic surgeries 

Orthopedic arthroplasty involving barbed sutures had consistently shown reduced operative 

times or faster wound closure time, better surgical and postoperative outcomes in contrast to 

the conventional sutures[52], [61]. Barbed sutures are increasingly being used in orthopedic 

procedures since they have obvious advantages including faster tying, distribution of retention 

forces throughout the suture line and there is no need for complex instruments [52].  
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Johnston et.al, studied and reported on the advantages of barbed sutures over conventional 

sutures in spinal surgeries. There is very limited evidence of use of these innovative barbed 

sutures for wound closures during spinal surgeries but in those evidence, it has been reported 

that barbed sutures result in faster wound closure times and improved postoperative outcomes 

in comparison with conventional sutures. Spine-related disorders like spinal deformity, spinal 

infections, trauma, spine tumors and some degenerative spine conditions, such as stenosis and 

herniated disks which are one of the most prevalent musculoskeletal disorders which definitely 

require surgical intervention since non-invasive treatments have not been reported to have any 

beneficial effects on these disorders. They compared the results of the surgery when using 

conventional suture materials for wound closures against STRATAFIXTM (Ethicon Inc., 

Sommerville, NJ) knotless tissue control devices in terms of operative times, postoperative 

stay, wound complications, and readmissions in case of any unlikely incidents occurring post-

surgery. In their study, they had detailed out hat a successful wound closure is a very important 

factor regarding the postoperative outcomes of spinal surgeries which might influence healing, 

surgical-site infections (SSIs), risk patient self-care and post-acute care follow up. Johnson 

et.al, detailed out that barbed sutures were proven efficient for subcutaneous wound closure in 

spinal surgical interventions. The researchers in this study, the STRATAFIXTM knotless tissue 

control devices (type of barbed sutures studied) performed better than the conventional sutures 

in terms of the operation room time, postoperative outcomes but they found out that there was 

no significant difference in wound complications or readmissions after surgical procedures 

[61]. 

Shah et.al, in their review described the use of barbed sutures in tenorrhaphy (surgery which 

involves the repair of injured tendons). The use of barbed sutures in tendon repair have been 
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reported to have comparable results to that of conventional non-barbed sutures with regard to 

the appearance, resistance to wound scarring and tissue approximation, and rate of dehiscence. 

The use of barbed sutures reduced tissue trauma with respect to the distribution of retention 

forces throughout the suture line due to presence of barbs. In this study, the authors reviewed 

the use of barbed sutures (QuillTM and V-LocTM) in tenorrhaphy against conventional non-

barbed sutures based on the following categories: maximum load to failure, mode of failure, 

load to 2-mm gap after repair, change in the cross-sectional shape, and the type of repair 

involved. It was discussed that the use of non-barbed sutures that require knots for suture 

placement led to the generation of stress load at the point of knots. The suture knots increase 

the cross-sectional area of the tendon, through which the frictional resistance within the tissues 

increased. Investigators also carried out the analysis of maximum pull-out load after using non-

barbed and barbed sutures for tendon repair and determined that due to distribution of 

anchoring force through the suture line, the barbed sutures exhibited greater maximum pull-

out load when compared to traditional tendon repair using conventional sutures. Even though 

the concept of barbed sutures are not widely accepted for tenorrhaphy, the authors believed 

that barbed sutures can be used as a replacement to the traditional non-barbed sutures for 

tendon repair as barbed sutures exhibited better performance in these surgical procedures [9], 

[62].  

Wang et.al, investigated the use of a barbed suture which had a symmetric anchor design 

versus a conventional interrupted suture for a total knee arthroplasty (TKA). They compared 

the wound closure efficacy and safety of symmetric anchor design barbed suture 

(STRATAFIXTM Symmetric PDSTM Plus, Ethicon Inc., Sommerville, NJ) when used in a TKA 

procedure in comparison to conventional sutures. From previous meta-analyses, barbed sutures 
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yielded shorter operative times which leads to cost effectiveness with similar rates of wound 

complications as conventional sutures. When interrupted sutures were used for TKA 

procedures, there was relatively low suture efficacy reported. The use of barbed sutures 

diminished the risk of wound complications, reduced wound dehiscence, and lowered the risk 

of local tissue ischemia and hematomas. Researchers in this study, determined the efficacy and 

safety of barbed sutures using primary and secondary end points which includes surgical 

incision closure time, operative time, total operating room time, length of stay, and pain and 

range of motion of knee joint post-surgery. The symmetrically anchored design of barbed 

sutures eliminated the need to tie knots at the end of a suture line. These barbed sutures reduced 

surgical incision closure time with better arthrotomy closure times and lesser complications 

compared to conventional sutures. These advantages made it effective for the use of barbed 

sutures in TKA since TKA procedures require surgeons to quickly close the wound to decrease 

superficial and serious infections at the surgical sites. It was also evident that use of barbed 

sutures increased the blood flow since these barbed sutures demonstrate even distribution of 

stress and this reduces the tissue trauma during the surgery and when the joint is in motion 

after post-surgery [33]. 

Mayet et.al, studied the use of barbed sutures in foot and ankle surgeries. In the study, the 

researchers studied the use of QuillTM (Corza Medical Inc., Westwood, MA) barbed suture as 

locking sutures in these surgical procedures. In a previous clinical study by Chowdry et.al, they 

had reported the poor wound closures and severe scar formation involved in foot surgery after 

the use of V-Loc 180TM barbed sutures (Medtronic, New Haven, CT) [63]. In contrast the study 

done by Mayet et.al, reported that the use of QuillTM barbed sutures in foot surgery was proven 

to have better surgical outcomes and lower wound complications. V-LocTM sutures are 
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unidirectional barbed sutures which have a loop on one end and the barbs are aligned in the 

same direction while the QuillTM sutures are bidirectional barbed sutures. Complications 

reported after post-surgery are inclusive of extrusion, prominence of sutures, and infections or 

inflammatory responses. These complications were thought to be dependent on the suture 

materials and their chemical compositions. But in the case of barbed sutures, the barb 

geometric shape, frequency of barbs throughout the suture line, alignment and sequence of 

barbs has an impact on the wound complications. The limitation of this study is that the clinical 

reviews of barbed sutures were all perspective and canôt be compared to the other studies in a 

direct comparison since these barbed sutures are all made up from different materials which 

behave differently in terms of their degradation and the absorption rates within the host tissues. 

As a conclusion to this clinical review of use of the QuillTM sutures, they had reported that 

these sutures are safe and effective to be used in foot and ankle surgeries. The use of these 

barbed sutures also resulted in higher patient and surgeon satisfaction [64]. 

Even though barbed sutures have various advantages over conventional sutures in 

orthopedic surgeries, the mechanical properties of barbed sutures are lower than conventional 

sutures. In the case of orthopedic surgeries, the sutures should have higher breaking strength 

since the stresses applied in these joint locations are higher compared to other locations of the 

body. Although barbed sutures donôt possess the required mechanical strength, they are still 

being used in these joint replacement surgeries as they are easily deployed in the intricate areas 

without the requirement of knots during placement. 

As mentioned in clinical studies and reviews by a number of researchers and surgeons, the 

use of barbed suture significantly lowered the wound closure time and tissue trauma along with 

providing satisfying results to both surgeons and patients. Even though there were 
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complications reported in some cases due to use of certain type of barbed sutures, on the broad 

spectrum it was reported that barbed sutures were safe and efficient in different types of 

surgical procedures. The major limiting factor is the production rate of barbed sutures. At the 

current commercial perspective, the manufacturing of barbed sutures is expensive since it 

requires skilled technicians and specialized equipment and assemblies to produce consistent 

barbed sutures. It is also understood that different surgical procedures require different barb 

geometries in order to arrive at better surgical outcomes [15]. 

2.3 Suture biomaterials 

2.3.1 Structure and properties 

2.3.1.1 Collagen 

Collagen is the most abundant fibrous protein present in all living mammals and contributes 

to 25% of the protein mass of the body. Collagen monofilaments are of growing clinical 

interest, not only because of their biocompatibility and biodegradability, but because they 

mimic the natural extra-cellular matrix (ECM) components present in the body. Collagen 

sutures are found to be ideal for most of the surgical procedures since all animal and human 

tissues comprise of collagen protein in their constituent compositions [65], [66]. 

Collagen molecule is a fibrous, structural protein which comprises of three parallel 

polypeptide chains in a left-handed polyproline-II type (PPII) helical conformation coil 

wounded around each other which is combined with a one-residue stagger to form a right-

handed triple helix. The amino acid sequences constitute three parallel polypeptide chains 

which combine to form a right-handed supercoil producing the tropocollagen (TC) molecule. 

The length of tropocollagen is ~300nm long molecule which is 1-2nm in diameter. The atomic 

weight of the tropocollagen molecule is ~300kDa [66].  
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In the collagen molecule, it is mandatory that the third Ŭ-helix residue should be Gly 

resulting in a repeating ñXaaYaaGlyò sequence, in which ñXaaò and ñYaaò can be any amino 

acid. The amino acids in the ñXaaò and ñYaaò positions of the collagen molecule are often 

(2S)-proline (Pro, 28%) and (2S, 4R)-4-hyDr.oxyproline (Hyp, 38%). ProHypGly is the most 

common triplet sequence (10.5%) in collagen (Figure 2-22) [67].  

There are twenty-eight different types of collagen that are identified within the human body. 

The main types of collagen found in connective tissues within the human body are I, II, III, V 

and XI. In all the tissues present in the body, the type I collagen is the most common type of 

collagen, and they are all fibrillar collagen which form fibrils. The type I collagen consists of 

two Ŭ1 [1] and one Ŭ2 [1] chains. Collagen fibrils in a tendon are in fibrillar form that is highly 

oriented, organized and aligned along the axis which means that the collagen fibril bundles are 

the essential load bearing structure within the human body [66]. 
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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, II and III {Gal ï galactose residue, Glu ï glucose residue} [68] 

The collagen types, type I and III have been extensively used in developing medical devices 

wither as individual components or the whole device. The superior mechanical performance 

of collagen fibres can be produced using conventional textile technologies which appears to be 

the potential solution.  

2.3.1.1.1 Monofilament production techniques 

Collagen monofilaments can be manufactured using two different pathways from collagen 

powder extracted from rodents, bovine, porcine, marine sources. The most dominant sources 

for collagen are bovine and rodent sources. The two collagen monofilament production 

pathways are Wet extrusion technique and electrochemical compaction techniques. 



 

50 
 

2.3.1.1.1.1 Wet Extrusion technique 

Collagen microfluidic wet extrusion is done with glyoxal crosslinking which produces 

bioengineered, strong and stable collagen micro fibres that can be spun into multi-filaments 

that can be used as both wound closures, textile scaffolds and for tissue engineered graft layers, 

Even though this technique can be used to produce collagen micro fibres, the procedure canôt 

be used to produce fibres with higher diameter since the crystallinity at the fibre core becomes 

weaker and is completely lost when very thick fibres are tried to be produced. In the case of 

collagen micro fibres, the smaller the diameter of the fibres, the stronger the fibre since the 

crystallinity of the smaller fibres are higher compared to thicker fibres. The smaller fibres have 

properties similar to native collagen proteins fibres present within the human body. The 

schematic of the wet microfluidic extrusion technique is a similar process to the conventional 

textile wet extrusion technique for the production of regenerated textile fibres (Figure 2-23) 

[69]. 

Collagen fibres produced through advanced extrusion/ spinning textile technologies can be 

further fabricated into 2 and 3 dimensional structures based on the conventional textile 

technology principles which appears as a potential solution to contend with the need for 

superior mechanical properties and performance. In wet-extrusion technique, the collagen 

fibres are produced by wet spinning from acidic collagen solution followed by efficient 

crosslinking in order to provide adequate mechanical strength at the level of 10.5MPa. These 

fibres produced are aligned and oriented with their diameters ranging from 10 ï 2000 Õm. Even 
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though these fibres mimic the native collagen structure present in the human body, they still 

lack biocompatibility due to the crosslinking [70], [71], [72]. 

Figure 2-23. Schematic of the wet extrusion technique [69] 

2.3.1.1.1.2 Electrochemical Compaction technique 

Another processing method for the production of collagen monofilaments is the 

electrochemical alignment of collagen (ELAC) technique wherein the collagen fibrils are 

aligned when placed within an electrical field. In this technique, the collagen molecules in the 

solution re-align themselves to form a highly oriented structure in the form of a fibre and 

thereby facilitate the production of continuous collagen threads. When placed under an electric 

field, Isoelectric focusing (IEF) alignment of collagen molecules started immediately between 

the electrodes, migrating and assembling due to water electrolysis process [72], [73]. The 

technique operates by aligning collagen molecules in pure collagen solution to regenerate a 

highly oriented monofilament structure. These chemically manufactured collagen 

monofilament made from bovine collagen source have similar fibre orientation and structure 

to native collagen tissue present in the extracellular matrix (ECM) and they have desirable 

biocompatibility and biodegradability properties [73], [74]. The ELAC threads are being 
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produced in a process similar to an electrospinning process where a solution is placed within 

an electrical field to align the fibres as a continuous filament (Figure 2-24).  

By developing the ELAC process to generate continuous collagen fibres/ filaments, it would 

prove efficient to produce continuous filaments that can be used for various biomedical 

applications. ELAC threads in continuous length help for the production and fabrication of 

woven 3D-biotextile scaffolds which mimic the structural and mechanical properties of native 

collagen present within human bodyôs extracellular matrix (ECM). The ELAC threads showed 

effective and prominent post-yield deformability while the yarns produced through wet 

extrusion technique fail abruptly at yield point in the linear elastic region. Similar to the 

structural and mechanical properties, the load displacement profile of the twisted yarn 

mimicked the classical toe region of native collagen tissues [75].  

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

for the production of continuous collagen monofilaments [75] 

2.3.1.1.2 Thermal denaturation of collagen 

Denaturation is an equilibrium process which involves fracture or breakage of hydrogen 

bonds present in a molecule. Miles et.al, proposed that the denaturation of collagen occurs 
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through uncoupling of Ŭ-chains which initially occurs in thermally liable domain, which is 

devoid of hydroxyproline, one of the components in the triple helix of collagen molecules. 

Collagen fibres exhibit an outstanding characteristic which is a sharp contraction by 1/4 of its 

original length when subjected to heat or thermal reactions. It has been well-established that 

the shrinkage of the fibres is influenced by the hydroxyproline content present and that make 

up the collagen molecule. The reason for hydroxyproline to have an influence is attributed to 

the intermolecular hydrogen bonding between the hydroxyl groups present in hydroxyproline. 

It is determined that the denaturation of collagen occurs at about 1 to 2oC above the 

environmental or atmospheric or ambient temperature. It has been mentioned in a number of 

previous studies that water molecules that have the ability to form H-bonds with 

hydroxyproline or other constituents of the collagen molecule enhance the stability of the triple 

helix molecule. The presence of water within the triple helix and its interactions with other 

neighbouring triple helices plays a vital role in the orientation and alignment of collagen fibres. 

This has an influence on the temperature at which denaturation of collagen molecules and 

fibres takes place. Denaturation is usually a process that involves degeneration and melting of 

the hydrated crystallites through breakdown of H-bonds and thereby resulting in reorganization 

of triple helix chains into random configurations. In contrast to previous studies, the 

denaturation of collagen molecules occurs at an irreversible rate which was observed in rat tail 

collagen in this research. Based on the calorimetric results and observations, it was noticed that 

when the three Ŭ-chains of triple helix of collagen unfold in thermally liable domains, the entire 

molecule unzips into random configurations of collagen molecules. It was also observed that 

thermal denaturation of type I collagen is governed by properties of thermally liable domains 

which are domains that are deficient of hydroxyproline. Denaturation rate is an irreversible 
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process rather than an equilibrium process and Miles et.al, also established a model to 

subsequently identify thermally liable domains which were deficit of hydroxyproline and H-

bonded water bridges which help in stabilization of the triple helix structure. Thus, the presence 

of water bridges is internally consistent with the structure of collagen and these water bridges 

and presence of hydroxyproline have an influence on the onset temperature when collagen 

molecules begin to denature and degrade into random configurations [76].  

2.3.1.2 Catgut 

Catgut sutures have been used for wound closures during surgeries from the early 3rd century 

during the Egyptian era where the surgeons or physicians at that time had learnt the knack of 

ligating wounds using dried chords of animal intestines which are known to be the current gut 

sutures. Catgut sutures are the most common types of collagen sutures which are extracted 

either from submucosal layer of sheep intestine or serosal layer of bovine intestine [71]. The 

popularity of these gut sutures in the surgical field is due to their absorbability and 

biocompatibility with the living tissues. Since these gut sutures are extracted from animals and 

made up of ~99% collagen they are cross-linked with suitable agents to improve their 

mechanical characteristics along with which they are to be sterilized using a sterilizing agent 

to eliminate the inherent nature of attracting microorganisms [22], [77], [78], [79], [80]. Plain 

catgut sutures are manufactured and stored in a hydrating solution containing isopropanol and 

water in order to maintain its structural and property integrity [81]. 

In 1868, Joseph Lister reported the necessity of maintaining these gut sutures in a sterilizing 

solution as the concern of these gut sutures was their ability to attract microorganisms resulting 

in infections. Initially, these sutures were placed in an aqueous solution of phenol but after a 

while there was significant loss in the tensile properties of these sutures when placed in phenol. 
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As an alternative sterilizing agent, Lister used a solution of phenol and olive oil which would 

reduce or eliminate the loss in tensile strength of these gut sutures, but they would have less 

effective sterilization. A sterile surgical gut involves two steps during its production: (i) strand 

manufacturing and (ii) sterilization and preparation for use. Surgeons wanted to slower or delay 

the degradation rate of these catgut sutures which led to the step where these sutures went 

through the óhardeningô process (i.e.,) the gut sutures were treated in a solution containing 

phenol and chromic acid salts. Holder recommended the use of plain gut sutures in 

subcutaneous or fatty tissues while using the chromic guts deeper into the wound like in the 

dorso-lumbar regions. He also concluded that using finer sizes of gut sutures were more 

beneficial than the thicker gut sutures since finer sutures had the tendency to absorb faster 

thereby causing lesser interference within the living tissues [78], [79]. The only difference 

between the plain and chromic gut was their degradation rates after used in surgeries. The 

absorption characteristics of the two gut sutures is discussed in Table 2-3. 

Table 2-3 Absorption characteristics of gut sutures [22], [81] 

Plain Catgut Chromic Catgut 

Loss of 50% of tensile strength in 1-3 days and 

complete loss of strength in a span of 15 days 

Loss of 50% of tensile strength during the first 7 

days and loses completely in 28 days 

Completely absorbed in 60 days or 2 months 
Completely absorbed by tissues in a span of 90-

100 days 

As seen in table 2-3, it can be seen that the plain and chromic catgut sutures can be degraded 

and absorbed by the hostôs own proteolytic enzymes. But in the latter type there is greater 

inflammatory responses from the host in comparison to the plain catgut. Despite the differences 

between the types of catgut sutures, they have been and are widely used in the clinical setup 

since they have excellent handling characteristics. Due to the above-mentioned advantages, 

catgut sutures are used in plastic surgeries like neurofibroma, blepharoplasty, ptosis surgery, 

and rhytidectomy etc. [79]. 
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2.3.1.2.1 Comparison of catgut sutures with synthetic absorbable sutures 

As the manufacturing of synthetic resorbable suture materials started booming, there were 

research comparing the characteristics of new synthetic absorbable sutures with the age-old 

used gut sutures in order to understand the absorption and mechanical performances of the 

former class. When these gut sutures where used in surgical procedures and compared against 

other synthetic polymeric sutures like poly(glycolic acid) (PGA) [82], [83] and polypropylene 

(PP) [84], in both cases catgut lost about 1/3rd to 1/2 of their initial tensile strength within the 

initial days after surgery but it had a lower rate of loss in the following days. In the former 

case, when surgeons wanted to replace catgut with PGA sutures, they looked into the surgical 

outcomes and found out that catgut had better biodegradability and caused lower wound 

infections compared to the PGA sutures [82]. This was also identified by Aldhabaan et.al when 

they compared catgut with PP sutures where there was not any significant difference in the 

aesthetic outcomes and patient satisfaction rates in the case of rhinoplasty procedures. 

However, they concluded that catgut may be more optimal for ligations following open 

rhinoplasty and also since being absorbable or resorbable it saves the surgeonôs time avoiding 

removal once it is placed inside the tissues [84]. 

Gupta et.al, studied the clinical significance of these catgut sutures in different surgical 

procedures like pediatrics, obstetrics and gynecology, and oral and general surgeries. In 

pediatrics, it was observed that these catgut sutures provided better aesthetic outcomes 

specifically when they were used for closures of facial wounds. In the obstetrics and 

gynecology procedures, it was found that about 2/3rd of surgical procedures involve catgut 

sutures and specifically chromic catgut was preferred by the surgeons. The chromic guts were 

used since they were proven to have adequate tensile properties and the required reabsorption 
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profile for C-sections (cesarean). These gut sutures were also used for uterine closures and 

perineal repairs where the degradation profile of these sutures was appropriate enough to 

support wound healing at these locations. For oral and general surgeries, plain catgut sutures 

are being preferred over synthetic non-absorbable sutures due to the fact there is higher fibrous 

tissue formation and growth around catgut sutures in comparison to the synthetic non-

absorbable sutures. Along with faster tissue growth they also noticed quicker wound healing 

since catgut is practically made up of ~95% collagen which is the protein that is abundantly 

present in the living tissues in the extra-cellular matrix (ECM) [22].  

Gupta et.al, also reviewed the postoperative significance of gut sutures over the synthetic 

absorbable sutures and described that gut sutures showed numerous advantages over latter 

group namely, (i) lower strain and stress in and near the wound site causing lesser discomfort 

to the patients, (ii) showed better knot security (i.e., reduced knot slippage) which reduced the 

occurrence of wound dehiscence, (iii) enhancement in wound healing and significantly lower 

rate of wound dehiscence (in comparison to synthetic sutures like Dexon, Polyglactin 910 etc.), 

and (iv) significant reduction in the need for blood transfusion during a perineal closure or a 

cesarean surgery due to lower incidence of post-partum hemorrhage. The physicians also 

reported that the use chromic gut can be expanded to surgeries involving autogenous gingival 

grafts, connective tissue grafts, frenectomy procedures rather than using synthetic sutures like 

vicryl or polyglactin 910 [22].   

Pavan et.al, studied the performance of PGA and plain catgut sutures of size 3-0 based on 

the Lawrie technique for evaluating the in vivo characteristics of suture materials. In their 

study, they had evaluated the histomorphology and the tensile characteristics of the suture 

materials after implanted into animal tissues. They had observed completed absorption of the 
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catgut sutures by the tissues while PGA remained visible after a time span of 50 days. Yet, they 

had concluded that PGA showed higher correlation in the histological behavior and its 

mechanical properties than catgut which was attributed to the more regular structure of PGA. 

Along with this they had also concluded that the absorption rate and the loss in tensile 

properties are independent of the size of the suture material (i.e., the diameter of the suture) 

[83]. 

2.3.1.2.2 Degradation of catgut sutures 

The degradation of collagen sutures was evaluated by performing the degradation studied 

of catgut sutures both in vitro and in vivo studies as catgut and collagen were structurally 

similar except the fact that catgut is cross-linked collagen. The degradation analysis was 

performed to determine the changes in the mechanical properties of collagen and catgut 

sutures. Okada et.al, studied the degradation properties using enzymatic hydrolysis of catgut 

sutures which was then related to collagen sutures. During any enzymatic degradation of a bio-

degradable material, degradation occurs from the periphery towards the core. This is due to the 

fact the enzyme macromolecules attack only the surface of the materials. The most common 

biomaterial that is degraded through enzymatic hydrolysis method is polypeptide chains 

present. Investigators studied the degradation of collagen fibres, catgut sutures through both 

enzymatic and non-enzymatic degradation in order to strike a difference between the processes 

taking placing after implantation into the body. Collagenase, the enzyme that degrades collagen 

along with pepsin, is used in this study to evaluate the degradation profile of catgut sutures 

with respect to weight loss and change in its mechanical characteristics. Based on the in vitro 

observations, it was noticed that hydrolytic degradation occurs slowly from the surface to the 

interior resulting in linear decrease in weight and mechanical strength of both plain and 
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chromic catgut used in the study. The kinetics of this hydrolysis proceeded heterogeneously 

but it obeys first-order kinetics similar to the homogeneous enzymatic degradation reaction. 

As known and understood, these catgut sutures are being used in gastrointestinal anastomoses 

and the hydrolysis was analysed in a severe acidic environment to have meaningful comparison 

with in vivo results. In acidic conditions it is seen that decrease of diameter of collagen fibres 

upon hydrolysis is insignificant and it is observed that there is homogeneous degradation 

throughout the cross-section of the catgut sutures. After the mechanical evaluation, it was 

noticed that catgut sutures lose their strength in a time span of 10 to 12 days which stipulated 

the fact that these sutures can be used in surgeries which have a wound healing time within a 

span of 15 to 20 days. In conclusion to the degradation study, investigators noticed that the 

enzymatic degradation of the collagen sutures proceed gradually from outer to inner core and 

there is homogeneous degradation in the case of non-enzymatic hydrolysis. Based on 

mechanical evaluation during and after the degradation analysis, it was observed in vivo that 

both enzymatic and non-enzymatic degradation occurs concurrently in the subcutaneous 

tissues [77], [81]. 

2.3.1.3 Poly (4-hydroxybutyrate) (P4HB) 

Poly (4-hydroxybutyrate), abbreviated as P4HB is a thermoplastic, linear polyester and 

belongs to the Polyhydroxyalkanoates family which are naturally occurring biopolymers that 

are present in nature as energy reserves in microorganisms which can be stored or broken down 

whenever required. P4HB monofilaments is a relatively new material in the biomedical field 

and was approved by the United States Food and Drug Administration in the year of 2007. 

After the approval, the P4HB polymer being the only polymer in the PHA family that has been 

widely used in different biomedical devices like hernia repair, tendon repair, and plastic and 
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reconstructive surgeries. P4HB homopolymer is currently produced by the recombinant 

fermentation in the Escherichia coli. As many other resorbable polymeric suture materials, 

P4HB also undergoes hydrolytic degradation (primarily through bulk hydrolysis technique) 

when implanted within the body [85]. The structure of P4HB (Figure 2-25) shows the linearity 

of polymer and the structure is similar to other linear polyesters like PGA and PCL. 

Figure 2-25. Chemical structure of Poly-4-hydroxybutyrate (P4HB) [85] 

P4HB is a polymer that can be processed through conventional melt spinning techniques 

and they can be either manufactured as monofilaments or multifilament strands based on the 

application they are to be used for. In the case of sutures, monofilaments are usually preferred 

since they have better handling characteristics. It is a semi-crystalline polymer which is ductile 

unlike PGA and PLA (poly (lactic acid)) which exhibit brittle fracture characteristics. The 

tensile properties can be tuned when the orientation of the filament is increased without 

compromising with its inherent ductile nature. Being a very recent addition to the synthetic 

absorbable polymeric sutures class, P4HB has gained a lot of importance due to its 

characteristics of higher extensibility, lower modulus and pliability in contrast to other linear 

polyester sutures made from polyglycolide (PGA), and poly-ὑ-caprolactone (PCL) [85].  

Williams et.al, performed a set of experimental analysis on the mechanical properties of 

P4HB and compared against clinically used synthetic monofilaments sutures made of 

polypropylene (ProleneÈ) and polydioxanone (PDSIIÈ). It was observed that P4HB shows 
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superior strength characteristics than the latter type of suture materials. Researchers in their 

study also performed in vivo strength and degradation analysis. They determined that the rate 

of resorption and the span for complete degradation was dependent on filament size and 

processing conditions. When compared against existing suture materials (PDSIIÈ and 

ProleneÈ), P4HB was found to have higher strength retention in vivo (i.e., after implantation). 

In this study it was also observed that P4HB has excellent biocompatibility with human tissues 

since when they degrade the 4-hydroxybutyrate is a very common constituent within the human 

body. P4HB monofilament sutures demonstrate minimal tissue reactivity and inflammatory 

responses and in case there is inflammatory or infectious responses it is very localized around 

the location of implantation and have very less to negligible damage to the surrounding 

connective tissues. P4HB having superior mechanical and biocompatible properties in 

comparison to other synthetic sutures, they have been adopted for soft-tissue approximations/ 

ligations [85]. 

2.3.1.4 expanded Polytetrafluoroethylene (ePTFE)  

Expanded Polytetrafluoroethylene (ePTFE) is an improved version of PTFE which has 

better mechanical properties and chemical characteristics which makes ePTFE suitable for 

different medical applications. PTFE is a very common fluoropolymer used in industrial 

applications due to its property of lubricity while ePTFE is a biomaterial that has the properties 

of PTFE with additional improved properties like crystallinity, stiffness, thermal and chemical 

stability, mechanical strength, and hydrophobicity suitable for medical applications. ePTFE is 

produced by heating PTFE above its lowest crystalline melting temperature and is expanded 

and stretched at high strain rate. The filaments are expanded to about 800% without breakage 

which results in a filament with properties similar to strain-hardened steel [86]. The chemical 



 

62 
 

structure of PTFE (Figure 2-26) has four fluorine attached to the hydrocarbon backbone which 

contributes to the higher chemical resistance when used in long-term medical applications.  

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

When PTFE is expanded to produce ePTFE structure, there is about 50% air volume within 

the polymer resulting in a microporous structure with interconnected pores. This porous nature 

of the sutures allows tissue in-growth when the suture is implanted into the tissues [23], [86]. 

ePTFE filaments are used in different biomedical applications like ePTFE-coated stents, 

vascular grafts, hemodialysis and bypass grafts, guided bone and tissue regeneration, tendon 

and ligament repairs, hernia and heart repair, catheters and tubing, surgical meshes and many 

other applications [86]. ePTFE sutures have distinct characteristics that separate these sutures 

from other non-absorbable sutures. They have lower rate of creep than polypropylene sutures, 

and 100 times more supple than any other monofilament without any plastic memory [23].   

Edlich et.al, investigated the necessity for introducing ePTFE sutures as vascular sutures in 

place of polypropylene sutures. One of interesting advantages or reason as to why ePTFE 

sutures were introduced was to resolve the issue related bleeding during vascular anastomosis. 

When ePTFE cardiovascular grafts were evaluated to determine the vascular bleeding, the 

bleeding was prominent since the suture needle holes were higher than the hole required for 

the sutures to penetrate through the blood vessels and tissues. When PP sutures were used for 

this purpose, the needle holes were greater and they tend to result in bleeding after vascular 



 

63 
 

anastomosis process In order to resolve this issue, the ePTFE sutures along with a taper point 

needle was used for closer tissue approximation which resulted in negligible to no bleeding 

through the needle holes after graft was implanted [23], [87]. Hoballah et.al, also investigated 

the use of ePTFE sutures in place of PP sutures has vascular sutures especially to be used along 

with cardiovascular patches. It was reported that ePTFE sutures are designed with minimal 

difference between the suture line and the needle used which reduces the penetration of the 

needle and suture and thereby reducing the leakage through needle-holes [88].  

2.3.2 Comparison between collagen, catgut, P4HB and ePTFE sutures 

Goldstein et.al, in their study compared the use of catgut and collagen sutures in strabismus 

surgery (modification of eye muscles). In their study they had mentioned that collagen sutures 

have reduced postoperative reactivity when compared against any other natural and synthetic 

sutures used in various surgeries. In various earlier studies it was reported that there were no 

major significant differences between the collagen and catgut sutures that were used for various 

animal studies since catgut and collagen sutures have almost similar structure chemically and 

morphologically [89]. Brumback et.al, reported lower inflammatory responses in comparison 

against catgut sutures especially in ophthalmic surgeries. In other ophthalmic surgeries which 

were carried out with catgut and collagen sutures, the major difference observed was the rate 

of absorption (i.e., collagen sutures are absorbed more rapidly than catgut sutures) of these 

suture materials within the tissues [65]. Despite these minor differences between collagen and 

catgut, they behaved the same way in terms of tissue reaction, suture antigenicity and 

inflammatory responses since the inherent chemical structure of collagen and catgut was the 

same with catgut being cross-linked collagen [65], [89].  
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Odermatt et.al, compared the P4HB sutures with catgut sutures since the surgeons were 

looking for a long-term absorbable suture as a replacement for catgut sutures. The reason 

behind the study was the availability of catgut and the time required for processing and 

sterilizing the sutures before they can be used in a clinical procedure. Investigators while 

researching P4HB sutures in different surgeries reported that P4HB have inherent elasticity 

which aids in improved knot security and strength which in-turn have beneficial aspects in 

clinical utility. These features result in prolonged strength retention, low tissue drag, and 

greater flexibility required for different tissues after surgical procedures. The researchers also 

evaluated the biocompatibility of these P4HB sutures in regard to the cytotoxicity, irritation, 

sensitization, sub-chronic and chronic toxicity, and tissue reactions. Based on all these 

advantageous features of P4HB, investigators of this study proposed that these sutures can be 

used as an alternative to catgut sutures due to their faster degradation rate and biocompatibility 

with animal and human tissues [90].  

Catgut sutures have been in use for wound closure applications for a very long time even 

when the surgical field of medicine was not as advanced as it is today. In regard to there isnôt 

any evidence comparing the catgut sutures with either P4HB, collagen or ePTFE sutures since 

these suture materials were started to being used very recently after their discovery as a suture 

material. In the case of P4HB, it was approved by the US Food and Drug Administration only 

in the year 2007 while collagen monofilaments have very recently gained attention to be 

utilized in medical devices as they mimic the natural extra-cellular matrix (ECM) present 

within the human body.  
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2.4 Lasers and their application in biomedical and medical industry 

2.4.1 Introduction to lasers in biomedical field 

A laser is a device that emits light as a coherent source and the light beam is focused on to 

a tight spot which makes the use of laser for precise manufacturing techniques and lithographic 

applications. Lasers are being widely used in various industries from semiconductors to metals 

and materials to communication and to medical procedures. In recent times, the use of laser in 

surgeries and other biomedical applications has increased tremendously since laser can be used 

to penetrate into a surface with high focus and accuracy without disturbing the surrounding 

area of the material. Lasers have become one of the most important techniques for material 

processing wherein lasers can be used for drilling extremely small, deep holes and for the 

production of thin films or nanoparticles on the material surfaces in a well-defined and aligned 

fashion [91]. Different lasers function in different wavelengths in the electromagnetic spectrum 

(i.e.) certain lasers operate in the visible range of the spectrum while some lasers operate in the 

ultra-violet region (Figure 2-27). Every source of laser works on the principle that when a light 

source (laser in this case) or an energy source interacts with matter, energy is transferred and a 

plasma plume or a plasma cloud is formed through which matter melts and vaporize into 

particles and thereby the area that needs to be removed is ablated from the surface. 
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Figure 2-27. Schematic representation of different lasers operating at different wavelengths in the 

electromagnetic spectrum 

Lasers in medical fields are used for different applications like diagnostics, therapy and 

surgery since lasers emit a localized spectrum of energy and power. Lasers are used in medical 

fields of gynecology, cardiology, dermatology, ophthalmology, neurology, urology, oncology, 

dentistry, and orthopedic surgery [92]. 

Initially, lasers were used in the medical field as a treatment tool and so the laser and 

material (tissues) interactions were studied. The effects of laser irradiation on tissue is a 

consequence of both physical and biological processes. Human tissue is heterogeneous in 

nature and they are made up different components and so understanding how laser interact with 

different tissues is necessary in order to select the appropriate laser with optimal parameter 

needs to alter or modify the surface of interest [93].  

Pulsed laser deposition (PLD) has become one of the successful material processing and 

fabrication techniques and especially in the field of fabrication of biomedical devices. The 

lasers used in the biomedical field are mainly of two different type which are categorized based 

on their mode of operations, namely (i) continuous wave lasers and (ii) pulsed lasers. The 

continuous wave lasers (CWL) are the type of laser which have a steady regime with constant 

average output power (i.e.,) the output power is constant over long periods of time. The pulse 
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duration or pulse repetition rates are in the milliseconds (ms) or nanoseconds (ns) ranges and 

thereby they are also known as long pulsed lasers. In the case of pulsed laser sources, the pulse 

duration is in the range of picoseconds (ɟs) to femtoseconds (fs), therefore they are collectively 

known as short-pulsed lasers. One of the major differences between these two modes of 

operation is the average and peak output power obtained from the laser (Figure 2-28). Due to 

the difference in the pulses, when a continuous laser is used the energy absorption by the 

material is higher since the duration of laser-matter interaction is higher. In cases where the 

absorption energy is greater, larger area of the surrounding matter melts and vaporizes resulting 

in disintegration of the bulk material due to laser penetration and ablation. Compared to long 

pulse lasers, short ï pulse lasers have a very short duration where the laser-matter interaction 

takes place. Since the interaction occurs over a short duration there is no major damage to the 

surrounding matter in the bulk. This phenomenon which is known as the Heat Affected Zone 

(HAZ) in laser physics term is to be considered in the case of biomedical applications and 

biomaterials processing (Figure 2-29). The ablation of material depends on the optical and 

thermal characteristics and properties of the material itself. However, it is impossible to avoid 

the HAZ but it be reduced by decreasing the duration of laser beam and matter interaction 

which is done by have pulses in the pico- or femtosecond ranges [91].  
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Figure 2-28. Illustration of average and peak output power of (a) a Continuous-wave laser beam 

(CWL) and (b) a Pulsed laser beam [91] 

2.4.2 Classes of lasers used in biomedical applications 

In biomedical research, the two classes of pulsed lasers used are excimer lasers and ultra-

short pulse lasers (USPL). Excimer lasers are lasers that are widely used in materials that have 

an optical absorption spectrum in the ultraviolet (UV) range of the electromagnetic spectrum. 

While the ultra-short pulse lasers are lasers that have a pulse duration in picoseconds (1ɟs = 

10-12s) or femtoseconds (1fs = 10-15s) which are widely used in micromachining on different 

materials. The two most common types of excimer laser tubes are ArF (Argon Fluoride) and 

KrF (Krypton Fluoride) laser gases while in the ultrashort pulse laser class only the pulse 

durations are altered based on micromachining of materials used for various applications. In 

many applications, the excimer lasers are preferred with pulse lengths in the pico- or 

femtosecond ranges as the materials behave better in the UV region than the other side of the 

visible spectrum.  
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Figure 2-29. Characteristics of different laser ablation mechanisms (a) long pulsed lasers and (b) 

ultrashort pulsed lasers (femtosecond laser) [91] 

Laser micro-machining is a useful and essential technique that can used for the fabrication 

of a number of devices like stents, catheters, Micro-electro-mechanical systems (MEMS), 

microfluidic devices which all require precise removal of material from a localized point from 

the material. Micro-machining of micro-structured medical devices has evolved and become 

possible using different pulsed lasers. Miller et.al, have reviewed different applications of 

lasers with biomedical applications being one of them. In their review they had discussed that 

creation of patterns using pulsed lasers improved cell adhesion, growth, proliferation and 

viability on the biomaterials that had the patterns engraved. Laser micro-machining includes 

three different areas: laser direct writing, mask projection, and interference. One of the 

examples mentioned was creating microscale grooves on silicon substrates in order to help in 

the orientation of human aortic vascular smooth muscle cells for cardiac tissue engineering 

scaffold applications. In laser micro-machining technique, the most important task is to reduce 

or minimize the heat transport to regions adjacent to the micro-machined portion in the 

materials which can controlled by controlling pulse duration and repetition rates during laser 

operation. Pulse durations can vary from milliseconds to femtoseconds which is selected based 
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on the result required for the specific application. Type of laser for micro-machining is selected 

based on two main factors: substrate material, and dimensions of the micro-machined features 

required. The complexity and small feature sizes required for various biomedical devices 

necessitates the use of laser micro-machining and other advanced micro-machining 

technologies. Using laser micro-machining can compensate the increased production of the 

devices as there is an increase in the need for these devices in order to maintain the homeostatic 

function of the human body [94]. Excimer lasers with their short ultraviolet (UV) wavelength 

and mainly photochemical interaction with the target material can achieve very fine feature 

sizes in micro-machining applications. The ultrashort pulse laser machining in the visible and 

near infrared have similar characteristics similar to excimer lasers with the major difference in 

the length of the pulse exerted [95]. 

2.4.2.1 Excimer lasers 

Excimer lasers have become a major part in the laser machining and PLD processes since 

they operate with high output power at a shorter wavelength of the output radiation. PLD 

technique is used for deposition of bioactive, biocompatible, highly adherent, and uniform 

films on a wide range of materials that are used in surgery and implantology applications. 

MAPLE (Matrix assisted pulsed laser evaporation) is a type of PLD which is used for the 

fabrication of organic layers on biomedical devices. This type of laser deposition was 

developed in the view to reduce the photochemical damage caused by direct interaction of UV 

light with organic or biomaterial target [96].  

The excimer lasers are preferred since they operate in the ultraviolet (UV) spectral region 

in the wavelength range of 150nm ï 400nm. This type of laser is usually used for materials 

that undergo degradation when UV light source is used. A pulsed UV excimer laser is a sought-
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after laser in the recent era since they have been proven to have stable operations under 

industrial conditions specifically in the thin-film application industry. These excimer lasers are 

widely used as pulsed laser deposition techniques since while using these laser sources, they 

have uniform and even distribution and expansion of the films on the material surfaces. These 

pulsed excimer lasers are cost-effective and reliable in the film deposition industries which are 

used for medical, automotive, flat panel display and microelectronics applications and they 

operate at 193nm, 248nm and 308nm wavelengths. The excimer lasers are devices which are 

direct UV emitters in contrast to the frequency-converted UV lasers [97].  

2.4.2.1.1 Excimer laser patterning on biomaterials 

Excimer laser ablation is being used in the patterning of films since they have the ability to 

ablate the surface under highly controlled conditions with minimal HAZ or thermal damage to 

the surroundings. Micro-photoetching is a technique used to etch or engrave different patterns 

onto films made of biomaterials. Laser ablation techniques of polymers and biological tissues 

is being continuously studied due to variety of applications they can be utilized for both 

materials and biomedical applications. In this regard, excimer lasers have been widely used to 

ablate or desorb the target materials since it can be operated at a lower power which causes 

less thermal damage to the polymers and biological tissues [98], [99]. 

Tezuka et.al, investigated the micro-photoetching of collagen films through excimer laser 

ablation. In their study, they studied etching on films using both the ArF (193nm) and KrF 

(248nm) excimer lasers. When compared for the etching and patterning quality on the films, 

they had identified that the use of ArF lasers provided precise and accurate patterning on the 

collagen films with the threshold laser fluence as 28 mJ/cm2 and pulse duration in the 

nanoseconds range (17ns or 23ns). The periodic patterning of microstructures with specific 
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shapes and sizes were dependent on the pulse repetition rate (number of pulses) and laser 

fluence. The structures that were etched were then evaluated through topological evaluation 

techniques. When the structures were evaluated, the investigators observed that the edges of 

the patterns generated using an ArF laser were sharper and more precise when compared 

against structures generated by a KrF laser. One of the common practical applications of 

excimer laser ablation, the topography of etched surface is an important factor specifically in 

the surgical field. Along with variation in surface roughness, the periodicity of microstructures 

also varied with fluence and pulse repetition rate. From the observations done using scanning 

electron microscopy and atomic force microscopy (Figure 2-30), the investigators concluded 

that an ArF lasers works best to create well-defined patterning on collagen films that can be 

further used as biomedical surfaces and scaffolds. From the results of the study, it can be 

understood that controllable micro-photoetching of collagen films can be used to create desired 

microstructures on artificial organs and other biomedical devices [99]. 

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

(a) 43 mJ cm-2 with 100 pulses and (b) 100 mJ cm-2 with 43 pulses [99] 

Oujja et.al, observed micro-structuring of polymers and biopolymers that are used in the 

medical technology and biotechnology fields. In their investigation of micro-structuring using 

excimer lasers, they had studied laser micro-foaming on collagen and gelatin films using a 
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nanosecond pulsed laser irradiation in UV wavelength of 248nm and 266nm. It is understood 

that patterning and micro-structuring on biomaterial-based scaffolds increase the biological 

activity on the scaffolds as cells adhere, grow, and proliferate on surfaces that have patterns or 

pathways engraved. Laser assisted patterning can be performed in the micron or nanometer 

scale range with unprecedented precision and selectivity. Collagen and gelatin have been used 

as laser ablation models since both the materials have similar thermal absorption spectra and 

dielectric properties and these properties are very similar to thermal absorption and dielectric 

properties of the biological tissues. Studies conducted on collagen and gelatin structures 

showed the precision of pulsed laser processing which does not only dependent on the optical 

penetrating depth and pulse duration, but they are also dependent on the inherent mechanical 

characteristics of film materials and the fluent dependent recoil effects of the scaffolds made 

from these biomaterials. In this study, collagen and gelatin films were irradiated with a single 

pulse KrF (248nm) laser in order to produce foam structures. It was observed that laser 

irradiation resulted in different phenomena like swelling, micro-foaming, and ablation of the 

surface materials. Investigators reported that any nanosecond laser ablation would be governed 

by laser wavelength, physical condition of the substrate or scaffold, and water content present 

within the scaffold. And in the case of UV laser ablation, material removal takes place through 

either fracture or breakage of chemical bond or through direct photochemical processes. Laser 

irradiation mechanism is a type of processing technique which is carried out at either low or 

room temperature conditions which result in precise and well-defined microstructures in 

various biopolymers. The advantages of laser processing techniques can be expanded to the 

biological materials since the biological properties of these biopolymers are retained at low or 

room temperature conditions. And for cell culturing, the biological properties of the 
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biopolymer films can be preserved by room temperature processing techniques which is 

possible using these laser irradiation and ablation mechanisms [100].  

Excimer laser ablation is a very widely used technique in corneal surgeries and treatments. 

Ishii studied excimer laser ablation on collagen films and studied the effect of water and its 

contribution on the collagen films ablation. The study considered laser ablation on collagen 

using the ArF (193nm) laser which was operated with a pulse duration on 17ns. In order to 

understand the effect of water contribution on laser ablation, initially the effect of laser fluence 

on dried collagen was characterized by altering laser fluence as a function of pulse number. 

When laser ablated collagen was evaluated and analysed, it was observed that there was not 

only breakage or fracture of the chemical bonds in the triple helix structure of collagen but 

there occurred denaturation of the molecule layers due to photothermal reactions. The 

photothermal reactions occurred in both dried and swelled collagen molecules but there was 

slighter change observed in the latter collagen type which was attributed to the fact that water 

molecules reduced thermal damage on collagen. One other observation in the study was that 

the etching occurred at a shallower region in dried film while it was deeper in swelled collagen 

films. Based on the above observations, it was concluded by researcher Ishii that water had 

contributed to the laser ablation effects on collagen and that presence of water reduced the 

thermal damage to the collagen molecular structure [101], [102]. 

Aesa et.al, investigated laser ablation and patterning on chitosan films using the ArF 

excimer lasers. Similar to all the previous research studies involving excimer lasers and 

biopolymers and biomaterials, the investigators reported that chitosan films can be ablated 

using ArF laser with minimal damage when ablated closer to the ablation threshold. It was also 

observed that there was minimal damage on chitosan when irradiated at ablation threshold due 
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to lower induced temperature rise. Hence, they concluded that laser processing of chitosan at 

a fluence closer to the ablation threshold can be used for the fabrication of bio-compatible and 

bio-degradable optical devices which can be integrated for sensing applications [98]. 

Lazare et.al, have also reported surface micro-foaming of collagen biopolymer using single 

pulse KrF lasers. UV laser ablation on collagen is an important development as laser treatment 

is being widely used for different surgical procedures like corneal refractive surgery. 

Investigators in this study reported that KrF single pulse can be used to create a micro-foam 

structure on collagen biopolymeric films which can be expanded into different polymeric films 

[103]. Thissen et.al, studied excimer laser ablation for spatially controlled protein patterns 

using the KrF lasers. In this study, it was observed that producing protein patterning on 

substrates like poly (ethylene oxide) after depositing an allylamine plasma polymer, there was 

increased cell adhesion and migration on substrate surface. In account to these results, 

investigators concluded that laser ablation to produce protein patterning is an effective tool 

that can be transferred to a number of in vitro and in vivo studies and applications [104].  

2.4.2.2 Ultrashort/ Ultrafast Pulse Lasers (USPL)  

Ultrashort Pulsed lasers are lasers which can be operated in any wavelength and the 

difference is their pulse duration which is in the range of femtoseconds or picoseconds which 

is dependent on the applications they are used for. Due to the pulse duration being in the 

femtosecond range, they have very low laser-material interactions as seen in figure 2-27 [91].  

The pico- and femtosecond lasers are currently being used for non-thermal processing of 

materials with high precision and accuracy. These ultrashort lasers are used for fine micro-

drilling and micro-texturing of the materials since they have a very low heat-affected zone 

(HAZ). Micro-machining essentially involves faster removal of materials with efficient and 
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sufficient accuracy in dimension and geometrical aspect required for the application; pulse 

repetition frequency, and the wavelength of laser needs to be selected optimally in order to 

make suitable laser micro-machined samples for each work-materials. The wavelength and 

pulse repetition rates are dependent on specific material and varies from material to material 

since different materials have different optical absorption spectrum spread across the 

electromagnetic spectrum [105]. Micro-machining with USPL results in strong non-

equilibrium results and these lasers can be manipulated without interference with the 

surrounding materials. This processing technique is also known as ñcold ablationò process and 

they are used to heat matter very locally within the bulk of materials. The invention of post-

amplified solid-state Titanium (Ti): Sapphire femtosecond laser paved its way as a new 

ablation mechanism for different laser ablation and machining applications. After the invention 

of the sapphire lasers, the laser micro-machining has improved and been widely used for 

various applications [106]. 

2.4.2.2.1 Types of ultra-short pulsed lasers 

2.4.2.2.1.1 Picosecond and femtosecond lasers 

It is detailed that a single picosecond (1ɟs = 10-12s), the range of pulses in a picosecond laser 

system (Figure 2-29) is equivalent to relaxation time of the molecular bonding stage within 

any material and the pulsed power in that range is easily absorbed by the work materials. The 

machining speed is dependent on the average power of the laser and repletion frequency and 

the dimensional accuracy and precision is affected by the beam spot size used during ablation 

[105]. 

Femtosecond (1fs = 10-15s) or sub-picosecond pulsed lasers (Figure 2-31) were developed 

for the innovative fabrication of materials used in the industrial research and development 
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sector. In the industrial setup, the machining is usually performed at a duration in the order of 

100fs  [105].  

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) and a pico- or 

nanosecond pulsed laser system (right) [107] 

2.4.2.2.2 Micro-machining using ultrashort pulsed lasers 

Micro-machining and micro-texturing of materials has become widely done using ultrashort 

pulsed lasers, the pico- and femtosecond lasers. The micro-machining is done using these lasers 

are these lasers help in non-thermal removal of material, high precision ablation with reduced 

the damage to the surrounding materials [105]. Micromachining is now a part of the production 

chain in the industrial floor since the fabrication of the micro and nanostructures were easier 

when done using the ultrashort pulsed lasers. Due to the uniqueness of these class of lasers, the 

laser ablation processes induced by ultra-short laser irradiations, it is possible for cold ablation 

and to generate very precise heat load for significantly sensitive thermal treatments of materials 

[106]. Short-pulsed lasers have major advantages over long pulse lasers, such as short 

interaction time, small heat affected zone, and precise dimensional structures [91]. Ultra-short 

lasers offer high laser intensity and precise laser-induced breakdown threshold with reduced 

laser fluence. The extremely short pulse width makes it easy to achieve very high peak laser 
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intensity with very low pulse energy. Ultra-short pulse lasers can be used to machine the 

substrates at the wavelength where the substrates become transparent in nature [95], [108].  

The above-mentioned ultrashort pulsed lasers which have a pulse length in the order of 10-

12s and 10-15s have become a reliable tool for micro-drilling and to provide very sharp structures 

and holes in any material ranging from metals and their alloys to ceramics to plastics and 

polymers. Earlier, the holes were created on the metallic alloys and ceramics using micro-

milling and micro-electric discharge machining which doesnôt provide sharp holes or structures 

and there is debris generated around the created structures on the materials. These lasers can 

also be used to replicate a single structure without causing any loss of material around and the 

structures generated would be sharp and dimensional accurate as required for the specific 

applications. The dimensions of the structures that need to be drilled in or ablated from the 

surface can also vary throughout the ablation which can be controlled by controlling the beam 

spot size. The depth of penetration required can be controlled by varying the pulse repetition 

rates of the laser source. Along with micro-drilling, these class of lasers can also be used to 

micro-texture solid surfaces like metallic alloys and ceramics. In order to create accurate 

dimensional structures on solid surfaces, one of the most important parameter that need to be 

tuned is spatial resolution of the laser source. The use of femtosecond lasers for micro-texturing 

and micro-drilling are widely used in the biomedical industry since biomedical devices need 

to be fabricated in dimensions similar to those present within the host body. Laser micro-

machining is very useful for prolong tool life wherein it can be useful to revise product surfaces 

and interfaces for multiple usage [105]. 

Banks et.al, studied the applications and processing techniques involved in a femtosecond 

laser system which is a versatile technique. This versatile technique can be used to process a 
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wide range of materials from metals to ceramics to polymers with negligible loss to work-

substrate structure during processing. One of the major advantage of femtosecond laser 

machining over conventional laser machining is realized by the difference in time taken for 

deposition of laser energy into electrons of the material on a time scale is shorted compared to 

the time taken for the transfer of energy into the bulk of material. Due to this time scale 

difference, there is increased laser ablation efficiency and reduced thermal stress exerted on 

the material which in turn minimizes collateral damage. In case of conventional laser 

machining there is significant amount of material melted and vaporized due to higher pulse 

durations and this melting along with interaction of laser with plasma plume generated leads 

to less control over the morphology, and geometries of the features that is to be produced. 

Despite having all these advantages over conventional laser machining, the disadvantage of 

ultra-short pulsed lasers is that it requires high pulse repetition rates since a very small amount 

of material is only removed in a single pulse. Investigators in this research want to versatile 

nature and how these femtosecond lasers can be utilized for machining materials with non-

thermal ablation mechanisms. In view to this fact, they showed a striking example of using the 

fs-laser for machining high explosives. In this study, they used a Ti: sapphire laser at 825nm 

operated with a pulse repetition rate of 1kHz and machined 6 samples of LX-16 explosives 

with two different pulse durations: uncompressed at 500ɟs and compressed 150fs. During the 

experiment, it was observed when the pulse durations were in picoseconds range, there was 

ignition of the explosive material, burning of the surface closer to the surface, and poor cut 

quality while in the femtosecond pulse durations, there was excellent cut quality and there was 

no visible collateral damage to the explosive surface. Along with this example, the researchers 

suggested that fs-lasers can be used for thin film deposition and the plasma plume can be used 
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for diagnostics applications in the medical field. For example, when lasers are used for therapy 

or surgery, it is inevitable to detect when laser reaches the nerve bundles to avoid unwanted 

damage. In which case, the plasma plume can help the diagnosis in a way that the plume shows 

change in its characteristics when there is transition from bone (hard tissues) and tissues (soft 

tissues) to the nerve bundles in the proximal areas. As rightly mentioned earlier, ultra-short 

laser technology becomes more mature and ñuser friendlyò in industrial applications [109]. 

Heberle et.al, discussed the ultrafast laser structuring of medical polymers that are utilized 

for the manufacturing of intraocular lenses. Intraocular lenses are made up of either 

conventional PMMA (poly (methyl methacrylate) or modern hydrophobic or hydrophilic 

acrylate polymers which have a transparent nature and can be used to transmit light in order to 

achieve vision. In this study, ultrafast lasers were used to generate micro-scale surface 

structures and laser machining has been observed to be the most promising tool. Specifically, 

a picosecond laser was used to remove material from the intraocular lens which requires very 

high power to remove material from a specific location on the polymeric films. The study for 

focused on developing an intraocular lens that was made from medical grade acrylate 

polymers, one of which is a co-polymer made from PMMA (poly (methyl methacrylate), and 

PHEMA (Poly (2-hydroxyethyl methacrylate) along with two different absorbers added 

together. Investigators studied the laser ablation and machining of polymers used for 

intraocular lens by varying the wavelengths of the lasers used, and by increasing the ablation 

depth by altering the laser fluence and evaluated the effects on the structures generated. They 

observed that there is minimal achievable roughness on the surface when the wavelength and 

the fluence was altered. From their investigation, they had summarized that a laser operating 

at 355 nm provided the most promising result of surface structuring applications. Hence, they 
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had published that a picosecond laser can be utilized to create surface structuring for 

intraocular lens applications [110]. 

Honninger et.al, investigated the use of femtosecond fibre laser system for different medical 

applications. Femtosecond lasers having advantages as rightly identified and observed by a 

number of previous researchers in their studies, make these lasers suitable for biomedical 

applications, especially in the field of ophthalmology. In order to get the desired results, any 

laser system should have very good pulse energy stability, It is observed that a shorter pulse 

duration lowers the necessary pulse energy required for ablation process enabling to obtain the 

desired processing results. Investigators in their study reported the fibre laser system delivering 

>5ÕJ, sub-400-fs at a repetition rate of 200 kHz. Since the study was focused on ophthalmic 

applications, this laser system functions optimally owing to their ultra-short duration of pulses, 

excellent pulse-to-pulse stability, and high pulse repetition rates. This system also can be used 

for transparent media including biological tissues. This laser operates in infra-red wavelength 

of 1030nm in order to perform non-linear ablation on the surfaces of the tissues. Researchers 

performed patterning on porcine lens using the above-mentioned femtosecond fibre laser 

system. Based on their observation, they concluded that a femtosecond laser system can be 

used effectively to pattern or ablate the surface of biological tissues without significant damage 

to the surroundings. As an hidden message, it was noticed that collagen proteins present in the 

tissues did not have thermal denaturation when processed under a femtosecond laser system 

[111]. 

There have been several studies evaluating how laser ablation works on hard tissues and 

thereby can be utilized for ablation of bones and other tissues present within the human body 

with precise material removal with negligible or minimal thermal side effects to the 
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surrounding tissues. Domke et.al, focused on ultrashort laser ablation since these lasers have 

the ability to have an intensity that can ablate material in the non-linear absorption regime 

which gives a widened bandwidth for choosing the laser as optical absorption of tissues would 

behave independent to the wavelength of the laser of choice. Investigators wanted to 

understand the dynamics involved in the femtosecond laser ablation on hart tissues and so they 

performed ablation of different types of tissues including dentin, chicken bone, gallstone, and 

kidney stones. As a result of their study, investigators reported that there were micro-cracks 

seen around the place where the tissues were ablated when a femtosecond laser system was 

used. From the time-resolved imaging results, they reported that the laser ablation process 

comprised of a combination of plasma-induced ablation generating pressure waves which 

gives rise to the photochemical ablation mechanism around the target excited area on all of the 

types of hard tissues used in the study. In this study, the dynamics involved when a ultra-short 

pulsed laser was used for processing of hart tissues were studied but further investigation was 

required to understand the photochemical ablation involved during the processes [112]. Pronko 

et.al., reported that femtosecond lasers could be utilized to create sub-micron holes on 

materials with reduced or negligible thermal damage to the surrounding substrates. In this 

study, they had shown that a Ti: Sapphire laser at 800nm could be used to create precise and 

accurate small features on metallic surfaces like gold film without damaging the surrounding 

materials. This study concluded that femtosecond lasers could be utilized to fabricate and 

create precise small features as the thermal diffusion is limited and minimal due to the short 

pulses [113].  

A number of researchers have worked on studying how the pico- and femtosecond lasers 

can be used for cell patterning and to generate patterns on surfaces that can enhance cell 
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viability. One such study was investigated by Hribar et.al, in which they had reported a 3D 

laser writing using a femtosecond laser and summarized that this process increased cell 

viability in a three-dimensional organization. In this study, the patterns very tuned by tuning 

laser parameters of laser fluence and pulse repetition rate which thereby affected the cell 

adherence and viability on the scaffolds. Three-dimensional cellular organization is very 

critical in scaffolds that are used for vascular, cardiac, neural, and muscle tissue engineering 

applications and their overall function of the respective tissues. In order to achieve the 

appropriate cellular function in a 3D organization, selective removal of material from the bulk 

is required without disruption of the surrounding tissues. Investigators here looked into cell 

direct writing using a focused near-infrared (NIR) laser beam on a collagen-based hydrogel. 

This technique was developed to control the spatial organization of cells on the 3D collagen 

hydrogel encapsulated with gold nanorods which can be translated into different tissue 

engineering applications. It was observed that gold nanorods play an important role in the 

patterning mechanism resulting in better cellular organization on the gel. The role of the NIR 

laser beam was to denature the collagen molecules present in the gel where the patterning needs 

to be generated. When cell viability assessment was done it was observed that whenever 

patterns were created at high power and slower writing speeds there was more cell death when 

the contrast was observed patterning was done at faster writing speeds and at lower output 

power. It was reported that photo-liable materials are a class of materials that respond and react 

to lights at specific wavelength in order to stimulate any chemical or physical process within 

those materials. Based on the observations made in the study, investigators summarized that a 

focused NIR laser beam can be used to generate patterns on collagen hydrogels which enhance 

endothelial recruitment, alignment, and tube formations. They had also mentioned that this 
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mechanism of patterning can be widespread to create more complex patterns and expand for 

different cell types and other vascular engineering applications [114]. 

Lui et.al, studied three dimensional micropatterned collagen scaffolds using a femtosecond 

laser system. In their study, they observed the use of 800nm Ti: sapphire laser operating at 45 

fs with a threshold fluence of 0.06J/cm2. In this study, they created various 3D patterns on 

collagen scaffolds, including holes, grids, and lines. Collagen scaffolds are used in different 

biomedical applications since these collagen gels provoke minimal immunoreactive responses, 

and their eventual biodegradation mimicking normal wound healing. Collagen gels are usually 

cross-linked in order to increase the mechanical strength and aid in the formation of fibrils, 

fibres, and macroscopic bundles. Creation of three-dimensional structures in scaffolding 

materials with micron resolution is a challenge in biomaterial design. Investigators in this study 

looked into several methods to generate these patterns which includes photolithography, soft 

lithography, direct writing, and laser ablation. Out of the four methods mentioned in the study, 

the laser ablation method is a non-contact technique and is applicable to any substrate material. 

Laser ablation technique can be used to deposit complex micropatterns of biological molecules 

by selective adsorption phenomenon on laser-ablated patterns through self-assembled 

monolayers. Investigators presented how the patterns can be generated on collagen and how 

laser ablation affects the morphology of the patterns on collagen scaffolds. Along with 

patterning using a laser source, they also demonstrated cell growth and viability of 

mesenchymal stem cells (MSCs) and fibroblasts on the scaffolds. Results obtained were similar 

to previous research where laser ablation enhanced cell growth and viability on the patterned 

surfaces. Different patterns like holes, lines, and grids were created on collagen surfaces using 

the femtosecond laser by modifying the laser fluences and repetition rates (Figure 2-32). As 
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understood from earlier studies and research by a number of scientists, surface 

microtopography and chemistry are critical for cell viability. Based on the results and 

observations, the researchers showed evidence that cells in the patterned grooves were 65 times 

higher likely to survive washing of the sample as compared to cells seeded on a smooth surface. 

The other major result is that collagen features sculpted in the intermediate fluence regime are 

hospitable for cell growth and adhesion in 3D environment. And cell growth and adhesion was 

higher in the case of patterned scaffolds compared to un-patterned scaffolds [115]. 

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 each panel [115] 

Fabrication of micro- and nanostructures on biocompatible materials is of high interest in 

technological areas of organic photonics and biomedicine. Previous laser ablation models 

involved gelatin, collagen and chitosan as model polymers since they had an absorption spectra 

and dielectric properties similar to living tissues [100], [116]. Oujja et.al, discussed that three-

dimensional micro-structuring of polymers like chitosan, gelatin, synthetic polyvinyl 

pyrrolidone (PVP), and biopolymer-polymeric blends that were irradiated using Titanium (Ti): 

Sapphire lasering the femtosecond pulse duration range. In recent years, after the development 
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of femtosecond lasers, they have turned out to be a viable process to fabricate, modify, and 

customize biomaterials that can be used in medicine and bioengineering fields. Investigators 

studied the effects of self-focusing and optical aberration of the biopolymer-synthetic polymer 

blends which were the factors that influenced the morphology of the patterning on the surface 

of polymer blend that were created at different depths. After laser irradiation was carried on 

PVP-chitosan and PVP-gelatin films, the pulse energy produced largest features on PVP since 

these polymers tend to melt before degradation. Along with this observation, investigators also 

observed the evolution of the shape with increased depth of ablation which was an effect of 

focal intensity distribution and optical aberration. Due to optical aberration effect, the 

cylindrical shape appearing at the shallower depths (closer to the surface) appeared to elongate 

into a jet-like structure as the depth increases. In conclusion, investigators mentioned that 

patterning on biopolymers and fabrication of these structures using ultra-short laser irradiation 

can be possible and thereby reduce the cost involved in the production of devices made from 

biopolymers in cutting edge applications in photonics and biotechnological applications [116]. 

Microbial interaction and controlling of microbial growth are essential for many 

biomedical, pharmaceutical, and industrial applications. Especially in biomedical applications, 

microbial growth can disrupt the function of the device as a whole. Estevan-Alves et.al, 

analysed the femtosecond laser patterning of chitosan for formation of a biofilm. Surface 

chemistry and topography have a strong effect on cell morphology and its behavior, such as 

adhesion, orientation and migration, growth and proliferation, differentiation, gene expression 

and protein synthesis. Surfaces with structures engraved or patterned have become widely used 

for biosensors, biochips for diagnostics and cell micro-arrays, in drug delivery, and in 

prostheses for medical implants. Understanding of bacterial-surface interaction mechanism 
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along with evaluating the physicochemical properties of the material substrates and cell to be 

attached is necessary in order to design and develop a biomaterial suitable for bacterial and 

cell growth on the surfaces. Controlled surface textures required for various biomedical 

applications can be fabricated using femtosecond laser micro-machining techniques. Chitosan 

is a biocompatible and biodegradable polymer with excellent antimicrobial properties and 

micro-machined chitosan displayed increased wettability or hydrophilic character which aided 

the biofilm formation on the surface of chitosan. In order to provide precise patterning on the 

surface with minimal heat-affected volume, a femtosecond laser was used to pattern the 

chitosan surface which enhanced the biofilm formation. Biofilm formation initiates with 

microbial adhesion to biotic and abiotic surfaces. Patterning also improves bacterial adhesion 

to the surface along with enhancing the formation of biofilms on chitosan surfaces. Surface 

micro-structuring also contributes to nucleation and guides the formation of three-dimensional 

maturation of biofilms. Based on observations from the study, there is a trade-off the natural 

antibacterial action from chitosan and increasing adhesion of micro-structured surfaces, which 

promotes biofilm formation on the surface. Investigators in conclusion demonstrated that 

femtosecond (fs) laser micropatterning on biomaterial surfaces can be a wonderful tool to 

analyse and evaluate bacterial growth and development which in turns is attributed to surface 

topography and bacterial adhesion. Thus, fs-laser micropatterning can be a useful tool in the 

biomaterial fabrication for different applications [117].  

Femtosecond laser micro-printing can also be performed as a laser prototyping technique 

that can be used to develop biomedical devices. Ultra-violet femtosecond laser pulses have 

been commonly used to direct writing on a wide range of biomaterials with complicated 

patterns and structures. Zergioti et.al, investigated femtosecond micro-printing of different 
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biomaterial patterns such as DNA and proteins, with spatial resolution in the micron ranges. 

Earlier techniques for the deposition of biomolecules involved spotting, inkjet, and 

photolithography, although efficiency of transferring was not always optimal and effective 

which intended to develop more efficient techniques to create these biomolecules on 

biomaterials surfaces. The above-mentioned techniques have turned out to be uneconomical 

for these biopolymeric samples and are inherently limited by visco-elastic properties of the 

samples. Laser rapid prototyping has been widely used for fabrication of three-dimensional 

periodic micro-structures of metals and oxides, which have been developed for electronics, 

and photonics structures. The advantage of laser deposition technique is that liable biomaterials 

can be deposited without significant damage, as the use of femtosecond laser pulses minimize 

the adverse thermal effects and reduces required energy threshold for transfer compared to long 

pulse lasers. Investigators demonstrated that laser direct printing can be a reliable tool to write 

micro-patterns of biological molecules, such as DNA and proteins. This technique is a direct 

process in which the biomaterials absorb the energy of ultra-short pulsed lasers and can be 

utilized to deposit on the substrates without assistance of any transferring matrix material 

[118], [119]. 
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CHAPTER 3 MECHANICAL FABRICATION AND EVALUATION OF BARBED 

SUTURES 

K. Nambi Gowri and M. W. King, ñMechanical fabrication and evaluation of bioresorbable 

barbed sutures with different barb geometries,ò Biomed. Mater., vol. Number 2, March 2024, 

p. 16, Feb. 2024, doi: 10.1088/1748-605X/ad2c1e (reference as [120]). 

3.1 Introduction 

Wound closure is the final stage of any surgical intervention, and it can be performed at 

three different stages namely, primary, secondary and tertiary wound closures. Wound closure 

devices are used for tissue approximation so as to promote wound healing [16], [17], [23]. 

Surgical sutures are the most common and major type of wound closure device that is used 

clinically. These surgical sutures can be made from both resorbable and non-resorbable 

polymeric materials that are used based on their clinical and surgical requirements. Suturing 

and closing of bodily tissues are a time-consuming and stressful process in the operating room. 

But it is equally important, as with any implantable medical device, that the sutures be inserted 

in the adjoining tissue meticulously and with precision. Because if there are openings, non-

uniformities or discontinuities in the stitching pattern, the risk of wound rupture and dehiscence 

increases significantly. Unfortunately, when this happens there is a need to repeat the surgical 

procedure, increasing morbidity to the traumatized patient. So in order to reduce the risk for 

both the surgeon and the patient, this barbed suture design with a plurality of projections along 

the surface make the operative procedures more effective, secure and time efficient [10], [19]. 

In this objective, the design and development of barbed sutures was investigated in order to 

overcome the problems associated with conventional sutures: both smooth monofilaments and 

multifilament braided sutures. Along with eliminating the problems associated with knotted 

https://iopscience.iop.org/article/10.1088/1748-605X/ad2c1e
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wound closure devices, these barbed sutures also reduce postoperative wound closure 

complications which have been reported in a number of clinical cases over the decades [4], 

[11]. These barbed sutures are known as self-anchoring or knotless sutures which are secured 

by barbs/ projections on the suture monofilament rather than knots. Barbed sutures are 

composed of a helical array of projections (Figure 3-1) which are cut around the periphery of 

the monofilament suture. Furthermore, since barbed sutures have barbs all along the suture 

line, the retention forces are distributed along the length of the wound, rather than being 

concentrated at the knot. These barbed sutures stabilizes the wound by providing greater 

tension where the wound needs it (i.e., in the middle) because there is no suture slippage as 

occurring in the smooth monofilaments, and facilitates wound healing [30], [32], [33].  

Figure 3-1. Mechanically barbed P4HB 2/0 suture with barbs at 3 rotational angles (0o, 120o and 

240o) 

Barbed sutures can have barbs pointing either in one direction, that is a unidirectional barbed 

suture, or in two directions, which is a bidirectional barbed suture. In the former case, the 

barbed suture has a needle at one end and a loop at the other in order to anchor the suture 

during the surgical procedure. In the latter case, the barb direction changes at the center of the 

suture and the suture has needles at both ends. As a result the closure stitching protocol involves 

starting at the middle of the wound and proceeding to the ends with the two needles in the case 

of a bi-directional barbed suture [12], [32], [121]. After years of investigating the design, 

barbed sutures were commercially available once the company, Quill Medical LLC, was 

established in 1999 following the publication of patents by Dr. Gregory L. Ruff in the years of 

1994 and 2001 [11], [37]. 
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While non-resorbable synthetic filaments have higher mechanical strength than resorbable 

sutures, their main disadvantage is related to their in vivo biocompatibility and 

biodegradability. Early studies on barbed sutures were focused on their mechanical properties 

and anchoring performance of synthetic non-resorbable sutures. During the early 2000's, there 

were a number of studies evaluating the mechanical and anchoring properties of bi-directional 

barbed sutures. In 2003, a study focused on evaluating the performance of polydioxanone 

(PDO) sutures in terms of the barb geometry and their anchoring performance in different 

surrounding tissues. In this study, the researchers concluded that optimization of the barb 

geometry is essential in order to approximate wounds efficiently and securely [17]. Following 

this publication, there were a number of studies which evaluated the design and performance 

of bi-directional barbed sutures fabricated from different synthetic materials, namely, nylon 

[24], polypropylene [14], [24], [122], and polyvinylidene fluoride (PVDF) [122]. Huang's 

study compared the anchoring properties of polyvinylidene fluoride (PVDF) with 

polypropylene (PP) sutures in a tendon repair procedure. In their study they concluded that 

PVDF bi-directional barbed sutures can be used as an alternative to PP barbed sutures as they 

showed superior mechanical performance in a tendon repair protocol [122]. In Ingle et al's 

study he changed the barb parameters, such as the shape, size and frequency, through his 

innovative mechanical fabrication technique, and he determined how varying the barb 

geometry would impact its mechanical performance. Ingle also attempted to map the barb 

geometry with the type of surgery by comparing the suture-tissue pull out test on skin and 

tendon tissues [14], [15]. After the FDA approved that poly(4-hydroxybutyrate) (P4HB) could 

be used as a suture material in 2007 there has been increased interest in barbing these sutures 

as they have both superior mechanical characteristics and in vivo biocompatibility. As a result, 
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Cong et al fabricated P4HB barbed sutures and compared their mechanical and anchoring 

properties with PDO barbed sutures in order to demonstrate their clinical superiority [10].  

The present study focuses on the mechanical fabrication of barbed sutures from resorbable 

polymers such as catgut [78] and poly(4-hydroxybutyrate) (P4HB) sutures [85], [90]. Two 

different barb geometries were fabricated and their mechanical properties and anchoring 

performance were measured using an in vitro test protocol [123]. As previously concluded by 

Ingle et al, different barb geometries are required in order to close different types of wounds 

as they involve various tissue compositions. An important future goal is to improve the 

anchoring ability of barbed sutures without compromising their tensile strength. 

This chapter describes the mechanical fabrication of barbed sutures with different barb 

geometries using a stationary blade assembly along with the evaluation of their mechanical 

and anchoring properties. This study investigates the following specific aims: 

1. To characterize the materials of suture monofilaments for their cross-sectional shape 

and percent crystallinity as the material internal structure as an influence in the 

mechanical properties of the barbed sutures 

2. To fabricate barbed sutures with two different barb geometries namely, straight and 

curved barbs using the existing mechanical fabrication instrument and protocol. 

3. To evaluate the mechanical properties and anchoring performance of barbed sutures 

with both geometries namely, straight and curved barbs.  

3.2 Materials and Methods 

3.2.1 Materials used 

The materials used in this study were bioresorbable polymeric monofilaments made from 

poly(4-hydroxybutyrate) (P4HB), catgut, collagen (electrochemically aligned collagen 
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filaments) [73], [74] and expanded polytetrafluoroethylene (ePTFE). Catgut monofilaments, 

size 0 (◖: 0.400 mm ï 0.499 mm) and size 2-0 (◖: 0.399 mm ï 0.400 mm) (Ethicon Inc., 

Somerville, NJ) have been used for surgical closures since the origins of medicine back in 300 

BC [78], [124].  On the other hand, size 2-0 (◖: 0.300 mm ï 0.339 mm) P4HB monofilaments 

(B. Braun Medical Inc., Barcelona, Spain) are a relatively new material that was approved by 

the US Food and Drug Administration (FDA) in the year 2007 for use as a resorbable suture 

[85], [90], and ePTFE monofilaments with a diameter ranging between 0.450 mm ï 0.500 mm 

(Zeus Scientific Inc., Orangeburg, SC) have only been available commercially within the last 

40 years. Collagen monofilaments were sourced from Dr. Ozan Akkusôs Tissue Fabrication 

and Mechanobiology laboratory at Case Western Reserve University. The collagen 

monofilaments were produced from bovine collagen solution with two different solution 

concentrations of 3mg/ml and 6mg/ml through electrochemical compaction technique [72], 

[73]. 

3.2.2 Material Characterization 

The monofilaments used for the fabrication of barbed sutures are evaluated for their material 

characteristics before the mechanical and anchoring performance of barbed sutures were 

evaluated. The material characterization was performed in order to determine the cross-

sectional shape and percent crystallinity of the polymeric monofilaments under study. The 

techniques used for evaluating the percent crystallinity was X-Ray Diffraction (XRD) analysis 

and the cross-sectional shape was observed using the technique for qualitative identification 

of textile fibres [125]. The material characteristics were studied in order to estimate how the 

material structure influences the tensile performance and anchoring ability of the sutures with 

the surrounding tissues. 
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3.2.2.1 Effective cross-sectional analysis 

Before barbing was performed, it is necessary to determine the loss in cross-sectional (CS) 

area after barbing. The effective cross-sectional area was calculated theoretically using 

Autodesk Fusion 360 CAD software in order to determine the percentage loss in area after 

barbing. For the analysis, the cross-section of the monofilament was considered circular in 

order to make the theoretical calculations easier. The calculations of cross-sectional (CS) area 

were calculated using the CAD software for both before and after barbing the filaments. The 

theoretical images of the CS calculations are shown in Figure 3-2.  

Figure 3-2. CAD 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 cross-sectional area 

(dimensions in mm) 

When the cut depth is smaller than 25% (in my research study, the cut depth was 20% of 

suture diameter) of the suture diameter, the effective cross-sectional area left after barbing is 

calculated using the formula shown below (for manual calculations), 

Ὢὼ “Ὑ σὥὶὧέίρ ὼὙ σρ ρ ὼ ρ ὼὙ       (Equation 3-1) [10] 

where R is the radius of the original cross-section of the suture monofilament [10]. Effective 

cross-sectional area before and after barbing of monofilaments of sizes 0 and 2-0 were obtained 

using Autodesk Fusion 360 software. 

Before determining the loss in cross-sectional area, the cross-sectional shape of the 

monofilaments was evaluated using the technique that is used to determine the cross-sectional 



 

95 
 

shape of textile yarns and fibres. The technique is one where the filaments are inserted into a 

template which have circular holes with fixed diameters and are made sure the filaments are 

packed within the circular hole on the template. After which the top part of the filaments is 

sliced as close as possible to the template surface and then observed under a EVOS FL Auto 2 

cell-imaging microscope (Thermo Fisher Scientific, Waltham, MA). For cross-sectional 

analysis, the filaments were tightly packed into the cross-sectional template as so the filaments 

donôt fall out while observation was done. Samples were prepared and viewed under the EVOS 

FL Auto 2 Cell imaging system and analysed the cross-sectional shape of the filaments. 

3.2.2.2 X-Ray Diffraction (XRD) analysis 

As supporting evidence to cross-sectional analysis, X-Ray Diffraction was performed. X-

Ray Diffraction (XRD) is a common technique to evaluate the polymer morphology in terms 

of amorphous and crystalline regions of the polymer internal structure. XRD was performed 

using the Single Crystal X-Ray diffractometer (SC-XRD). The XRD analysis was performed 

under Molybdenum (Mo) irradiation with a wavelength ()˂ of 0.71). After the XRD analysis 

was performed, the angle of incidence (ɗ) was calculated using the Braggôs law as mentioned 

below 

ὲz ‗ ςz Ὠz ίὭὲ—          (Equation 3-2) 

Where, n ï an integer;  ˂ï wavelength of the x-ray irradiation; d ï interplanar distance and 

ɗ ï angle of incidence.  

Based on intensity of spots observed on the diffraction patterns, the amorphous and 

crystalline regions of polymers were qualitatively measured. From the measured peak intensity, 

in order to quantitatively determine the percent crystallinity, Hermanôs orientation factor was 

calculated using the below mentioned formulae. Using the 2ɗ values calculated from the 
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Braggôs law, the % crystallinity of the monofilament samples were calculated using the 

Hermanôs orientation factor, which is based on the below set of formulae, 

Ὢ σÃÏÓ‰ ρȠ                           (Equation 3-3) 

Whereȟὧέί‰ ὧέί…;    

ὧέί…  
᷿ ╘Ⱶ▼░▪Ⱶ ╬▫▼Ⱶ ▀Ⱶ

Ⱬ

᷿ ╘Ⱶ▼░▪Ⱶ

Ⱬ

▀Ⱶ

               (Equation 3-4) 

 The Hermanôs orientation factor Ὢɲ is in the range from 0 to 1. When  Ὢɲ ρ, the fibre is 

perfectly oriented and when Ὢɲ π, the crystalline structures are randomly oriented. 

3.2.3 Mechanical fabrication of barbed sutures 

3.2.3.1 Mechanical barbing instrument 

The surgical sutures were cut into 12.7-cm lengths for tensile testing and 5-cm lengths for 

suture-tissue pull-out tests. Bi-directional barbs were cut on P4HB size 2-0, catgut size 0 and 

catgut size 2-0 monofilaments using the mechanical barbing instrument (Figure 3-3) donated 

by the former Quill Medical Company [126].  

The complete fabrication of a bi-directional barbed suture using the manual barbing 

instrument involves three barbing operations that are staggered around the suture diameter to 

create a helix. The barbed sutures were fabricated in sections and so different cutting templates 

were used which were fabricated at certain offset distances in order to create a helical array of 

barbs around the suture. This is not shown in the figure 3-3. [9], [10], [122].  

The monofilaments were held in place using two suture retention clamps at either end of 

the instrument. These clamps held the suture in place while barbing. One complete barbing 
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operation involves the following steps: 1) the tamp plate was positioned face down on the 

instrument and the tightening screws were used to secure the suture in place within the V-

shaped groove. 2) After securing the suture, a knife positioning template I (with one dot) was 

placed on the base. 3) The blade assembly with the knives was used to cut the first series of 

barbs. 4) The instrument was rotated by 180o to cut the first series of barbs on the opposite 

side. 5) The instrument was rotated back by 180o to its original position. 6) Knife positioning 

template I was replaced by knife positioning template II (with two dots) on the base. 7) The 

third and fourth barb series were cut in a similar manner to the first template. 8) So, for the 

next series of barbing operations, the knife positioning templates I and II with the same dot 

numbers were used for the next four sets of barbed sections. 9) After each barbing operation, 

the suture retention clamps were rotated by 120o, and the above-mentioned process was 

repeated with the next pair of positioning templates. It was important to make sure that the dot 

numbers on the retention clamps and the knife positioning templates were the same.  

Figure 3-3. Component parts of the mechanical barbing instrument (Created with BioRender.com) 

The shape and geometry of the barb are crucial characteristics when fabricating barbed 

sutures. When considering a straight barb, the two main parameters are the cut angle and cut 

depth as shown in Figure 3-4. There is a need to alter these parameters in order to optimize the 
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anchoring capability with respect to the surrounding tissue. In previous research, different 

surgical procedures evaluated barbed sutures in closing different types of wounds with 

different tissues. For example, in the study by Ingle et. al, it was reported that barbed sutures 

used for tendon repair require barbs with a lower cut angle and higher cut depth, while in the 

case of skin tissues the sutures needed to have barbs with a higher cut angle and higher cut 

depth [14], [15]. 

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

barb (bottom) fabricated by modifying the cut angle  

3.2.3.2 Barb geometry 

In this study, barbed sutures were fabricated with both straight and curved barb geometries 

using the mechanical barbing instrument shown in Figure 3-3.  The frequency, angle and depth 

of the barbs were fixed and determined by the blade assembly. The blade assembly consisted 

of 9 blades within a 4 cm distance arranged in series and held in a common base. For the 

bidirectional sutures, the barbed sections were 7 cm in length at both ends with a 2-cm gap in 

the middle. The straight barbs were cut with the following parameters: the cut depth was fixed 

at 20% of the suture diameter and the cut angle was fixed at Ñ165o.  

Barbed sutures with curved barbs were fabricated using the same mechanical barbing 

instrument and blade assembly at the angle of 165Á and the same 20% of the suture diameter. 
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After for producing the straight barbs, a second linear cut at 180o
 (parallel to the suture axis) 

was made to increase the barb length and thereby develop a curved barb shape.  Figure 3-4 

shows the illustration representing the cut angles in order to fabricate barbed sutures with two 

different barb geometries. In Figure 3-8 & Figure 3-9, we can observe the difference between 

the straight and curved barb shapes from the optical micrographs. After fabrication, the sutures 

were swaged with taper-pointed needles, which are commonly used for wound closure. The 

needles were sized for the corresponding suture sizes: size 22 for size 2-0 suture and size 24 

for size 0 suture. 

3.2.3.3 Samples fabricated using mechanical fabrication technique 

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 monofilaments. Table 3-1 

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 4 4   

P4HB 2-0 

NB 4 4   

S1S 4 4   

S2S 4 4   

S3S 4 4 1 26 

C1S 4 4   

C2S 4 4   

Catgut 2-0 

NB 4 4   

S1S 4 4   

S2S 4 4   

S3S 4 4   

C1S 4 4   

C2S 4 4   

Catgut 0 

NB 4 4   

S1S 4 4   

S2S 4 4   

S3S 4 4 1 26 

C1S 4 4   

C2S 4 4   

ePTFE 

(ASM size 0) 

NB 4    

S3S 4    

Sum 84 76 2 52 

Total sum based on 

fabrication technique 
214 

Abbreviations: CB ï commercially barbed suture (commercial name: Quill barbed sutures; NB ï non-barbed; 

S1SB ï straight barb with one rotational angle (0o); S2SB ï straight barb with two rotational angles (0o, 120o); 

S3SB ï straight barb with three rotational angles (0o, 120o and 240o); C1SB ï curved barb with one rotational 

angle and C2SB ï curved barb with two rotational angles (0o, 120o). 

3.2.4 Optical microscopy 

Cross-sectional analysis was observed under the EVOS FL Auto 2 cell-imaging microscope, 

which is a high-resolution microscope. The evaluation was done under higher magnification 

of 4x and 10x. While the fabricated barbed sutures were viewed under a Nikon Labophot-2 

light optical macroscope (Nikon Corp, Tokyo, Japan) at 0.5x magnification. This provided a 

low power image of the variation in barb shape and geometry for the samples fabricated using 

the stationary blade assembly.  
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3.2.5 Suture tensile test 

The tensile properties of the mechanically barbed and non-barbed sutures were measured 

and compared against commercially available barbed PP sutures on an MTS Q-test/ 5 

mechanical tester (MTS Systems, Eden Prairie, MN, USA) with a 250 N load cell following 

ASTM D2256/ D2256M ï 2021 ñStandard test method for Tensile Properties of Yarns by the 

Single-Strand Methodò. Sutures were mounted between the flat capstan clamps at a pressure 

of 60 psi with a set gauge length of 5 inches (12.7 cm) and a crosshead speed of 150 mm/min. 

The mechanical properties of ultimate tensile force and elongation at break were measured and 

recorded. The initial tensile modulus, which measures the resistance to stretching, was 

determined from the slope of the recorded stress-strain curve, and the work to rupture or 

toughness was determined as the area under the load-displacement curve. Stiffness measures 

how sutures resist deformation when a tensile load is applied, and toughness measures how 

sutures absorb energy and undergo plastic deformation until they break at the failure point. 

3.2.6 Suture-tissue pullout test 

In order to mimic the in vivo anchoring performance of barbed sutures with their 

surrounding tissue, porcine dermis was used in an in vitro protocol to evaluate the suture-tissue 

pull out strength [123]. Figure 3-5 illustrates the suture-tissue pull out test protocol together 

with how sutures were inserted into the thickness of the dermis. The samples of dermis tissue 

were stored in phosphate buffered solution (PBS) as soon as they were harvested from the mid-

dorsal portion of the pig at the College of Veterinary Medicine, North Carolina State 

University. 3/8 taper point needles were swaged for both bi-directional barbed and non-barbed 
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sutures. The suture bite length (Ds) was calculated to be 0.804 mm for a size 2-0 suture and 

0.941 mm for a size 0 suture with a 3/8 taper point needle.  

Figure 3-5. (A) Schematic diagram of the suture/ tissue pull-out test protocol; (B) P4HB 2-0 

bidirectional barbed suture; (C) catgut 2-0 bi-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 MTS Q-test tensile tester for anchoring performance evaluation 

The anchoring properties of the mechanically fabricated barbed and non-barbed sutures 

were measured and compared against commercially available barbed sutures on an MTS Q-

test/ 5 mechanical tester (MTS Systems, Eden Prairie, MN, USA) with a modification to the 

clamps on the test instrument. Anchoring properties of maximum pull-out load and elongation 

were evaluated with a 250 N load cell using the ASTM D3822/ D3822M ï 2020 ñStandard 

Test Method for Tensile Properties of Single Textile Fibersò. One suture end was attached to 

the top clamp while the porcine dermis was held by the bottom clamp with sandpaper lining 

the clamp surfaces so as to avoid slippage of the dermis at a pressure of 50 psi. The standard 

uniaxial tensile test was performed with a gauge length of 2 inches (7.62 cm) and a crosshead 
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speed of 150 mm/min. The maximum pull-out load at failure was considered a direct 

measurement of suture engagement with the surrounding tissue. 

3.2.7 Statistical analysis 

Barb geometry, mechanical properties and anchoring performance results were compared 

between the barbed and non-barbed suture control for each of the respective materials: P4HB, 

catgut and ePTFE. The data were also compared against the commercially available 

polypropylene (PP) QuillTM barbed 2-0 sutures. Each group had four specimens on which to 

perform the statistical analysis. The statistical analysis was performed using a one-way 

ANOVA with Tukeyôs adjustments with a p-level of 0.05 using Origin software (Origin Lab, 

Northampton, Massachusetts, USA). The average data is reported as mean Ñ standard 

deviation. 

3.3 Results 

3.3.1 Cross-sectional analysis 

From Figure 3-2, the area of the filaments before and after barbing were calculated and the 

values were used to determine the effective cross-sectional area of the filaments and the percent 

loss in their area after barbing. 

Table 3-2. Results obtained from calculation of effective cross-sectional area of monofilaments 

before and after barbing 

Parameters Suture sizes 

Suture Size Size 0 Size 2-0 

Suture diameter 0.400 mm 0.350 mm 

Effective cross-sectional area before barbing 0.126 mm2 0.096 mm2 

Effective cross-sectional area left after barbing 0.072 mm2 0.055 mm2 

Loss in cross-sectional area 42.85% 42.72% 
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The samples prepared for analysing the cross-sectional area were viewed under the EVOS 

FL Auto 2 cell-imaging microscope to identify the cross-sectional shape of the filaments both 

catgut (Figure 3-6 (A) and 3-6 (B)) and P4HB (Figure 3-6 (C) and 3-6 (D)). The samples were 

imaged under two different magnifications of 4x and 10x in order to understand the cross-

sectional shape of the suture monofilaments used in the study. 

Figure 3-6. Light micrographs of cross-section of 2 Catgut 2-0 sutures at (A) 4x (scale: 650µm) and 

(B)10x (scale: 275µm) and 2 P4HB 2-0 sutures at (C) 4x and (D) 10x magnification obtained 

using EVOS imaging system 
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3.3.2 X-Ray Diffraction (XRD) analysis 

Using the X-Ray Diffraction instrument and the parameters mentioned above, the 

diffraction patterns of the polymeric filaments were taken and are shown in Figure 3-7. The 

XRD analysis was performed by using the Single Crystal X-Ray Crystallography (SC-XRD) 

instrument with Molybdenum (Mo) irradiation.  

Figure 3-7. Diffraction patterns of suture monofilaments (A) Catgut size 0, (B) Catgut size 2-0, (C) 

PP size 2-0 and (D) P4HB size 2-0  

From the intensities of the spots shown in the diffraction patterns, the 2ɗ values were 

calculated using the intensity from the diffraction patterns and for the analysis the radiation 

was Mo with a wavelength (ɚ) of 0.71¡. The Braggôs law: ὲ‗ ςὨίὭὲ— was rearranged in 
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order to calculate the ɗ values which was then used to calculate the 2ɗ values. The calculations 

of the 2ɗ values are shown in Table 3-3. 

Table 3-3. 2ɗ values calculated from the X-ray Diffraction patterns using Braggôs law 

Parameters Catgut  PP P4HB 

Wavelength (ɚ) 0.71 ¡ 0.71 ¡ 0.71 ¡ 

Plane (n) 1 1 1 

Inter-planar distance (d) 1.45¡ 2.05¡ 1.91¡ 

Angles of incidence (ɗ) 14.1716Á 9.9722Á 10.7115Á 

2ɗ 28.3433Á 19.9445Á 21.4230Á 

Using the 2ɗ values calculated from Braggôs law and mentioned in Table 3-3, the % 

crystallinity of the monofilament samples were quantified using Hermanôs orientation factorôs 

formulae represented in Equations 3-3, 3-4. The range of Hermanôs orientation factor (Ὢɲ) lies 

between 0 to 1, when Ὢɲ πȟ the crystalline regions are randomly oriented, and the fibre/ 

filament samples is more amorphous while if Ὢɲ ρȟ the fibre/ filament samples are perfectly 

oriented and are highly crystalline in nature. The Hermanôs orientation factor Ὢɲ for PP, P4HB 

and catgut were found to be 0.8255, 0.809, and 0.6618 respectively. 

3.3.3 Optical microscopy ï barb geometry 

Barbed sutures were fabricated with two different barb geometries, namely, straight and 

curved, that were observed under low power optical microscope (Figure 3-8 & Figure 3-9). 

From these optical micrographs, it can be observed that it is possible to fabricate curved barbs 

using the mechanical barbing instrument and blade assembly described earlier in Figure 3-4.  
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Figure 3-8. Optical micrographs of barbed catgut 2/0 (A-E) and P4HB 2/0 (F-J) sutures under a 

polarizing light microscope at 0.5x magnification 

Barbs were tried to cut on the electrochemically aligned collagen monofilaments using the 

blade assembly available. The barbs were fabricated on filaments produced from both solution 

concentrations. The filaments obtained from 3mg/ml were thinner than the filaments obtained 

from 6mg/ml solutions. Optical micrographs of the barbs that were cut on collagen filaments 

are shown in the figure below (Figure 3-9). 

Figure 3-9. Optical micrographs of Collagen monofilaments viewed under EVOS Cell Imaging 

microscope at 4x magnification (scale: 650 µm) (A) collagen filaments produced from 3 

mg/ml solution and (B) filaments produced from 6 mg/ml 
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3.3.4 Suture tensile test 

The tensile results of the mechanically barbed and non-barbed sutures were measured and 

compared against the commercially barbed PP sutures (Figure 3-10, Table 3-4). The ultimate 

tensile force (Figure 3-10 (A)) was significantly reduced after barbing irrespective of the 

polymer material. From the values listed in Table 3-4, it can be seen that there was a 74.5% 

loss for the size 0 catgut straight barbed suture (p<.001); a 77.5% loss for the size 2-0 catgut 

straight barbed suture (p<.001); a 87.5 % loss for the P4HB size 2-0 straight barbed suture 

(p<.001), and a 51.9% loss for the ePTFE straight barbed suture (p<.001). All the barbed 

sutures were compared to their respective non-barbed controls. The elongation at break (Figure 

3-10 (B)) was significantly reduced after barbing irrespective of the polymer material and the 

percent change followed a similar trend to the decrease observed in the ultimate tensile force 

results. The toughness or work to rupture (Figure 3-10 (D)) was significantly reduced after 

barbing irrespective of the polymer material and the percent change followed a similar trend 

to the decrease observed in the ultimate tensile force results. All the barbed sutures were 

compared to their respective non-barbed controls.  

The stiffness or initial tensile modulus (Figure 3-10 (C)) of the sutures showed an increase 

after barbing compared to their non-barbed controls. From the values listed in Table 3-4, it can 

be seen that there was a 18.7% increase in the size 0 catgut straight barbed suture (p<.001); a 

6.8% increase for the size 2-0 catgut straight barbed suture (p<.001); a 99.1% increase for 

P4HB size 2-0 straight barbed suture (p<.001), and a 96.2% increase for the ePTFE straight 

barbed suture (p<.001) compared to their respective non-barbed controls. 
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Figure 3-10. Tensile properties of the mechanically barbed and non-barbed monofilament sutures. 

(A) Ultimate Tensile Force (N), (B) Elongation at Break (%), (C) Initial modulus, 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 3-4. Results of suture tensile tests and suture-tissue pull out tests (mean ± SD), n=4 per suture 

material/ type/ size 

Abbreviations: NB ï non-barbed; S1SB ï straight barb with one rotational angle (0o); S2SB ï straight barb 

with two rotational angles (0o, 120o); S3SB ï straight barb with three rotational angles (0o, 120o and 240o); C1SB 

ï curved barb with one rotational angle and C2SB ï curved barb with two rotational angles (0o, 120o). 

a P4HB 2/0 non-barbed versus barbed sutures   b Size 2/0 catgut non-barbed versus barbed sutures                    
c Size 0 catgut non-barbed versus barbed sutures  d ePTFE ASM non-barbed versus barbed sutures 

Suture 

Material  

Suture 

Size/Geometry 

Ultimate 

Tensile Force 

(N) 

Elongation 

at Break 

(mm) 

Initial 

Modulus 

(N/mm2) 

Work to 

Rupture (J) 

Maximum 

Pull-out 

Load (N) 

Elongation at 

Maximum Pull - 

out Load (mm) 

PP S3SB 40.3 ± 4.4 11.2 ± 1.7 0.3 ± 0.1 0.58 ± 0.1 18.8 ± 7.2 11.7 ± 2.0 

P4HB 

2-0 NB 59.3 ± 2.9 101.8 ± 6.5 1.3 ± 0.1 3.4 ± 0.3 0.9 ± 0.5 28.2 ± 27.1 

2-0 S1SB 14.2 ± 0.8 a 38.5 ± 2.88 a 2.2 ± 0.1 a 0.3 ± 0.1 a 5.2 ± 1.0 a 11.5 ± 4.8 a 

2-0 S2SB 14.9 ± 1.6 a 42.0 ± 4.6 a 2.3 ± 0.1 a 0.3 ± 0.1 a 6.9 ± 1.6 a 15.9 ± 3.8 a 

2-0 S3SB 7.4 ± 1.3 a 23.4 ± 3.8 a 2.7 ± 0.1 a 0.1 ± 0.1 a 5.1 ± 0.8 a 14.3 ± 1.0 a 

2-0 C1SB 10.7 ± 2.1 a 31.4 ± 5.3 a 2.7 ± 0.1 a 0.2 ± 0.1 a 5.7 ± 1.5 a 13.0 ± 3.3 a 

2-0 C2SB 6.0 ± 2.2 a 20.6 ± 7.3 a 3.0 ± 0.2 a 0.1 ± 0.1 a 3.4 ± 0.9 a 13.3 ± 4.9 a 

Catgut 

2-0 NB 50.1 ± 6.1 23.7 ± 1.1 2.5 ± 0.2 0.5 ± 0.02 2.5 ± 1.4 9.0 ± 2.5 

2-0 S1SB 14.8 ± 2.0 b 6.2 ± 0.7 b 0.5 ± 0.04b 0.02 ± 0.002 b 2.6 ± 1.4 b 16.7 ± 17.5 b 

2-0 S2SB 7.4 ± 4.6 b 3.0 ± 1.5 b 0.4 ± 0.1 b 0.01 ± 0.01 b 2.7 ± 1.1 b 57.7 ± 43.8 b 

2-0 S3SB 11.3 ± 7.4 b 5.2 ± 3.3 b 2.7 ± 0.2b 0.03 ± 0.02 b 4.5 ± 3.8 b 31.0 ± 21.5 b 

2-0 C1SB 9.4 ± 2.8 b 5.0 ± 1.5 b 2.7 ± 0.5b 0.02 ± 0.01 b 4.4 ± 2.5 b 7.4 ± 3.7 b 

2-0 C2SB 4.1 ±1.3b 1.9 ± 1.2 b 0.5 ± 0.1 b 0.003 ± 0.02 b 2.3 ± 1.0 b 24.6 ± 30.0 b 

Catgut 

0 NB 53.1 ± 6.7 27.4 ± 2.5 2.2 ± 0.3 0.7 ± 0.1 5.2 ±4.0 8.9 ± 1.3 

0 S1SB 27.3 ±7.2 c 12.1 ± 3.5 c 0.04 ± 0.03c 0.2 ± 0.1 c 6.9 ±2.8 c 20.2 ± 17.4 c 

0 S2SB 13.3 ± 4.5 c 6.6 ± 3.0 c 0.4 ± 0.1 c 0.1 ± 0.04 c 6.1 ± 0.6 c 17.8 ± 10.9 c 

0 S3SB 13.5 ± 4.9 c 5.9 ± 3.5 c 2.6 ± 1.0 c 0.1 ± 0.1 c 8.5 ± 4.2 c 15.4 ± 1.03 c 

0 C1SB 9.5 ± 4.3 c 4.3 ± 2.2 c 0.4 ± 0.1 c 0.03 ± 0.02 c 4.9 ± 2.1 c 17.1 ± 10.8 c 

0 C2SB 8.2 ± 2.4c 4.2 ± 1.5 c 0.5 ± 0.1 c 0.04 ± 0.03 c 5.0 ± 3.2 c 18.8 ± 8.6 c 

ePTFE 
NB 21.8 ± 3.1 17.9 ± 6.6 1.2 ± 0.6 0.1 ± 0.1 

Swaging not possible using 

conventional procedure 
S3SB 16.8 ± 6.5 d 11.9 ± 7.0 d 1.9 ± 1.1 d 0.03 ± 0.01 d 
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3.3.5 Suture-tissue pullout test 

The anchoring performance results for the mechanically barbed sutures were compared 

against their non-barbed controls (Figure 3-11, Table 3-4).  Invariably the barbed sutures with 

their higher maximum pull-out load (Figure 3-11 (A)), showed superior anchoring performance 

because the barbs engaged with the surrounding tissue. From the values listed in Table 3-4, it 

can be seen that there was a 66.8% increase for the size 0 catgut straight barbed suture (p<.001); 

a 76.9% increase for the size 2-0 catgut straight barbed suture (p<.001), and a 496% increase 

for the P4HB size 2-0 straight barbed suture (p<.001) compared to their respective non-barbed 

controls. The results for the elongation at maximum pull-out load (Figure 3-11 (B)) showed 

similar increases as observed in the maximum pull-out load data for the two sizes of catgut 

sutures (Table 3-4). 

Figure 3-11. Anchoring performance results for both the mechanically barbed and non-barbed 

monofilament sutures.  (A) Maximum pull-out load of sutures in porcine dermis and (B) 

Elongation at maximum pull-out load of sutures in porcine dermis. All samples were 

compared with the barbed size 2-0 Quill polypropylene suture 
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3.4 Discussion 

Barbed sutures have been available for surgeons to use in different surgical procedures since 

they were approved by the United States Food & Drug Administration (FDA) in 2004. Catgut 

sutures have been used for centuries, especially for wound closure.  In fact they date back to 

the Egyptian era around 300 BC [78], [124].  On the other hand, poly-4-hydroxybutyrate 

(P4HB) was approved by the FDA in the year 2007 for use in resorbable implantable medical 

devices. In the current study, we successfully fabricated barbed sutures using the mechanical 

barbing instrument and blade assembly described above.  

From Figures 3-6 (A) and 3-6 (B), it can be observed that the cross-sectional shape of catgut 

monofilaments is not circular and homogeneous. From the cross-sectional shape it can be 

interpreted that the catgut monofilaments are prepared from different tissue strands that were 

extracted from bovine gut that were combined together to manufacture the catgut 

monofilaments. The non-circular and lobed cross-section observed in catgut monofilaments 

indicates the likelihood of a skin/core structure with a stronger, more oriented, crystalline and 

denser outer skin compared to the central core. And from the Figures 3-6 (C) and 3-6 (D), it 

can be interpreted that P4HB monofilaments are perfectly circular in shape which was 

observed from images obtained under both 4x and 10x magnifications. From the theoretical 

calculations using the CAD software, the loss in cross-sectional area was calculated to be about 

42.5%.  

As seen from the x-ray diffraction patterns shown in Figure 3-7, it can be interpreted that 

PP and P4HB are highly crystalline polymers since they were represented by high-intensity 

bright spots while catgut monofilaments have more amorphous nature compared to the PP and 

P4HB monofilaments. The amorphous nature in catgut filaments were represented by the 
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yellow halo in the diffraction patterns. From the values mentioned in the Table 3-3, the 

orientation factor of Ὢɲ was calculated for PP, P4HB and Catgut monofilaments. The calculated 

Hermanôs orientation factor Ὢɲ for PP, P4HB and catgut indicates that PP is more crystalline 

followed by P4HB and catgut. PP and P4HB monofilaments are synthetic polymers, and their 

crystalline structures are aligned and oriented through drawing step during extrusion of these 

monofilaments. Catgut has higher heterogeneity indicating that the catgut monofilaments are 

partially amorphous in nature. The heterogeneity observed in the molecular structure of catgut 

can be attributed to crystallites orientation. As understood from previous research studies, it is 

known that catgut is cross-linked collagen that is extracted from intestines from bovine or 

porcine. As catgut is extracted and processed from living tissues, the orientation of collagen 

fibrils within the tissues has an influence on the morphological structure of catgut and thereby 

affects the homogeneity of catgut [78]. 

Despite the difficulty of altering the barb shape using the mechanical fabrication approach, 

curved barbs were successfully created with two different rotational angles (Figure 3-8).  The 

images D, E, I and J in Figure 3-8 illustrate how curved barbs were fabricated with one and 

two rotational angles. Since they were fabricated manually, it was difficult to maintain a 

consistent cut depth for all the barbed samples. As a result, it was impossible to fabricate curved 

barbs with three rotational angles and the sutures broke apart and failed as the cut depth 

couldnôt be maintained consistent throughout the fabrication procedure. In order to promote 

wound healing, it is important to design and fabricate barbed sutures as wound closure devices.  

Such a development will be beneficial for surgeons and patients alike, resulting in reduced 

operating room stress and postoperative complications. 
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From the optical micrographs of collagen monofilaments with a single barb it can be 

observed that the filaments were not uniform throughout the length. This uneven thickness 

resulted in breakage of the filaments once barbs were cut based on the existing fabrication 

procedure. Since collagen monofilaments are a very new material identified as a suitable 

material for biomedical and biomaterial applications, we found it difficult to source 

monofilaments with uniform thickness and diameter range of 300Õm - 400Õm. Due to this 

reason, we werenôt able to continue and pursue the fabrication of collagen barbed sutures. 

The present study has demonstrated that it is possible to fabricate catgut, ePTFE and P4HB 

barbed sutures using a mechanical barbing approach, and the tensile properties and anchoring 

performance were evaluated using a tensile test and a suture-tissue pull-out protocol. From the 

evaluation of the tensile properties, it was observed that barbing caused a significant 75% - 

80% reduction in ultimate tensile force (N) (Figure 3-10 (A)).  The reduction in the mechanical 

properties is attributed to the loss in cross-sectional area after barbing was performed. The 

decrease in ultimate tensile force due to barbing was seen irrespective of the type of suture 

material.  

From the elongation at break results (Figure 3-10 (B)), it was observed that the catgut barbed 

sutures of both geometries had a higher reduction due to barbing compared to the P4HB and 

ePTFE sutures. From the work to rupture results (Figure 3-10 (D)), the toughness of the sutures 

was reduced significantly by at least 80% as a result of barbing, which is also attributed to the 

loss in cross-sectional area of the barbed sutures. The results for stiffness or initial modulus 

(Figure 3-10 (C)) showed an increase in the initial tensile modulus as a result of barbing. For 

example, the stiffness of catgut sutures are postulated to marginal increase due to the effect of 

the plasticizer components in the alcoholic sterilizing solution that is used to maintain the 
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catgut filaments at an alkaline pH [83]. Whereas in the case of P4HB, the increase ranged from 

about 70 - 100%, which is equivalent to the inherent loss in elongation at break caused by 

barbing.   

After tensile testing, the suture specimen fragments in the failure zone were viewed visually 

to identify any changes that occurred to the monofilaments during the tensile test. Observations 

were made for both barbed and non-barbed sutures in order to determine if the barbing 

procedure modified the suture structure and promoted failure. In the case of the two sizes of 

catgut sutures, there were longitudinal striations and splits at the ends of the failed fragments. 

This indicated that the different strands of catgut tissue were twisted in a helical fashion during 

manufacture. In the case of the P4HB sutures, the monofilaments, which were straight before 

testing, exhibited a coiled or spring-like appearance after testing. And with respect to the 

ePTFE sutures, the failed filaments fragments appeared to have increased extensibility and a 

more open microporous structure caused by the additional drawing process during tensile 

testing. For the PP sutures, the filaments failed with a similar morphology to P4HB with the 

failed filament fragments exhibiting a coiled or spring-like appearance after testing.  

The barbed sutures provided effective anchoring within the porcine dermis whereas the non-

barbed sutures tended to slip out of the surrounding tissue and exit the tissue at a lower pull-

out load. Having measured the anchoring performance for both straight and curved barbed 

sutures, it was observed that the sutures with curved barbs did exhibit marginally superior 

anchoring as demonstrated through the in vitro suture-tissue pull out test protocol (Figure 3-

11). The anchoring observations were undertaken to understand how the barbs engaged with 

the surrounding tissue. In the case of the catgut sutures, the monofilaments appeared 

compatible with the porcine dermis and failed within the dermal tissue layer. For the P4HB 
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sutures, the barbed monofilaments failed close to the tissue surface. Whereas for the 

commercial PP barbed sutures, they failed at a point before the suture exited the dermal tissue 

layer. In fact, it was observed that the PP size 2-0 barbed sutures had superior anchoring 

compared to the P4HB and catgut barbed sutures, since they had a higher bending resistance, 

and the P4HB barbed sutures failed when the barbs peeled off from the surface of the 

monofilament. It was difficult to swage needles onto the ePTFE sutures as it required an 

additional heat stabilizing process to harden the ends for swaging. Due to this reason, no 

anchoring properties were measured on the ePTFE sutures and therefore we decided to not go 

ahead and pursue ePTFE monofilaments. 

Two different barb geometries were fabricated, and their mechanical and anchoring 

performances were evaluated in porcine dermis. In a previous research study conducted by 

Ingle et al, it was determined that the barbs with higher cut angle and cut depth had the greatest 

anchoring in skin or dermis tissues [15]. With regards to this viewpoint, in this study two 

different barb geometries were fabricated mechanically, and their mechanical and anchoring 

performances were evaluated. From the anchoring results, it was observed that curved barbed 

sutures showed significantly better anchoring performance in dermis tissues compared to 

straight barbed sutures. 

3.5 Conclusions 

In conclusion, this study showed that different barb geometries could be fabricated using 

the mechanical barbing procedure by fabricating barbs with more than one barb cut angles. But 

it was observed that the barb cut depth couldnôt be consistent through the fabrication procedure 

done on both P4HB and catgut monofilament sutures. Hence, in order to maintain consistent 

barb cut depths on all suture monofilament samples and create barbed sutures with precise and 
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reproducible  curved barbs, an alternative and controlled fabrication technique needs to be 

evaluated and optimized for the fabrication. As discussed earlier, even though the barbed 

sutures showed significant loss in their mechanical properties, the fabricated barbed sutures 

showed higher anchoring as the barbs engage with the surrounding tissues. From the results it 

was also observed that the curved barbed sutures showed marginal higher anchoring compared 

to straight barbs in porcine dermis tissues as briefed earlier. This study involved the fabrication 

of barbed sutures from resorbable P4HB, and catgut suture monofilaments and this study is the 

first to fabricate and evaluate catgut barbed sutures. The resorbable barbed sutures are 

advantageous over non-resorbable barbed sutures as the barbs would be buried under the 

dermis layers and hence need not be removed. As future direction of research, we are looking 

to switch the fabrication technique to a more controlled and automated fabrication technique 

to fabricate precise and accurate barbs with varying barb geometries. Using the alternative 

fabrication technique, it would be possible to fabricate consistent barbs on the periphery of the 

barbed sutures.   
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CHAPTER 4 LASER FABRICATION AND EVALUATION OF BARBED SUTURES 

4.1 Introduction 

Laser micro-machining is a well sought after industrial fabrication technique which is 

utilized to fabricate minute and intricate parts in automotive, aerospace, industrial, electrical 

and electronics industries. The class of lasers suitable and optimum for micro-machining is the 

class of ultrashort pulsed lasers (USPL). This class of lasers includes the femto-second lasers 

which are preferred for micro-machining as these lasers have the minimal or negligible heat 

affected zones (HAZ) on the surrounding substrates (Figure 4-1).  

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) and a pico- or 

nanosecond pulsed laser system (right) [107] 

Femtosecond (fs) lasers are widely preferred for micro-machining on ceramics, metals and 

polymeric films. The ability of ultrashort lasers to machine or fabricate sub-micron features on 

a wide range of materials has a number of technological applications that can be used for 

medical applications. One of the most promising machining methods is based on the pulsed 

laser ablation principle. During the late 1990s, sub-micron machining was commonly done 

using the Excimer and Nd: YAG laser systems with nanosecond pulse widths. Even though 

these lasers were capable of machining at sub-micron ranges, the major limiting factor in the 
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spatial resolution of the machined regions was the heat diffusion or the heat affected zone 

(HAZ) surrounding the irradiation spots [113].  

Pronko et.al., had demonstrated that sub-micron holes were machined using femtosecond 

lasers which had the ability to produce holes with diameters less than 1Õm when compared to 

nanosecond lasers. In this study, the researchers used chirped pulse amplification (CPA) based 

on Ti: sapphire laser system with following parameters: pulse rate ï 1 kHz, pulse energy - 

300ÕJ, minimum laser pulse width ï 150fs. In this research, they had produced holes based on 

two very simple ideas namely, existence of a sharp laser fluence threshold for material removal 

and the role of thermal diffusion. Experimental simulation during the study showed that the 

depth of laser energy penetration was determined by the volume of the material under laser 

treatment. The laser absorption depth was identified to be independent of the laser pulse width, 

i.e., the threshold in the absorption regime should be independent of laser pulse width. Through 

the simulation studies and results, it was also seen that the thermal diffusion length was a 

function of laser pulse width. From Gaussian beam results, it was clearly shown that through 

proper choice of laser incident fluence, it would be possible to produce an ablated spot with 

significantly smaller radius than radius of the focused beam. The demonstration of micro-

machining using femtosecond laser pulses showed advantages over nanosecond laser pulses 

because of the reduced heat diffusion to the surrounding substrate material under interest. It 

was also concluded in this study that these femtosecond laser systems had very low laser 

fluence threshold making them suitable for certain machining situations where low fluences 

are desired to minimize the collateral damage, like in medical surgery where tissue damage 

outside the region of interest need to be as low as possible. Shorter laser wavelengths would 
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result in smaller spot size which might lead to smaller holes because absorption coefficient 

increases at shorter wavelengths which would decrease the depth of the holes also [113]. 

Kefer et.al., in their study on femtosecond laser micromachining of rotational symmetric 

workpieces studied and combined two novel femtosecond laser based approaches of laser 

scanning and turning processes in order to create a hybrid procedure to micromachine 

rotational symmetric workpieces. In this study, they had demonstrated that femtosecond laser 

systems could be utilized to produce microstructures with outstanding surface qualities in 

terms of achievable minimum diameter, maximum workpiece length and process time. 

Additionally, in their study they also concluded that the femtosecond laser based machining 

offered increased fabrication speed and time compared to other alternative fabrication 

techniques used for producing microstructures [127]. 

This chapter discusses the fabrication of barbed sutures with different barb geometries using 

a femtosecond laser (ultrashort pulsed laser) system and to evaluate their mechanical and 

anchoring properties. This study includes the following specific objectives: 

1. To identify the appropriate laser system and to optimize the laser parameters, laser 

optics and mounting stage for fabrication of barbed sutures 

2. To fabricate barbed sutures with two different barb geometries namely, straight and 

curved barbs using the optimized femtosecond laser system. 

3. To evaluate the mechanical properties and anchoring performance of barbed sutures 

with both geometries namely, straight and curved barbs.   
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4.2 Materials and Methods 

4.2.1 Materials used 

4.2.1.1 Schematic of femtosecond (fs) laser 

Femtosecond laser (Pharos: Modular-Design Femtosecond Lasers for Industry and Science, 

Lithuania, Europe) suitable for the experimental study was identified to be available at the 

Laser-Based Manufacturing and Materials Processing Laboratory, at Clemson University 

which was identified as a suitable laser that can be used to fabricate barbs on suture 

monofilaments under study. The identified laser is an Infrared (IR) femtosecond laser source 

with a wavelength of 1030 nm with a pulse duration range of 165 fs ï 190 fs (FWHM). The 

schematic of the fs laser available at Clemson University is shown in the figure below (Figure 

4-2). Scanlab laserDESK (Scan lab, M¿nchen, Germany, Europe) is the designing software 

linked with the identified femtosecond laser using which the laser pathways for barbs were 

generated based on which the laser fabrication was performed on the monofilaments held on 

the V-shaped mounting grooves. 

Figure 4-2. Schematic illustration of the femtosecond IR laser setup to be used for laser fabrication of 

barbed sutures 
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4.2.2 Laser fabrication of barbed sutures 

4.2.2.1 Optimization of laser parameters 

The femtosecond IR laser available at Laser-Based Manufacturing and Materials Processing 

Laboratory, Department of Mechanical Engineering at Clemson University was identified to 

be suitable for the micro-machining on suture materials with the following parameters listed 

in Table 4-1.  

Table 4-1 Initial laser parameters of the identified fs IR laser 

The above-mentioned parameters need to be altered and optimized to be able to fabricate or 

cut barbs on the periphery of the suture monofilaments. The optimization is done by 

performing a series of preliminary laser ablations on both catgut and P4HB sutures as both 

polymeric materials are different in terms of their structure and nature of thermal degradation. 

4.2.2.2 Samples fabricated through laser fabrication technique 

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 suture monofilaments. Table 4-2 shows the total number 

of samples that were mechanically fabricated which would be used for evaluation of 

mechanical properties, anchoring performance and degradation analysis. 

 

 

Parameters Values 

Type of laser Infrared (IR) 

Wavelength 1030 nm 

Pulse duration 190 fs 

Pulse repetition rate 100 kHz 

Laser fluence 2.9 J/cm2 
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Table 4-2. Number of samples laser fabricated for future property characteristics evaluation 

Materials 
Specimen 

Groups 

Laser 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 

P4HB 2-0 

NB The results for this specimen group are compared with already existing results 

S1S 4 4   

S2S 4 4   

S3S 4 4 1 26 

C1S 4 4   

C2S 4 4   

Catgut 2-0 

NB The results for this specimen group are compared with already existing results 

S1S 4 4   

S2S 4 4   

S3S 4 4   

C1S 4 4   

C2S 4 4   

Catgut 0 

NB The results for this specimen group are compared with already existing results 

S1S 4 4   

S2S 4 4   

S3S 4 4 1 26 

C1S 4 4   

C2S 4 4   

Sum 60 60 2 52 

Total sum based on 

fabrication technique 
174 

Abbreviations: CB ï commercially barbed suture (commercial name: Quill barbed sutures; NB ï non-barbed; 

S1SB ï straight barb with one rotational angle (0o); S2SB ï straight barb with two rotational angles (0o, 120o); 

S3SB ï straight barb with three rotational angles (0o, 120o and 240o); C1SB ï curved barb with one rotational 

angle and C2SB ï curved barb with two rotational angles (0o, 120o). 

4.2.3 Optical microscopy 

The fabricated barbed sutures were viewed under the EVOS FL Auto 2 cell-imaging 

microscope, which is a high-resolution microscope. The evaluation was done under 

magnification of 5x and 10x. This provided a low power image of the variation in barb shape 

and geometry for the samples fabricated using the femtosecond laser stage. 

4.2.4 Suture tensile test 

The tensile properties of the laser fabricated barbed and non-barbed sutures were measured 

and compared against commercially available barbed PP sutures on an MTS Criterion Model 
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43 tester (MTS Systems, Eden Prairie, MN, USA) with a 500 N load cell following ASTM 

D2256/ D2256M ï 2021 ñStandard test method for Tensile Properties of Yarns by the Single-

Strand Methodò. Sutures were mounted between the flat capstan clamps at a pressure of 60 psi 

with a set gauge length of 5 inches (12.7 cm) and a crosshead speed of 150 mm/min. The 

mechanical properties of ultimate tensile force and elongation at break were measured and 

recorded. The initial tensile modulus, which measures the resistance to stretching, was 

determined from the slope of the recorded stress-strain curve, and the work to rupture or 

toughness was determined as the area under the load-displacement curve. Stiffness measures 

how sutures resist deformation when a tensile load is applied, and toughness measures how 

sutures absorb energy and undergo plastic deformation until they break at the failure point. 

4.2.5 Suture-tissue pullout test 

In order to mimic the in vivo anchoring performance of barbed sutures with their 

surrounding tissue, porcine dermis was used in an in vitro protocol to evaluate the suture-tissue 

pull out strength [123]. Suture-tissue pull out test protocol was followed similar to that used 

for the evaluation of anchoring performance of mechanically fabricated barbed sutures in 

Chapter 3 as illustrated in Figure 3-5. 

The samples of dermis tissue were stored in phosphate buffered solution (PBS) as soon as 

they were harvested from the mid-dorsal portion of the pig at the College of Veterinary 

Medicine, North Carolina State University. 3/8 taper point needles were swaged for both bi-

directional barbed and non-barbed sutures. The suture bite length (Ds) was calculated to be 

0.804 mm for a size 2-0 suture and 0.941 mm for a size 0 suture with a 3/8 taper point needle. 

The anchoring properties of the mechanically barbed and non-barbed sutures were measured 

and compared against commercially available barbed sutures on an MTS Criterion 43 tester 



 

125 
 

(MTS Systems, Eden Prairie, MN, USA) with a modification to the clamps on the test 

instrument. Anchoring properties of maximum pull-out load and elongation were evaluated 

with a 500N load cell using the ASTM D3822/ D3822M ï 2020 ñStandard Test Method for 

Tensile Properties of Single Textile Fibersò. One suture end was attached to the top clamp 

while the porcine dermis was held by the bottom clamp with sandpaper lining the clamp 

surfaces so as to avoid slippage of the dermis at a pressure of 50 psi. The standard uniaxial 

tensile test was performed with a gauge length of 2 inches (7.62 cm) and a crosshead speed of 

150 mm/min. The maximum pull-out load at failure was considered a direct measurement of 

suture engagement with the surrounding tissue. 

4.2.6 Statistical analysis 

Barb geometry, mechanical properties and anchoring performance results were compared 

between the barbed and non-barbed suture control for each of the respective materials: P4HB, 

catgut and ePTFE. The data were also compared against the commercially available 

polypropylene (PP) QuillTM barbed 2-0 sutures. Each group had four specimens on which to 

perform the statistical analysis. The statistical analysis was performed using a one-way 

ANOVA with Tukeyôs adjustments with a p-level of 0.05 using Origin software (Origin Lab, 

Northampton, Massachusetts, USA). The average data is reported as mean Ñ standard 

deviation. 

4.3 Results 

4.3.1 Identification and Optimization of laser parameters 

4.3.1.1 Preliminary laser ablation trials 

With the identified fs IR laser source and existing laser parameters, the first step was to 

check if this type of the fs laser could be utilized to work on the suture materials as this was 
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the very first trial of laser interactions with both catgut and P4HB sutures. In order to determine 

and verify that this fs laser could be used to micromachine on these materials, the laser with 

the parameters listed in Table 4-1, was used to cut the filaments into two halves as shown in 

Figure 4-3.  

Figure 4-3. Preliminary cut trial treatment done on (A) Catgut size 2-0 suture monofilament and (B) 

P4HB size 2-0 suture monofilament 

Based on these observations from the preliminary cut trials, it was determined that the 

identified fs laser could be used for micromachining treatments with a slight modification and 

alteration done to the parameters in order to fabricate sharp barbs on the periphery of the suture 

monofilaments without creating the thermal damages observed during the earlier trials. 

After the cut trial treatments performed on both catgut and P4HB sutures, the next step was 

to evaluate if this laser could be utilized to fabricate the barbs on the surface with the specific 

geometry as required for the fabrication of the barbed sutures. In order to determine this, we 

went on to fabricate a single barb on a 2 mm catgut suture sample using the existing parameters 

listed on Table 4-1. The fabricated single barb on catgut suture sample is shown in Figure 4-4. 

Figure 4-4. Preliminary single barb cut catgut size 2-0 2 mm suture sample using fs IR laser 
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The fabricated barb on catgut suture sample shown in Figure 4-4 verified that this fs laser 

was suitable for fabrication of barbs on sutures without any thermal damage to the surrounding 

suture material. This was the proof-of-concept for the fs laser fabrication of barbed suture 

monofilaments with more precision and accuracy in comparison to mechanical fabrication. 

4.3.1.2 Optimization of mounting stage 

In order to fabricate the barbed sutures using the femtosecond IR laser, it was essential to 

have the right mounting stage on which the suture monofilaments are mounted and held firmly 

throughout the fabrication process. The optimization of the mounting stage involved working 

through different design versions and fabrication of stages in order to satisfy the requirements 

of the optical stage.  

× Version 1: Utilization of the existing stainless steel (SS) instrument as the mounting 

stage 

During the initial preliminary trials, we tried to use the existing SS instrument (just the top 

portion of the instrument) shown in Figure 4-5 that was used for the mechanical fabrication of 

barbed sutures. When used for mechanical fabrication, the instrument has four legs to be used 

as a bench-top instrument for the fabrication. The groove of the instrument was suitable for 

holding the sutures of both sizes 0 and 2-0 firmly throughout the laser fabrication process but 

the major disadvantage was the weight and height of the instrument.  

Figure 4-5. Stainless Steel (SS) mounting stage ï top portion of the mechanical barbing instrument 
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The weight of the part of the instrument shown in Figure 4-5 was 3.1lbs (1.5 kgs) and the 

height of the instrument was 2.5 cm. The requirements of weight and height are very critical 

as the mounting stage needs to be incorporated along with the optical laser setup already 

available at our collaborating laboratory. With a view of satisfying the requirements, we had 

to re-fabricate the stage with an alternate metal, for example, aluminum which would reduce 

the weight of the stage by 1/3rd.  

× Version 2: Fabricating an aluminum (Al) replica of the SS instrument 

Due to the above-mentioned disadvantage, we fabricated a replica of the SS instrument 

stage in Al. After fabrication, the weight and height of the instrument were measured to 

evaluate if this replica could be used as the mounting stage. The weight of the instrument was 

calculated as 1.5 lbs (0.68 kgs) and the height of the instrument was 2.5 cm similar to the SS 

stage. The fabricated stage replica is shown in Figure 4-6 below. 

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

In order to determine if the Al stage would be suitable to be used as a mounting stage, and 

if it can be incorporated with the existing setup available the following calculations were done. 

The current available laser setup shown in Figure 4-7 includes the following components: 

1. Unanodized Aluminium Breadboard 

2. Newport 360-90 angle bracket (132606) 
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3. AP102B: X-LSM and X-LHM metric top adaptor plate 

Figure 4-7. Current instrument setting (the optical stage) available at Laser-Based Manufacturing and 

Materials Processing Laboratory at Clemson University 

From the data specifications sheet of the above-mentioned components, the required weight 

of the mounting stage could be reverse calculated as follows: 

The entire weight of the current arrangement is πȢστὯὫ πȢχυὰὦίπȢρχςὯὫ πȢσψὰὦί

πȢπφὯὫ πȢυχςὯὫ.  

With 0.68kg (1.5lbs) adding to the stage, which is weight of the Al stage, the torque 

generated shall be πȢφψὯὫ πȢχυςὯὫz ρπάȾί χzὧά ψχȢφτ ὔȢὧά υπ ὔȢὧά.  

From the data sheet of component 3, it was identified that the maximum torque or the 

maximum cantilever load cannot exceed 50 N.cm. Similar to weight restrictions, the height of 

the stage needs to be less than or equal to 2 cm. 

Due to this maximum torque restriction, the mounting stage of Al canôt be added directly to 

the current instrument setting. In order to hold the suture monofilament firmly in place through 

the laser ablation in being done, it was required to further reduce the weight by one half of the 

weight of the Al replicated stage, that is, to bring down the weight of the mounting stage to 
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0.34kg ï 0.35kg. And by doing so, we could replace the component 1 in the current setup, 

shown in Figure 4-7 by the new fabricated stage with groove as the new suture mounting stage. 

With this requirement in mind, we re-designed the mounting stage as the following two 

versions namely, version 3 and version 4 which comprised of only a single plate with a groove 

in contrast to the earlier 2 versions which consisted of four different plates along with a T-

wedge. 

× Version 3: Theoretical design of new mounting stage with groove tightening screws 

Based on the calculations done earlier, we re-designed the mounting stage such that the 

weight of the stage is around 0.35 kgs. Before it was fabricated using aluminum, the stage was 

theoretically visualized wherein the stage consisted of a single solid plate with a V-shaped 

groove at the center in which the suture would be held throughout the ablation process. The 

first theoretical design studied was a stage with groove tightening screws as seen in the 

previous versions 1 and 2, which are the red screws present at the front of the stage. The design 

turned out to be as shown in Figure 4-8 below.  

Figure 4-8. Version 3 of the mounting stage (theoretical design) with groove tightening screws 

This version of the stage was not pursued further since the presence of groove tightening 

screws was logically incorrect as the stage consisted of only a single solid paste unlike the 

previous versions which had a solid stationary vise at the bottom of the stage and movable 

pieces at the top. The movable vices could be adjusted in order to hold the sutures with two 
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different diameters, namely, 0.350 mm (2-0 sutures) and 0.400 mm (0 sutures). But this version 

of the stage consisted of a single solid stationary plate without any moving vices making this 

version of the stage logically incorrect. 

× Version 4: Final design of the mounting stage without tightening screws 

With all the requirements and limitations identified in all the above 3 versions of the stage, 

the final stage design was decided with just removing the groove tightening screws from the 

version 3 and making the new version of stage with a groove depth specific for a specific suture 

diameter. The final version or version 4 of the stage is shown in Figure 4-9. 

Figure 4-9.  Final and current version of the stage that was used as the mounting stage during the 

laser fabrication process 

As mentioned, two separate stages were fabricated, one for size 2-0 sutures with filament 

diameter of 0.350 mm and the other for size 0 sutures with filament diameter of 0.400 mm. 

The aluminum fabricated stages are shown below in Figure 4-10 (A) and 4-10 (B). 

Figure 4-10. (A) Mounting stage for suture size 2-0 with a P4HB 2-0 suture held in the groove and 

(B) Mounting stage for suture size 0 with a Catgut 0 suture held in the groove 
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The weight of the stage was measured to be 0.35 kgs and the height of the stage was 1.5 cm 

which was within the limits required to mount this stage along with the available setting in 

order to proceed with the laser fabrication procedure using the femtosecond laser system. 

4.3.1.3 Optimization of laser parameters 

The next critical step involved in the optimization process is the parameter optimization. 

The parameters need to be optimized appropriately for both catgut and P4HB sutures are they 

are two very different polymeric monofilaments, and they behave differently under thermal 

treatments. The reason behind this is that P4HB sutures are thermoplastic in nature and catgut 

filaments are thermoset in nature as seen during the initial laser trials performed on both these 

filaments (Figure 4-3). Due to this nature, a slight change in the ablation parameters is required 

in order to treat the filaments effectively and efficiently without creating any thermal damage 

to the monofilament sutures.  

Parameter optimization was first done for catgut monofilaments as it didnôt require any 

major change except for the laser fluence which needed to be lowered from 3.0 J/cm2 ï 3.4 

J/cm2 to 2.7 J/cm2 ï 2.9 J/cm2. All the other parameters worked well in the case of catgut 

monofilaments resulting in negligible to no thermal damage to the surrounding suture material. 

The optimized parameters for laser treatments on catgut monofilaments is listed below in Table 

4-3. 
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Table 4-3. Preliminary parameters used for catgut sutures 

Parameters Values 

Thickness of work material (suture) 350 µm ï 400 µm 

Laser spot size 0.34 µm 

Laser pulse repetition rate 100 kHz 

Pulse duration 165 fs ï 190 fs (FWHM) 

Laser fluence 2.7 J/cm2 ï 2.9 J/cm2 

Laser power 3 W 

Scanning speed 1.08 m/s 

Overlapping ratio 70% 

Hatch distance 10.2 µm 

Scanning passes 900 

Using the above-mentioned parameters in Table 4-3, the catgut monofilament was treated 

under the fs laser to see if we would be able to fabricate and create a series of barbs without 

damaging the integrity of the filament. While doing so, we were able to create a series of barbs 

not within the required interval between the barbs, but it was proof that series of barbs or laser 

treatments can be done at specific intervals without thermal degradation of the filament. 

Figure 4-11. Series of barbs cut on catgut size 0 suture filament using the optimized parameters listed 

in Table 4-3 

From Figure 4-11, we can see proof to the series of laser treatments performed on catgut 

filaments, but the barbs are out-of-focus as we were working on adjusting the focal length of 

the laser in accordance with the new fabricated mounting stage in place of the already existing 
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stage. The optimization of parameters was influenced by the new modified mounting stage. 

Different combinations of parameters were tried to identify the optimum parameters that could 

be used to further proceed with the fabrication of barbed sutures. The three major parameters 

that were played with were the laser pulse energy (ÕJ), overlapping ratio (%) and scanning 

passes. With the same laser pulse energy of 135 ÕJ, different overlapping ratios and scanning 

passes were analyzed and evaluated in order to determine the appropriate and optimum 

overlapping ratio and scanning pass for the future fabrication of barbed sutures using the fs 

laser system. Different laser pulse energies of 105 ÕJ, 75 ÕJ, 45 ÕJ and 25 ÕJ were also 

evaluated and the respective outputs for the specific combinations are shown in Table 4-4.  

Table 4-4. Treatment output of P4HB 2-0 suture filaments with different combinations of laser pulse 

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

Laser Pulse 

Energy (µJ) 
Overlapping ratio (%)  Scanning passes 

Treatment output 

(optical micrographs) 

135 50 100 

 

135 50 200 

 

135 70 50 

 

135 70 100 
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Table 4-4. Treatment output of P4HB 2-0 suture filaments with different combinations of laser pulse 

energy (µJ), 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. Treatment output of P4HB 2-0 suture filaments with different combinations of laser pulse 

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

25 20 20 

 

After performing the optimization trials with the parameter combinations mentioned in 

Table 4-4, another set of trials were performed in order to arrive at the best possible optimum 

laser pulse energy (ÕJ), overlapping ration (%), scanning passes, and laser fluence (J/cm2). The 

next couple of trials were performed with the laser fluence (J/cm2) of 3.3 J/cm2, laser pulse 

energy of 15 ÕJ, overlapping ratio of 50%. With these constant parameters, two different 

scanning passes of 140 and 160 were evaluated in order to have the barb tip intact after 

treatment. Figure 4-12 below shows the results of the trials with the barbs being intact with the 

filament unlike the previous trials listed above in Table 4-4. 

Based on the optimization trials performed, we arrived at the optimum laser parameters that 

could be used to fabricate barbed sutures with a similar structure as a mechanically fabricated 

barbed suture. Table 4-5 lists the final set of parameters that were used for the laser fabrication 

of catgut and P4HB barbed sutures which were arrived at after careful evaluation of the 

treatment outputs obtained earlier.  
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Figure 4-12. Laser treated P4HB 2-0 sutures with the ablation parameters: laser fluence (J/cm2) of  

3.3 J/cm2, laser pulse energy of 15 µJ, overlapping ratio of 50% and scanning passes of (A) 

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

Table 4-5. Optimum laser parameters for laser fabrication of P4HB and catgut barbed sutures 

Parameters Parameters for P4HB  Parameters for Catgut 

Thickness of work material 350 µm ï 400 µm 350 µm ï 400 µm 

Laser spot size 0.34 µm 0.34 µm 

Pulse duration 165 fs (FWHM) 165 fs (FWHM) 

Laser fluence 3.3 J/cm2 3.3 J/cm2 

Laser pulse energy 15 µJ 15 µJ 

Scanning speed 1.08 m/s 1.08 m/s 

Hatch distance 10.2 µm 10.2 µm 

Parameters for straight barbs 

Laser pulse repetition rate 10 kHz 10 kHz 

Laser power 0.15 W (150 mW) 0.45 W (450 mW) 

Overlapping ratio 50% 50% 

Scanning passes 140 100 

Parameters for curved barbs 

Laser pulse repetition rate 5 kHz 5kHz 

Laser power 0.15 W (150 mW) 0.45 W (450 mW) 

Overlapping ratio 0% 0% 

Scanning passes 700 
160 (size 2-0) / 350 (size 

0) 

The above-mentioned list of optimum parameters worked best for the fabrication of P4HB 

and catgut barbed sutures.  
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4.3.2 Optical microscopy 

Barbed sutures were fabricated with two different barb geometries, namely, straight and 

curved, that were observed under the EVOS FL Auto 2 cell-imaging microscope (Figure 4-13). 

From these optical micrographs, it can be observed that with easy manipulation of laser 

parameters we were able to fabricate barbed sutures with two different barb geometries.. 

Figure 4-13. Optical micrographs of barbed P4HB 2/0 (A-E) and Catgut 2/0 (F-J) sutures under the 

EVOS FL Auto 2-cell imaging microscope at 10x magnification (Note: Arrows point to the 

barbs that were cut on the filament surfaces) 

4.3.3 Suture tensile test 

The tensile results of the laser fabricated barbed and non-barbed sutures were measured and 

compared against the commercially barbed PP sutures (Figure 4-14, Table 4-6).  

The ultimate tensile force (Figure 4-14 (A)) was significantly reduced after barbing 

irrespective of the polymer material. From the values listed in Table 4-6, it can be seen that 

there was a 74.5% loss for the size 0 catgut straight barbed suture (p<.001); a 39.5% loss for 

the size 2-0 catgut straight barbed suture (p<.001); and a 62.7 % loss for the P4HB size 2-0 



 

139 
 

straight barbed suture (p<.001). All the barbed sutures were compared to their respective non-

barbed controls. The elongation at break (Figure 4-14 (B)) was significantly reduced after 

barbing irrespective of the polymer material and the percent change followed a similar trend 

to the decrease observed in the ultimate tensile force results. The toughness or work to rupture 

(Figure 4-14 (D)) was significantly reduced after barbing irrespective of the polymer material 

and the percent change followed a similar trend to the decrease observed in the ultimate tensile 

force results. All the barbed sutures were compared to their respective non-barbed controls.  

The stiffness or initial tensile modulus (Figure 4-14 (C)) of the sutures showed an increase 

after barbing compared to their non-barbed controls. From the values listed in Table 4-6, it can 

be seen that there was a 18% increase in the size 0 catgut straight barbed suture (p<.001); a 

6.8% increase for the size 2-0 catgut straight barbed suture (p<.001); and a 72.7% increase for 

P4HB size 2-0 straight barbed suture (p<.001) compared to their respective non-barbed 

controls. 
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Figure 4-14. Tensile properties of the laser fabricated barbed and non-barbed monofilament sutures. 

(A) Ultimate Tensile Force (N), (B) Elongation at Break (mm), (C) Initial modulus (N/mm2), 

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 suture-tissue pull out tests (mean ± SD), n=4 per suture 

material/ type/ size 

Abbreviations: NB ï non-barbed; S1SB ï straight barb with one rotational angle (0o); S2SB ï straight barb with two 

rotational angles (0o, 120o); S3SB ï straight barb with three rotational angles (0o, 120o and 240o); C1SB ï curved barb with 

one rotational angle and C2SB ï curved barb with two rotational angles (0o, 120o). 

a P4HB 2/0 non-barbed versus barbed sutures   b Size 2/0 catgut non-barbed versus barbed sutures                                               
c Size 0 catgut non-barbed versus barbed sutures  d ePTFE ASM non-barbed versus barbed sutures 

Suture 

Material  

Suture 

Size/Geometry 

Ultimate 

Tensile 

Force (N) 

Elongation 

at Break 

(mm) 

Initial 

Modulus 

(N/mm2) 

Work to 

Rupture (J) 

Maximum 

Pull-out 

Load (N) 

Elongation at 

Maximum 

Pull- out Load 

(mm) 

PP S3SB 41.1 ± 4.9 14.2 ± 2.1 0.3 ± 0.1 0.2 ± 0.1 18.8 ± 7.2 11.7 ± 2.0 

P4HB 

2-0 NB 59.3 ± 2.9 101.8 ± 6.5 1.3 ± 0.1 3.4 ± 0.3 0.9 ± 0.5 28.2 ± 27.1 

2-0 S1SB 27.8 ± 0.8 a 67.5 ± 2.6 a 2.2 ± 0.1 a 0.9 ± 0.1 a 2.5 ± 0.4 a 13.4 ± 3.4 a 

2-0 S2SB 23.4 ± 3.4 a 58.7 ± 7.6 a 2.6 ± 0.0 a 0.7 ± 0.1 a 1.3 ± 0.3 a 72.9 ± 34.9 a 

2-0 S3SB 22.1 ± 3.0 a 56.5 ± 7.5 a 2.3 ± 0.1 a 0.6 ± 0.2 a 4.9 ± 1.4 a 50.5 ± 13.7 a 

2-0 C1SB 26.7 ± 2.2 a 64.7± 3.7 a 2.2 ± 0.1 a 0.9 ± 0.1 a 3.9 ± 1.1 a 112.4 ± 20.5 a 

2-0 C2SB 20.2 ± 1.2a 54.1 ± 2.2 a 2.5 ± 0.1 a 0.5 ± 0.1 a 2.6 ± 0.6 a 101.2 ± 36.1 a 

Catgut 

2-0 NB 50.1 ± 6.1 23.7 ± 1.1 2.5 ± 0.2 0.5 ± 0.02 2.5 ± 1.4 9.0 ± 2.5 

2-0 S1SB 30.3 ± 8.1 b 14.6 ± 3.6 b 0.5 ± 0.1 b 0.2 ± 0.1 b 1.7 ± 0.5 b 39.1 ± 23.5 b 

2-0 S2SB 24.8 ± 2.5 b 12.5 ± 2.4 b 1.7 ± 0.9 b 0.2 ± 0.1 b 6.3 ± 3.1 b 32.9 ± 34.9 b 

2-0 S3SB 25.7 ± 4.1 b 11.9 ± 2.3 b 1.9 ± 1.0 b 0.2 ± 0.1 b 8.6 ± 2.0 b 8.7 ± 6.4 b 

2-0 C1SB 21.0 ± 2.4 b 9.7 ± 2.6 b 0.4 ± 0.1 b 0.1 ± 0.1 b 4.4 ± 3.9 b 32.2 ± 11.9 b 

2-0 C2SB 13.5 ±3.1 b 5.1 ± 1.2 b 0.4 ± 0.04 b 0.04 ± 0.02 b 4.3 ± 2.8 b 15.1 ± 20.7 b 

Catgut 

0 NB 53.1 ± 6.7 27.4 ± 2.5 2.2 ± 0.3 0.7 ± 0.1 5.2 ±4.0 8.9 ± 1.3 

0 S1SB 50.9 ±8.1 c 20.3 ± 4.5 c 1.8 ± 0.9 c 0.6 ± 0.2 c 9.2 ± 5.5 c 30.3 ± 19.2 c 

0 S2SB 43.3 ± 5.0 c 18.4 ± 2.6 c 1.7 ± 0.9 c 0.5 ± 0.1 c 8.6 ± 6.6 c 25.5 ± 18.2 c 

0 S3SB 49.2 ± 5.1 c 22.1 ± 2.3 c 1.6 ± 0.9 c 0.7 ± 0.1 c 5.9 ± 3.9 c 24.2 ± 15.9 c 

0 C1SB 40.1 ± 6.1 c 16.6 ± 3.5 c 1.6 ± 0.8 c 0.4 ± 0.1 c 5.0 ± 5.4 c 26.2 ± 16.9 c 

0 C2SB 29.4 ± 2.6 c 11.7 ± 1.6 c 0.5 ± 0.02 c 0.2 ± 0.1 c 13.4 ± 2.1 c 11.3 ± 4.7 c 
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4.3.4 Suture-tissue pullout test 

The anchoring performance results for the mechanically barbed sutures were compared 

against their non-barbed controls (Figure 4-15, Table 4-6).  Invariably the barbed sutures with 

their higher maximum pull-out load (Figure 4-15 (A)), showed superior anchoring 

performance because the barbs engaged with the surrounding tissue. From the values listed in 

Table 4-6, it can be seen that there was a 66.8% increase for the size 0 catgut straight barbed 

suture (p<.001); a 76.9% increase for the size 2-0 catgut straight barbed suture (p<.001), and 

a 496% increase for the P4HB size 2-0 straight barbed suture (p<.001) compared to their 

respective non-barbed controls. The results for the elongation at maximum pull-out load 

(Figure 4-15 (B)) showed similar increases as observed in the maximum pull-out load data for 

the two sizes of catgut sutures (Table 4-6). 
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Figure 4-15. Anchoring performance results for both the mechanically barbed and non-barbed 

monofilament sutures. (A) Maximum pull-out load (N) of sutures in porcine dermis and (B) 

Elongation at maximum pull-out load (mm) of sutures in porcine dermis. All samples were 

compared with the barbed size 2-0 Quill polypropylene barbed suture 

4.4 Discussion 

Ultrafast material processing, being a very new material processing technique specifically 

for microfabrication, has gained a lot of interest in the manufacturing sector which involve 

micromachining of devices used for automotive, aerospace, microelectronic and 

semiconductors, and biomedical industries [94]. This rapid development of femtosecond lasers 

have created a revolution in the material processing industry to be able to micromachine 

features with ultrashort pulses having very high peak intensities [119]. The ultrashort pulses 

help these lasers to achieve very high peak intensity with very low laser fluences making them 

result in very minimal heat-affected volumes during micromachining is performed resulting in 

very short laser-mater interactions making them suitable for precision machining of features 
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on industrial scale [95]. Femtosecond (fs) lasers are particularly preferred as they are a class 

of lasers which exhibit negligible to no damage to the surrounding substrate material. Due to 

this reason, these fs lasers are also suitable for surgical procedures where lasers are being used 

like dentistry and minimally invasive surgeries [94], [128].   

From the initial laser ablation trials seen in Figure 4-3 (A) and (B), it can be observed that 

the identified fs laser is suitable for creating barbs on the periphery of the suture monofilament 

without any thermal damage to the suture filament. It can be observed from the Figure 4-3, 

that the available fs IR laser could be utilized on the suture monofilaments of interest in this 

study. When the filaments were cut using this laser, it was seen that the parameters were 

suitable for treatment on catgut monofilaments (Figure 4-3 (A)) without thermal damage in 

terms of melting at the edges of the cut parts of the filaments. This was expected as catgut 

monofilaments are thermoset polymers in nature. In contrast to catgut monofilaments, it was 

observed in P4HB filaments (Figure 4-3 (B)) there was slight thermal melting observed as 

these polymeric filaments are thermoplastic in nature.  

All the preliminary laser ablation trials served as a proof-of-concept showing that a 

femtosecond IR laser could be utilized to fabricate barbs at certain intervals along the suture 

monofilaments without exhibiting thermal damage to the area surrounding the barbs. Based on 

the preliminary laser trials, the laser parameters were optimized for catgut and P4HB 

monofilaments respectively. While parameter optimization was done, the mounting stage was 

also re-designed, modified and fabricated with aluminum in order to satisfy the requirements 

imposed by the current existing laser system available at our collaborating laboratory at 

Clemson University. Different parameter combinations were studied in order to analyze, 

evaluate and determine the suitable and optimum parameters that could be used for the further 
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fabrication of barbed sutures. From the optical micrographs shown in Table 4-4, it was 

observed that a laser pulse energy of 135 ÕJ resulted in deeper depth of the barb and also there 

was detrimental ablation in the surrounding material or substrate far beyond the scanning 

region. It was also seen that the quality of the treatment was also poor. From the table, it can 

be observed that the best output was obtained when the laser pulse energy was 25 ÕJ with an 

overlapping ratio of 50% and 20 scanning passes. It was also seen that this parameter 

combination provided the best quality of cut among the different combinations that were 

evaluated. After careful evaluation, the parameters listed in Table 4-5 were determined to be 

the optimum and appropriate set of parameters that could be used for the laser fabrication of 

P4HB and catgut barbed sutures with straight and curved barb geometries respectively. The 

barbs cut using the optimized parameters are represented for two scanning passes in Figure 4-

12.  

With the optimized set of parameters listed in Table 4-5, P4HB and catgut barbed sutures 

with straight and curved barb geometries were fabricated. The fabricated barbed sutures were 

viewed under the EVOS FL Auto 2 cell-imaging system and are shown in Figure 4-13. The 

barbs cut using the fs laser system were more consistent in terms of their cut depth and cut 

angle making laser fabrication technique a suitable alternative to the existing mechanical 

fabrication technique. 

The present study demonstrated that it is possible to fabricate catgut, and P4HB barbed 

sutures using the femtosecond IR laser system, and the tensile properties and anchoring 

performance were evaluated using a tensile test and a suture-tissue pull-out protocol. From the 

evaluation of the tensile properties, it was observed that barbing caused a significant 60% 

reduction in ultimate tensile force (N) (Figure 4-14 (A)).  The reduction in the mechanical 
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properties is attributed to the loss in cross-sectional area after barbing was performed which 

was similar to the results obtained for the mechanically fabricated barbed sutures evaluated in 

Chapter 3. The decrease in ultimate tensile force due to barbing was seen irrespective of the 

type of suture material.  

From the elongation at break results (Figure 4-14 (B)), it was observed that the catgut barbed 

sutures of both geometries had a higher reduction due to barbing compared to the P4HB 

sutures. From the work to rupture results (Figure 4-14 (D)), the toughness of the sutures was 

reduced significantly by at least 80% as a result of barbing, which is also attributed to the loss 

in cross-sectional area of the barbed sutures. The results for stiffness or initial modulus (Figure 

4-14 (C)) showed an increase in the initial tensile modulus as a result of barbing. For example, 

the stiffness of catgut sutures are postulated to marginal increase due to the effect of the 

plasticizer components in the alcoholic sterilizing solution that is used to maintain the catgut 

filaments at an alkaline pH [83]. Whereas in the case of P4HB, the increase ranged from about 

70 - 100%, which is equivalent to the inherent loss in elongation at break caused by barbing. 

The increase in the initial modulus of the laser fabricated sutures was similar to the increase 

observed in the case of mechanical fabricated barbed sutures also evaluated in Chapter 3.  

The barbed sutures provided effective anchoring within the porcine dermis whereas the non-

barbed sutures tended to slip out of the surrounding tissue and exit the tissue at a lower pull-

out load. The anchoring performance observations were undertaken to understand how the 

barbs engaged with the surrounding tissue (Figure 4-15). In the case of the catgut sutures, the 

monofilaments appeared compatible with the porcine dermis and failed within the dermal 

tissue layer. For the P4HB sutures, the barbed monofilaments failed close to the tissue surface.  
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The tensile and anchoring performances of the laser fabricated barbed sutures were 

evaluated in order to observe whether switching the fabrication technique from mechanical to 

laser fabrication had an influence on the tensile and anchoring properties of the barbed sutures. 

4.5 Conclusions 

In conclusion, this was the first study to fabricate barbed sutures using a femtosecond IR 

laser system. Being the very first study, it was essential and critical to optimize the mounting 

stage, laser parameters, and laser optics in order to efficiently fabricate P4HB and catgut barbed 

sutures. The four major parameters of laser power, laser repetition rate, overlapping ratio and 

scanning passes were determined appropriately after performing a series of trials as explained 

in this chapter. After arriving at the optimal laser parameters, barbed sutures were fabricated 

with two different barb geometries, namely, straight and curved barbs with the dimensions 

illustrated in Chapter 3. The optical micrographs of the barbs concluded that the barbs had 

consistent dimensions in terms of their barb cut depth and barb cut angle. Due to the possibility 

of fabricating consistent and highly precise barbs on both P4HB and catgut sutures and with 

the ability to reproduce the barbs on all the samples, it can be concluded that laser fabrication 

technique could be a very effective and efficient alternative to the existing mechanical 

fabrication technique for the fabrication of barbed sutures. The mechanical properties and the 

anchoring performance of the fabricated barbed sutures were evaluated to determine whether 

they exhibit similar properties as that observed in the case of mechanical fabricated barbed 

sutures. As discussed and observed for mechanical fabricated barbed sutures, the laser 

fabricated barbed sutures also showed significant loss in their mechanical properties and had 

higher anchorage with the surrounding tissues which was determined by the in-vitro suture-

tissue pull out protocol. As a future direction, we would like to perform some comparison 



 

148 
 

studies between mechanical and laser fabricated barbed sutures in order to determine whether 

laser treatment or ablation influenced the suture material properties. Along with that, we would 

like to assess how the mechanical properties and anchoring performance of barbed sutures 

fabricated through two different fabrication techniques compare against each other. 
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CHAPTER 5 COMPARISON OF MECHANICAL AND LASER FABRICATION 

TECHNIQUES 

5.1 Introduction 

Barbed sutures were developed with the view of overcoming the challenges and 

complications associated with smooth monofilament sutures that are traditionally used in 

surgical procedures. The main component of the barbed suture is the barb/ projection cut on 

the periphery of the filament which aids in the anchorage of suture with surrounding tissues 

[4], [52]. Barbed sutures are mechanically fabricated using a stationary blade assembly 

(Chapter 3) and are laser fabricated using an ultrashort pulsed laser system (Chapter 4) and 

their respective tensile and anchoring properties were evaluated. In order to have a successful 

transition to an alternative fabrication technique ï laser fabrication using an ultrashort pulsed 

laser source, with minimal damage to the surrounding materials [118], [119], it was critical to 

understand the parameters involved during laser fabrication and how laser treatment affects 

the nature of the suture material as a substrate. Barbed sutures were fabricated mechanically 

using a stationary blade assembly and laser fabricated using a femtosecond (fs) laser system. 

The barbed sutures were fabricated with different barb geometries in order to understand and 

evaluate how varying the geometries influenced the properties of these sutures.  

In this objective, the structure and geometry of barbed sutures, and the changes in the 

material characteristics were studied in order to understand if the laser fabrication procedure 

had affected the inherent properties of the polymeric monofilaments. The mechanical and 

anchoring properties were also compared for barbed sutures fabricated through both 

mechanical and laser fabrication procedures. 
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This chapter discusses the comparison between mechanically fabricated and laser fabricated 

barbed sutures in terms of their barb geometries, mechanical and anchoring properties, thermal 

properties, and their degradation profiles. This study includes the following specific objectives: 

1. To observe and analyze the different barb geometries that were fabricated using both 

mechanical and laser fabrication techniques 

2. To determine the change in the thermal behavior of the barbed sutures with respect 

to their non-barbed counterparts and to evaluate whether laser fabrication technique 

influenced the thermal characteristics of the material 

3. To evaluate the degradation profiles of P4HB and catgut fabricated barbed sutures 

to determine whether the barbing procedure affects the degradation profile of the 

sutures. 

5.2 Materials and Methods 

5.2.1 Manipulation of barb geometries and fabrication process 

Catgut and P4HB barbed sutures were fabricated with two different geometries, namely, 

straight and curved barbed sutures. As this study was the first to practically study curved barb 

geometry, the sutures were fabricated with six different specimen groups in order to compare 

within the material and as well between different fabrication procedures. The specimen groups 

were separated as mentioned in Table 5-1 below. 
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Table 5-1. Specimen groups with description on barb geometry fabricated using both mechanical and 

laser fabrication techniques 

Specimen 

Groups 

Description of geometry and orientation in terms of angle with respect to 

suture main axis 

CB Commercially barbed in a helical array around the suture monofilament 

NB Non-barbed suture (or) smooth monofilament suture 

S1SB Barbed suture with straight barb in one rotational angle (0Á) 

S2SB Barbed suture with straight barbs in two rotational angles (0Á and 120Á) 

S3SB Barbed suture with straight barbs in three rotational angles (0Á, 120Á and 240Á) 

C1SB Barbed suture with curved barb in one rotational angle (0Á) 

C2SB Barbed suture with curved barbs in two rotational angles (0Áand 120Á) 

C3SB Barbed suture with curved barbs in three rotational angles (0Á, 120Áand 240Á) 

5.2.2 Comparison of mechanical and anchoring characteristics 

The obtained suture tensile test results for mechanical fabricated barbed sutures (Chapter 3 

ï Figure 3-10) and laser fabricated barbed sutures (Chapter 4 ï Figure 4-14) along with the 

suture ï tissue pull out test results for mechanical fabricated barbed sutures (Chapter 3 ï Figure 

3-11) and laser fabricated barbed sutures (Chapter 4 ï Figure 4-15) were compared to evaluate 

and interpret if there were similarities or discrepancies between the tensile and anchoring 

properties of the barbed sutures due to change in the fabrication techniques. 

5.2.3 Differential Scanning Calorimetry (DSC) 

Thermal behavior of suture monofilaments was characterized by Differential Scanning 

Calorimetry (DSC). Differential Scanning Calorimetry instrument, Discovery DSC 250 (TA 

Instruments, Delaware, USA) is an analytical instrument that is used to measure the thermal 

energy absorbed released by a substrate as a function of temperature or time known as ñheat 

flowò. The TA Discovery DSC 250 is a DSC instrument with RCS cooler (enables cooling to 

-90oC) is a heat flux instrument with an autosampler. This instrument is typically used to 

analyze the thermal transitions that occur within the polymeric monofilaments namely, the 
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glass transition temperature (Tg), melting temperature (Tm), crystallization temperature (Tc) in 

the case of thermoplastic polymeric filaments and degradation temperature (Td) in the case of 

thermoset polymeric filaments. The suture filaments, both non-barbed and barbed, were cut 

into pieces which weigh between 5-10 mg. The heating rate was maintained at 10ÁC/ min and 

all the samples were heated up to 200ÁC - 225ÁC. The analysis was evaluated based on the 

ASTM D3418 (Standard Test Method for Transition Temperatures and Enthalpies of Fusion 

and Crystallization of Polymers by Differential Scanning Calorimetry). Using this standard 

test method, the thermal transitions of glass transition temperature (Tg), melting temperature 

(Tm) and the degradation/ decomposition temperature (Td), if present, were analyzed and 

evaluated. 

5.2.4 Hydrolytic degradation study 

The resistance to hydrolytic degradation was evaluated for catgut and P4HB sutures with 

the view to determine whether or not the barbs fabricated mechanically degraded earlier than 

the non-barbed suture monofilaments. The suture materials of catgut [22], [78], [80] and P4HB 

[10], [85] undergo degradation through hydrolytic degradation. An in vitro hydrolytic 

degradation protocol was studied in order to determine the degradation profiles of both P4HB 

and catgut monofilaments.  

The non-barbed and barbed suture monofilaments were incubated at 37ÁC in 5 ml of 

phosphate buffer solution (pH = 7.4) for up to six weeks for P4HB sutures and up to 12 days 

for catgut sutures. The degradation solution was renewed weekly for 6 weeks in the case of 

P4HB sutures and renewed 2 days once for 12 days in the case of catgut sutures.  
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At each time point, the following parameters were measured for all samples: (1) optical 

microscopy; (2) weight and diameter; and (3) tensile properties (under dry and hydrated 

conditions). 

5.2.4.1 Optical microscopy 

Suture samples were viewed under a Nikon Labophot-2 light optical microscope at 0.5x 

magnification. These samples observed under this microscope showed whether the barbs 

degraded earlier than the suture monofilaments, i.e., the barbed sutures underwent degradation 

through surface erosion principle or if the sutures underwent degradation through bulk erosion 

principle. 

5.2.4.2 Weight and Diameter 

A 35 mm length of each suture irrespective of them being barbed or not was used to assess 

the mass change during the degradation process (n = 4 per group). At every time point, the 

samples were removed from the degradation solution, the sample wet weight and diameter 

were measured. After the wet measurements, the samples were vacuum dried in a petri dish for 

5 hours and the dry weight and thickness were measured. After the weight and diameter 

measurements, the samples were returned to the renewed degradation solution.   

The weight retention was calculated using the Equation 5-1 and diameter change was 

calculated using the Equation 5-2 mentioned below: 

                       ὡὩὭὫὬὸ ὶὩὸὩὲὸὭέὲ Ϸ  ρzππ                                    (Equation 5-1) 

ὈὭὥάὩὸὩὶ ὧὬὥὲὫὩ Ϸ  
 
ρzππ                                      (Equation 5-2) 

where Wt and Dt are the weight and diameter of the sample at the current week and W0 and 

D0 is the original weight and diameter of the sample at week 0. Along with diameter 
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measurements, the diameter change of the samples were evaluated and the final average 

diameter within each group were plotted to understand how much sutures degrade at each 

specific time point. 

5.2.4.3 Tensile test 

A 35 mm length of each suture was used to measure the tensile properties under both dry 

and hydrated conditions at weeks 0, 1, 2, 3, 4, 5, and 6 for the P4HB degradation process and 

at days 0, 2, 4, 6, 8, 10, and 12 for catgut  degradation process (n = 4 per condition, time point, 

and group). At each time point, samples were removed from the degradation solution, and dried 

in a vacuum petri dish overnight. For the hydrated condition, the samples were then immersed 

in 1X PBS solution for 2 hours. For testing, the samples were mounted onto the instrument 

mounted between the flat capstan clamps at a pressure of 60 psi with a set gauge length of 1 

inch (2.54 cm) and a crosshead speed of 150 mm/min with a load cell of 250 lbs (~500 N) and 

tested to failure on the MTS Q-test/5 mechanical tester.  

5.2.5 Statistical analysis 

The data obtained were compared between mechanical and laser fabricated barbed sutures. 

The statistical analysis was performed using a one-way ANOVA with Tukeyôs adjustments with 

a p-level of 0.05 using Origin software (Origin Lab, Northampton, Massachusetts, USA). The 

average data is reported as mean Ñ standard deviation. 

5.3 Results 

5.3.1 Manipulation of barb geometries and fabrication process 

The barb geometries were manipulated by modifying the fabrication techniques depending 

on the materials on which barbs are to be fabricated.  
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In the case of mechanical fabrication technique, the barbed sutures with straight barbs were 

fabricated using the stationary straight blade assembly consisting of 9 blades fixed with certain 

angle which is the measure of barb cut angle and with certain depth of protrusion which is the 

measure of barb cut depth (Chapter 3 ï Figure 3-4). In laser fabrication technique, the laser 

pathways were aligned in an array similar to stationary blades. Curved barbs were fabricated 

by modifying the existing blade assembly in the case of mechanical fabrication technique and 

in the case of laser fabrication technique, the laser pathways were modified such that the barb 

is cut in two different angles. 

The Figure 5-1(A) and (B) shows the straight barb and curved barb fabricated on both P4HB 

(violet in color) and catgut (yellow or cream in color) using the mechanical fabrication 

technique and Figure 5-2 (A) and (B) shows the straight barb fabricated on both P4HB (violet 

in color) and catgut (yellow or cream in color) through laser fabrication technique. 

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

(A) straight barb and (B) curved barb 

Figure 5-2. Straight barb fabricated P4HB (left) and catgut (right) sutures using laser fabrication 

technique 
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5.3.2 Comparison of mechanical and anchoring characteristics 

The mechanical properties namely, Figure 5-3 showed the ultimate tensile strength (N), 

Figure 5-4 showed the elongation at break (mm), Figure 5-5 showed the initial modulus and 

Figure 5-6 showed the work to rupture (J) were compared between mechanical and laser 

fabricated barbed sutures with respect to the barb geometry and orientation. 

Figure 5-3. Ultimate tensile force (N) comparison between non-barbed (NB), mechanically barbed 

(mB) and laser barbed (lB) sutures, (A) Straight barbed in one rotational angle (0o) (S1S), (B) 

Straight barbed in two rotational angles (0o and 120o) (S2S), (C) Straight barbed in three 

rotational angles (0o, 120o, and 240o) (S3S), (D) Curved barbed in one rotational angle (0o) 

(C1S), and (E) Curved barbed in two rotational angles (0o and 120o) (C2S) 
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Figure 5-4. Elongation at break (mm) comparison between non-barbed (NB), mechanically barbed 

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

rotational angle (0o) (S1S), (B) Straight barbed in two rotational angles (0o and 120o) (S2S), 

and (C) Straight barbed in three rotational angles (0o, 120o, and 240o) (S3S), (D) Curved 

barbed in one rotational angle (0o) (C1S), and (E) Curved barbed in two rotational angles (0o 

and 120o) (C2S) 
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Figure 5-5. Initial modulus (N/mm2) comparison between non-barbed (NB), mechanically barbed 

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

rotational angle (0o) (S1S), (B) Straight barbed in two rotational angles (0o and 120o) (S2S), 

and (C) Straight barbed in three rotational angles (0o, 120o, and 240o) (S3S), (D) Curved 

barbed in one rotational angle (0o) (C1S), and (E) Curved barbed in two rotational angles (0o 

and 120o) (C2S) 
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Figure 5-6. Work to rupture (J) comparison between non-barbed (NB), mechanically barbed (mB) 

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

rotational angle (0o) (S1S), (B) Straight barbed in two rotational angles (0o and 120o) (S2S), 

and (C) Straight barbed in three rotational angles (0o, 120o, and 240o) (S3S), (D) Curved 

barbed in one rotational angle (0o) (C1S), and (E) Curved barbed in two rotational angles (0o 

and 120o) (C2S) 










































































