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Abstract 

This research presents a new design of an adjustable suture that could provide a better intraocular pressure 

(IOP) control in the post treatment of trabeculectomy surgery and limit associated complication with the 

current suturing techniques. A better control in tension suture brings a great deal of advantages to this 

surgical technique compared with the traditional adjustable suture. A length adjustment can be added in 

advance to a 10-0 nylon suture which enables suture tension to be released during the postoperative 

period of trabeculectomy surgery. This adjustment has a D ring geometry made of 10-0 nylon suture 

adhered to a 10-0 nylon surgical suture which is used to close the scalar flap. The D ring was adhered 

with about 180 microdroplet of Loctite 4311that was found to form a strong joint to connect the D ring to 

the main 10-0 nylon suture and strong enough to carry the added tension instead after cutting the central 

suture between the two joints of the D ring. The geometry of adjustment is the key factor of maintaining 

the IOP at the normal range and keeping the scleral flap tight enough and secure so that aqueous humor 

continues to percolate under the subconjunctiva. It has been found that, a 365, and 450 µm length 

extensions can release suture tension postoperatively and relieve the intraocular pressure within the eye 

by 33, and 66% respectively. 

The fabrication process of the new adjustable suture was divided into two steps: fabrication of micro jig 

and forming microdroplets. A micro jig was fabricated in order to form and bond a precise length 

extension to the new design of the adjustable suture. In addition, a new liquid separation technique has 

been followed in this study in order to generate micro adhesive droplets as small as 50µm for bonding the 

new adjustable suture structure. 
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Chapter 1 

Introduction 

1.1 Introduction  

Glaucoma is a leading cause of irreversible blindness in the world, it is estimated to affect 

approximately 80 million people worldwide by 2020 [1]. Trabeculectomy is the most common 

surgical technique for treating uncontrolled glaucoma. In order to control properly the intraocular 

pressure (IOP) after surgery, many suturing techniques have been tried like fixed suture and 

adjustable suture. During the postoperative period surgeons interfere with and decrease the 

elevated intraocular pressure (IOP) by loosening the tight sutures. One proposed and promising 

technique is the adjustable suture technique, which overcomes many of the drawbacks that other 

surgical techniques have. The adjustable suture technique is a method of suture control that 

allows surgeons to control aqueous flow during the post treatment of trabeculectomy, 

nevertheless, this surgical technique has experienced inadequate pressure control. Therefore, a 

new enhancement to the adjustable suture technique will make the trabeculectomy surgery more 

efficient and minimize the complications may result from poor outflow control. Intraocular 

pressure can be reduced in a controlled manner by adding a length adjustment to the surgical 

suture; this segment will provide a relaxation in the suture tension. It has been found that an 

extension of 365µm could lower the IOP by 33%. 

This study will focus on improving the traditional adjustable sutures technique for the treatment 

of glaucoma. Furthermore, it will examine the new suture design including material, testing, and 

the result of IOP reduction.  

Finally, this research will demonstrate a new fabrication process for making surgical sutures by 

using three dimensional printers (3D). 
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1.2 Problem statements   

Suture tension affects the aqueous outflow and IOP during the post treatment of trabeculectomy 

resulting in hypotony, a main cause of vision loss [2]. The fluid pressure inside the eye is very 

critical. Whether the intraocular pressure drops or exceeds the average limit (12-19mmHg), this 

pressure fluctuation will lead to serious consequences [3]. In light of this, during the post 

treatment the IOP has to be monitored and controlled precisely, which will be achieved by the 

new proposed adjustable suture design. 

In order to establish the new adjustable suture design, an extra measured segment has a D ring 

shape of 10-0 nylon suture needs to be added and bonded to the main suture. At this point, it is 

very important that the entire structure (adjustable suture) remains secured together under any 

additional load after the central suture has been cut. To ensure this, the suture needs to be bonded 

with a micro adhesive droplet as small as 100-200µm size. Therefore, new method to form this 

challenging microdroplet is needed in order to generate a micro adhesive droplet to join the two 

20µm sutures together. 

1.3 Goals and Objectives 

The goal of this study is to improve the adjustable suture technique to become an effective 

surgical method of lowering intraocular pressure for uncontrolled glaucoma. Lowering the IOP 

would be reached through an extension, as a result of cutting the center line suture; this extension 

has to be precisely defined so that more aqueous flow exits under the scleral flap to reduce the 

IOP. 

In short, there are two goals. The first challenge is to fabricate the new design of the adjustable 

suture and join a 20µm diameter suture together. Determining the right length of the added 

segment for preventing the IOP from fluctuating is the second goal. 



 

3 

 

1.4 Limitations 

Difficulties that we encountered can be divided into two sections: lack of materials and 

performing the Ex-vivo test. First, we had an access to a very limited number of 10-0 nylon 

sutures. Because the number of the received sutures was very limited, the tests were conducted 

under extreme care so no suture will be wasted. 

In addition to lack of sutures, Ex-vivo tests took place at the Hotel Dieu Hospital lab, which 

needed a medical training room to be reserved in advance with the availability of our 

collaborating medical ophthalmologist. Furthermore, a difficulty in obtaining cadaveric human 

eyes was another challenge faced. It took time to arrange all of these experimental equipment and 

material, which caused us a delay in testing the design.  



 

4 

 

Chapter 2 

Background and literature review 

2.1 Introduction to Glaucoma 

Glaucoma is a major eye disease leading to irreversible blindness [4]. There may not be any 

noticeable symptoms of glaucoma; however, it can attack over time. Certain factors can raise the 

risk of glaucoma such as age, gender, and ethnics [5]. 

In 2010, it was estimated that 60.5 million people had glaucoma and by 2020, there will be 

approximately 80 million people with glaucoma [5]. The average direct cost of the treatment of 

this eye disease per person is approximately $2511.00 (US dollars) annually [1]. 

Glaucoma can be caused by different eye diseases but the main direct cause is increased pressure 

inside the eye. The elevated intraocular pressure (IOP) is the most known cause of glaucoma [5]. 

The IOP increase depends on the amount of fluid in the eye. Over time the elevated IOP leads to 

damaging the optical nerves and it can result in blindness. 

Normally, the aqueous humor –intraocular fluid– exits the pupil through a tiny tissue called the 

trabecular meshwork located at the angle where the iris and cornea are in contact, as illustrated in 

Figure 1. 



 

5 

 

  

Figure 1 Fluid pathway [6]. 

 

When the trabecular meshwork fails to drain the aqueous humor, the fluid becomes clogged 

inside the eye as consequences the amount of excess aqueous will increase in the interior chamber 

causing a gradual rise in IOP. This pressure rise will cause damage to the optic nerves, thus, 

leading to vision loss. Therefore, it is very important that the pressure inside the eyes remains at 

the normal range, and the amount of the fluid inside the eye remains balanced with the drained 

fluid from the trabecular meshwork [7]. Glaucoma patients will start to lose their vision slowly 

due to the excess in aqueous humor, eventually leading to vision impairment and blindness. 

Although glaucoma causes irreversible damage, early detection, medication, and surgery might be 

a solution to limit the risk of vision loss. 

Early diagnosis by visiting an ophthalmologist regularly may help reduce the progression of this 

disease. An eye exam is the first line of defence for the prevention of vision loss, as glaucoma 

might be detected through eyes exams, and pressure exams. 

 In addition to early diagnosis, medications can help the fluid inside the eye to drain and decrease 

the pressure. A third method for treating glaucoma when medications fail to meet the desirable 
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result is surgery. Nevertheless, loss of vision caused by glaucoma cannot be restored, as the 

treatment only controls the disease. 

2.2 Glaucoma types: 

Glaucoma can be classified into two main types: open angle glaucoma and angle closure 

glaucoma [8]. 

2.2.1 Open angle glaucoma (OAG). 

(OAG), also known as primary open angle glaucoma, is the most common type of glaucoma. The 

open angle refers to the angle of the drained angle of the iris and the cornea.. Patients who have 

OAG may not feel pain or any change in their vision.  This form of glaucoma is chronic and 

occurs slowly by clogging the trabecular meshwork, affecting the drain system [9]. Due to 

degradation of the trabecular meshwork, this results in increased pressure. This defect is 

irreversible and elevates the IOP, and for this reason regular eye exams are highly recommended. 

Once the IOP starts increasing, it damages the ganglion nerves in the retinal atrophy resulting in 

vision loss. 

 

2.2.2 Angle closure glaucoma (ACG). 

Angle closure glaucoma (ACG) is less common than OAG, and observed more in some regions 

than in others [5]. ACG, also known as acute glaucoma or narrow-angle glaucoma, occurs when 

the trabecular meshwork is blocked toward the iris forming a closed angle between the cornea 

and the iris. Unlike the OAG, ACG is painful for the patient because of the sudden increase in 

ocular pressure. The closed angle affects the drainage channels and prevents the fluid from 

exiting the anterior chamber causing building up of the IOP. In this particular case, symptoms 

such as halos around light sources, red eye, and cloudy vision might be indicators of ACG. 
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2.3 Glaucoma treatment  

Although the damage caused by glaucoma is irreparably, glaucoma can be treated by medication 

or surgery or a combination of both [6]. Glaucoma therapy can vary, depending on the type of the 

glaucoma. Because IOP is the major cause of the disease, decreasing the ocular pressure is 

crucial. The average IOP is approximately 10-21 mm of mercury (mmHg) and any pressure 

higher than 21 (mmHg) is considered to be above normal [3]. Once the pressure exceeds this 

limit, the optic nerves are damaged causing unclear spots to appear in the patient's vision, 

escalating from partial vision loss at the outer side of vision, to complete vision loss in central 

vision. Once glaucoma patients lose their vision, the cells are dead and the damage is 

permanent[3]. 

Hence, it is very essential for glaucoma to be diagnosed at a very early stage which can only be 

done by regular eye exams [6]. In any eye exam, doctors should examine each of the following:  

 Tonometry: determining intraocular pressure IOP. 

 Ophthalmoscopy: allowing doctors to see the structure inside the eye such as optic 

disc, blood vessels, and retina. 

 Visual field exam: testing how the vision been affected by glaucoma. 

 Gonioscopy: examining the angle between the iris and cornea. 

 Pachymetry: measuring the cornea thickness. 

However, after glaucoma is detected, it could be treated either by medicines or surgeries or both 

[8], [10]. 

 

https://www.nlm.nih.gov/medlineplus/ency/article/002291.htm


 

8 

 

2.3.1 Medication 

Eye drops or pills are the first attempt to lower IOP by enabling the fluid to exit through the drain 

system or by reducing the amount of the aqueous humor inside the eye. Medicines need to be 

taken regularly along with close follow-up from an ophthalmologist. Glaucoma medications may 

have some side effects according to the Glaucoma Research Foundation (GRF) [11]: possible 

changes in eye color, blurred vision, itching, reduced pulse rate, depression, etc. 

2.3.2 Surgeries 

When medications do not meet the desirable results or have negative side effects, 

ophthalmologists suggest their patients have surgery as a final step to decrease the IOP, 

depending on the severity of the glaucoma. Surgical intervention is needed in order to stimulate 

the drainage system or open a path to the anterior chamber, as illustrated in Figure 1. This ensures 

that a sufficient amount of fluid exits through the drainage system in a controllable way such that 

the IOP is kept within the safe range. 

 

2.3.3 Trabeculectomy  

Trabeculectomy also known as filtering surgery trabeculectomy was presented by Cairns in 1968 

[12]. It is the most performed surgical technique used to treat uncontrolled glaucoma worldwide 

[2], and can be used to treat both open angle glaucoma and angle closure glaucoma. 

Trabeculectomy has been used for forty years ,over this time changes have been made in this 

technique to make it safer and more efficient[13]. The classic trabeculectomy technique uses a 

tiny section of sclera which works like a valve or flap door to close the section which is made in 

the conjunctiva into the trabecular meshwork.  At the same time the scleral flap allows the 

aqueous humor to percolate slowly underneath, as seen in Figure 1 and Figure 2, reducing IOP 

and preventing the optic nerves from being damaged further. 

https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=8&cad=rja&uact=8&ved=0ahUKEwiM1_mb__DMAhWEcz4KHZJPAu4QFghIMAc&url=http%3A%2F%2Fwww.glaucoma.org%2F&usg=AFQjCNGkFXd9ETBafctdGnGUKmOq72Lzng&sig2=TGds_3hAdYnVLPDmyUcEdg
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Figure 2 Left) Drawing illustrates where scleral flap open. Right) 4 × 4 mm in dimension scleral 

flap. 

 

The incision, under the scleral flap, creates an opening path, which is covered by the scleral flap. 

The flap is dissected with side incisions at 0.5 mm from the cornea and secured in a special way 

with (nylon 10-0) sutures [14]. The opening path allows the aqueous humor to escape out of the 

anterior chamber, passing the trabecular meshwork, which is the purpose of trabeculectomy. As a 

result, the outflow gathers beneath the conjunctiva where the flap is made. A small bleb 

resembling a blister of fluid will form above the iris, indicating that the fluid is leaking out of the 

trabeculectomy meshwork to the area between the sclera and conjunctiva and then absorbed 

around the eye.  

This type of surgery is not 100% effective because some complications occur during the 

postoperative period including poor outflow control [15],  flat anterior chamber, and hypotony 

may also occur after trabeculectomy surgery owing to the fact that overfiltration is a common 

postoperative complication after trabeculectomy [16]. Several factors lead to these complications 

such as scleral flap shape, poor control of transclerostomy flow, and  tight suture closure of the 

scleral flap [2]. First, it has been found by Birchall W, Wells AP that a well-constructed flap may 

help reduce the IOP. The flap needs to be initially sufficiently large and  closed with two 10-0 

nylon sutures [17]. It is recommended to avoid a tight scleral flap suture when performing 

http://www.webmd.com/hw-popup/trabecular-meshwork
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trabeculectomy surgery. The scleral flap needs to be sutured in a way that permits the fluid to 

flow continuously through the edges of the flap under the conjunctiva after the surgery. If the flap 

is tight and positioned properly, the outflow can be controlled during the postoperative period by 

loosening the tension of the flap [2],[3]. 

Many studies have been proposed by researchers such as ‘Flap and Suture Manipulation after 

Trabeculectomy’ by Wells, Anthony P., Catey Bunce, and Peng T. Khaw, and ‘Trabeculectomy 

with versus without releasable sutures’ by Zhou M, Wang W, Huang W, Zhang X to understand 

the effects of the suturing techniques on the IOP.  

Surgeons have been working on improving the classic trabeculectomy technique to overcome 

complications in the postoperative period. The major complication is hypotony associated with 

the fluctuation of the amount of outflow. The flap should be closed tightly enough to maintain the 

formation of the anterior chamber, yet at the same time, loosely enough to allow the fluid 

drainage at the edges of the scleral flap. To ensure that the scleral flap is closed meticulously, 

researchers use three surgical techniques to close the scleral flap postoperatively [3]: 

 Fixed suture which can be lasered. 

 Releasable suture that can be dragged out. 

 Traditional adjustable sutures that can be loosened with forceps. 

2.3.3.1 Fixed suture 

Ophthalmologists carefully cut the fixed suture with a laser (50-100 μm at 300 mW). With the 

help from a lens, ophthalmologists can direct a laser beam and view the suture under the 

conjunctiva to cut the fixed sutures, as shown in Figure 3 [18]. 
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Figure 3 Two fixed 10–0 nylon sutures at the corner and four traditional adjustable sutures under 

the conjunctiva.”[3]. 

 

2.3.3.2 Releasable suture  

Kolker, Allan E., Michael A. Kass, and Julian L. Rait used a releasable suture in their study as 

another way of manipulating suture tension to avoid complications in the early postoperative 

period [3],[19]. After tightening the scleral flap with a slipknot 10-0 suture, the slipknot can be 

released with forceps postoperatively. Surgeons close the scleral flap with two or more releasable 

sutures as seen in Figure 4, so that they can adjust the IOP every time a suture is being released. 

 

Figure 4 Right) A triangular scleral flap made on the conjunctiva [4]. Left) A triangular scleral 

flap closed with two releasable sutures [19]. 
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2.3.3.3 Traditional adjustable sutures 

Wells AP, Bunce C, and  Khaw PT proposed an adjustable suture as a surgical technique to 

overcome the overfiltration in the treatment of trabeculectomy [2]. The adjustable suture 

technique eliminates the complications of trabeculectomy by managing the increased IOP in the 

period immediately after surgery.  Surgeons try to suture the flap, as seen in Figure 5, “by making 

four throws on a loop” [3] of 10-0 nylon suture during the surgery so that tight suture can be 

adjusted postoperatively in order to  maintain  the IOP at the normal range. 

 

Each one of these techniques has advantages and disadvantages and its own preferences [2],[11]. 

Kobayashi H, Kobayashi K have shown in their study that there is no major change in the mean 

reduction of the IOP between the traditional adjustable suture and laser suture [20].  

The use of one of these techniques is highly dependent on each individual case as well as on the 

surgeon’s experience. With regard to limiting the complications, if a laser is not available for 

some surgeons, then they need to secure the scleral flap with one of the other techniques. In 

addition to complications of using laser to cut the suture, re-formation surgery is sometimes 

needed for some patients[19]. For instance in Figure 3, surgeons tightened the scleral flap with 

two fixed sutures and four adjustable sutures so they could cut or adjust one suture each time 

when needed until normal IOP reached, while the rest still secure the remaining parts of the flap.   

http://www.ncbi.nlm.nih.gov/pubmed/?term=Wells%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=15354079
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bunce%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15354079
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khaw%20PT%5BAuthor%5D&cauthor=true&cauthor_uid=15354079
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Figure 5 Two traditional adjustable sutures are pre-installed at the edges of the scleral flap [3]. 

 

Releasable sutures showed some drawbacks as well: shallowing of the interior chamber, higher 

intraocular pressure, and a chance of leaking after suture removal. Overall, the reduction of the 

IOP and the proper technique is still a matter of dispute. Choosing the appropriate method 

depends highly on the experience of the surgeon and the case of each individual patient 

[17],[20],[15]. 

According to the Glaucoma Research Foundation (GRF), “some patients with glaucoma who 

receive proper treatment may still experience loss of vision.”[11]. For this reason, to prevent 

postoperative overfiltration, these suturing modifications were suggested in order to minimize the 

complications of trabeculectomy. Nevertheless, providing a better IOP control is still a challenge.  

 

In brief, surgeons typically use nylon sutures 10-0 UPS size (20µm diameter) in the treatment of 

trabeculectomy. With the help of tweezers, surgeons are able to loop the sutures during the 

surgery in a slipknot and tie them tight enough around the scleral flap. If needed, the suture will 

be loosened with forceps in order to release its tension, therefore, reducing the IOP. These type of 

suturing could be simplified by adding a precise portion to the nylon suture in advance, which 

will provide a postoperative adjustment to this procedure. 
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Hence, this study presents a further development in the adjustable surgical technique for 

trabeculectomy treatment. The new adjustable suture design requires a very small length 

adjustment (less than 1mm) in the sutures in order to loosen the suture tension and adequately 

control the IOP in the postoperative treatment period. The first design proposed on our lab was an 

additional ring made of silicone joint to 10-0 nylon suture. This ring found to have some 

drawbacks for example a difficulty to determine the dimensions of the ring. 

To conclude, we explore a possibility to improve this design by adding a loop section of 10-0 

nylon suture and bond to a straight line of the same type of suture.   

This improvement in adjustable suture will provide high precision in controlling the IOP during 

the postoperative period. Finally, the design, fabrication process and testing will be described in 

the following chapter.  
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Chapter 3 

Design and fabrication 

This chapter focuses on the design and fabrication of an adjustable suture for treating glaucoma. 

First, the design concept is presented and the design requirements are laid out. Second, the 

process for forming adhesive microdroplets used for suture bonding is described. Third, the 

micro-jigs used to create the sutures are presented. Fourth, results for ex-vivo testing are 

analyzed.  

3.1 Design concept 

The adjustable suture provides a geometrical extension to the scleral flap in order to allow 

aqueous humor to outflow steadily and thus maintain the IOP in the normal range. Figure 6 shows 

the adjustable suture concept. It has a base section, a loop section, and a central section. The 

adjustable suture is created by overlaying two 10-0 nylon sutures and joining them with an 

adhesive microdroplet.  

 

Figure 6 New adjustable suture concept. 

As shown in Figure 7, when the new adjustable suture is initially tightened to secure the flap, the 

central section is intact and the tension load is applied to the base suture (see Figure 7-1). When 

the central section is cut with a laser or forceps as shown in Figure 7-2, the loop section expands 
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and this extension will relax the flap. The tension load will separate the two joint zones further 

away from each other until the loop section starts to carry the tension load as seen in Figure 7-3. 

This will allow more fluid to percolate through the sides of the flap underneath the conjunctiva, 

resulting in a reduction in the IOP. The length of the loop section determines the extension as 

seen in Figure 7-3 and thus the IOP adjustment. 

 

Figure 7 The working sequence of the adjustable suture. 

The adjustable suture concept presented here provides several benefits compared to traditional 

adjustable sutures. Traditional adjustable sutures provide approximate extensions to the scleral 

flap that depend on the technique used by the surgeon. Several sutures are usually required (see 

Figure 3) and the IOP control is not precise. The adjustable suture presented here can provide a 

precise extension, which can be determined before surgery through testing. Therefore, the 

adjustable suture can provide precise IOP control with a single suture. The adjustable suture also 

avoids the complexity of making loops and knots and then tightening them to each other during 

the surgery (see Figure 5). 

3.2 Design requirements 

First, in order to bond the two nylon sutures at their intersections, an adhesive microdroplet must 

be formed. The microdroplet must be large enough in order to form a strong joint between the 

two nylon sutures and keep the half-ring shape of the loop section intact. Second, to hold the 
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sutures in place during bonding, a micro-jig must be fabricated. The micro-jig must allow the 

fabrication of adjustable suture with various extensions. 

3.3 Microdroplet forming 

Two techniques are commonly used to form microdroplets: electrowetting on dielectric [21] and 

continuous-flow [22]. The choice of technique depends on the desired size of the droplet. Both 

techniques have several limitations. Electrowetting on dieletric requires complex designs and 

continuous-flow provides no control over each individual droplet [23],[24]. A new technique was 

required to produce individual microdroplets and accurately place them on the joint zone of the 

suture. This technique was inspired from microgripping, which is a technique that has been 

typically used to grip micro objects [25]. 

3.3.1 Physics 

At the micro scale, surface tension, capillary force, and viscosity have a significant influence of 

the size and shape of microdroplets. As seen in Figure 8, surface tension determines the shape of 

the microdroplet. All the molecules are attracted to their neighbors in all directions, resulting in a 

net force of zero. At the surface of the microdroplet, the molecules are pulled inward, creating an 

internal pressure. A membrane covers the surface to keep it at its lowest energy point. This is 

what gives microdroplets their semi-spherical shape [26]. 

 

Figure 8 Surface tension is caused by the unbalanced forces of liquid molecules at the surface 

[27]. 
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Viscosity also strongly affects the shape of the microdroplet [27]. Viscosity is a measure of the 

resistance to flow or the resistance to the rate of deformation. It defines the internal friction of 

moving liquid or the shear stress [28]. 

The capillary force is well described by scientists [29],[30]. It occurs because an attraction force 

is generated between liquid intermolecular and solid surface in contact with the liquid. It can be 

seen in a tube filled with water, for example, due to the surface tension and the adhesive force 

between a wall surface of a small-diameter tube and the liquid inside it, the edges of the top 

surface of the water appears to climb upward the tube wall due to this force. Capillary action is 

the reason that makes the blood to be dragged into a small tube (blood-vessel). 

Many experimental techniques have been proposed in order to understand and calculate the 

capillary force which generates between two solid surfaces and liquid in between (see Figure 9)  

[31]. Researchers found that when two solid surfaces reach each other with a liquid in between, a 

liquid bridge spontaneously forms due to the capillary action. Many Studies analyze the liquid 

bridge and calculate the capillary force through an equation that was driven from Young–Laplace 

equation [32]. 

Capillary force found a very great interest by researchers as a micro-gripper [25],[33], because 

handling and assembly micro components is a major challenge for engineers in macro-, and 

micro-scale so capillary force allows engineers to grape and move micro objects [21]. 

The main key parameters that affect the capillary force  found to be: contact angle, surface 

impurities, wettability, surface roughness and the distance between the surfaces see Figure 9 and 

Equation 1 [34]. 
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In this study, there is an urgent need for the formation of microdroplets. It has been found that by 

altering the distance between two parallel surface, various droplet size can be formed precisely in 

macro-, micro-scale. It was necessary to find a systematic method to produce micro-adhesive 

drops in order to joint 20µm nylon suture of the adjustable suture technique. Hence, this idea, as 

it will be explained next, is being used to generate microdroplet of adhesive. 

A new method has been used originally for grapping micro parts called micro gripping technique 

[25]. This technique takes advantages of the capillary force that generated between two horizontal 

solid plates and fluid in between them as in Figure 9. 

 

Figure 9 Sketch shows liquid bridge formed between two parallel surfaces due to the capillary 

force. 

Capillary force is calculated from equation (1) which is driven from a combination between 

Laplace force and the surface tension force [29].  

F capillary =
𝛾(cos 𝜃1 +cos 𝜃2)𝐴

𝑑
  (1) 

 

Where (𝑑) is the length of the liquid bridge, γ is the surface tension of the liquid, and A is the 

surface area. 𝜃1 and 𝜃2  are the contact angles between the condensed liquid surface and the two 

solid surfaces [35].  
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Figure 10 Generating two interfaces by Capillary force. 

The principle of the liquid separation technique in this study is illustrated in Figure 10. The 

liquid bridge between the two plates is in contact with the plate’s surface due to adhesive force. 

When the two plates start drifting away, the adhesive force is going to pull the liquid to the plate 

surface side and this will make the liquid bridge starts to neck until it splits as shown on Figure 

10 

 Equation (1) is a function in surface tension and contact angles which are material properties. 

Also it is function of (𝑑) and (A) which we could alter in order to decrease the capillary force 

consequently separate the liquid bridge as in Figure 10.  If the distance between the two plates 

(𝑑) is high, then the capillary force could be lowered. That means a small amount of the liquid is 

going to split from the original amount of the liquid as shown in Figure 10. Therefore, by 

adjusting the distance (𝑑) of the liquid bridge, we are going to be able to split the liquid and 

generate droplets with different sizes. 

Capillary length also can be used in here as indication whether the produced droplet will flatten or 

remain spherical by changing the gap between the tip of the probe and the plate surface. 
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Figure 11 Drop has the shape of sphere obtained when the capillary length greater than drop 

diameter. 

 

Figure 12 Drop is flattened by the action of gravity and the height of capillary bridge is less that 

the drop dimension. 

In this case capillary length (lc) is the liquid bridge length; 1.19mm as in Figure 11. If the wetting 

area diameter is smaller than capillary length, the separated droplets will have a sphere shape. Or 

if the capillary length is less than wetting area diameter, it forms a flat shape; see Figure 12. 

Capillary length is a balance between gravity and surface tension[36]: 

ℓc =  √
       𝛄        

𝝆𝒈
 

800µm 
1190µm 

1540µm 

 

670µm 
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Where γ is the surface tension, g the gravitational constant, and ρ the density. At micro scale, 

surface tension dominates gravity when capillary length greater than droplet diameter. While 

larger droplets are flattened due to the balance between surface tension and gravity force [36]. 

3.3.2 Concept 

The size of the droplet that will be needed to form a joint of nylon suture has to be as small as 

possible and at the same time strong enough after being cured to hold the two nylon suture 

together after the center line being released. The size of the microdroplet that will be required to 

form the joint of nylon suture will be highly associated with load resistance that the joint could 

withstand.  

Experiments will be conducted to examine the validity of this technique in the next section. 

Different liquids has been tested along with probes with different diameter which we used as 

liquid gripper were prepared as well to investigate their effects on the size of the produced 

droplet. 

Secondly, the effects of altering the distance (𝑑) on the wetting area is investigated as well and its 

impact on the size of produced dropt. 

 

3.3.3 Procedure 

Microdroplets were formed using a stainless steel probe, a probe positioner, and an aluminum 

plate. Stainless steel probes of the appropriate diameter were cut to the appropriate length and 

their tip were flattened with sandpaper. The probe was mounted to a probe positioner (Cascade 

Microtech MH5, resolution 12.5µ𝑚) so that the probe movement can be controlled manually. The 

aluminum plate was machined into a 4x0.5cm
2
 block the top surface was polished with sandpaper 
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and cleaned. A hole with a diameter of 5mm was drilled into the aluminum plate. This hole 

served as a reservoir for the adhesive. 

The procedure used to form the microdroplets (see Figure 13) is divided into two parts: droplet 

loading and droplet release. Before beginning the procedure, the reservoir is filled with UV 

Topcoat adhesive, ensuring the adhesive is level with the plate surface. In the first part of the 

procedure, a droplet is loaded onto the tip of the probe. In the approach (1.1), the probe is lowered 

toward the reservoir surface. In the contact (1.2), the probe tip touches the adhesive and deforms 

the reservoir surface. In the release (1.3), the probe is gradually raised away from the reservoir. A 

small amount of the adhesive is dragged with the tip and is separated from the reservoir.  

 

Figure 13 Sequence of generating droplets. 

In the second part of the procedure, the droplet on the tip of the probe is split in half. In the 

approach (2.1), the probe with the attached adhesive is lowered toward the plate surface of the 

plate, beside the reservoir. In the bridge (2.2), the attached adhesive touches the plate surface and 

a liquid bridge is immediately formed between the probe and the plate. In the neck (2.3), the 
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probe is raised and the liquid bridge starts to neck. In the split (2.4), the probe is raised until the 

droplet is split. 

3.3.4 Adhesives material  

From the previous separation technique, it was observed that an appropriate adhesive for this 

technique, which is going to be a bonding material, has to meet some characteristics. First, the 

entire separation procedure takes about 1 to 2min which requires an adhesive with similar curing 

time. Second, the adhesive should have a medium viscosity so that it can be feasible. Finally, and 

most importantly the adhesive should be biocompatible. However, testing medically approved 

adhesives are costly as result commercial adhesive were tested instead in order to find out the 

proper medical adhesive with former properties for our study. 

In order to select a suitable adhesive in terms of viscosity, curing time, bond-making, and strength 

for bonding nylon suture, six types of adhesives have been tested: Adhear0 Epoxy, UV Topcoat, 

Adhear0 Titan, Loctite super glue, Gorilla white glue, and Resorcinol-ethanol. 

Table 1 Shows testing five types of glues. 

Glue Viscosity, cps Working time Curing time Comments 

Adhear0 Epoxy 10,000 6 minutes 24 hours 

Very soft 

UV Topcoat 200-600 2-4 hours 24 hours 

 

Adhear0 Titan Not available(very 

high) 

  

Not handable 

Loctite super glue 80,000 to 100,000 60 second 60 second 

 

Gorilla white Glue 3,800 – 6,000 5 minutes 12 hours 

Expanded and 

formed foam. 

Resorcinol-ethanol Not available 10 minutes 24 hours 

 corrosive 

http://www.masterbond.com/properties/strength-properties-epoxy-compounds
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A 1mm diameter drop was made of each glue except Resorcinol-ethanol. All drops were cured to 

the recommended time by the provider as seen in Table 1 and then their solidity was examined. 

Adhear0 Epoxy drop attempt to be very soft and the size of its droplet changed over time. 

Adhear0 Titan had a very high viscosity at which it was impossible to grip. 

Loctite super glue showed cracks and bubbles in the surface of the droplet. Also, because the 

entire process of generating droplets takes approximately 1-2 minute, Loctite super glue was 

excluded. Gorilla white Glue expanded after being cured and bubbles observed in the surface 

which means changes in droplet sizes over time. Moreover, tests showed that liquids with very 

low viscosity have experienced changes in their droplets dimension especially at macro scale 

level due to gravity force. However, UV Topcoat was practical where the UV Topcoat drop was 

solid and it has a smooth surface and no change in dimension.  

A mixed of Resorcinol-ethanol is a recommended adhesive for bonding polyamide (nylon), it 

provides strong chimerical and physical bond with polyamide [37]. Aqueous of Ethanol- 

Resorcinol was made of 1:1 resorcinol-ethanol “concentration is not critical.” after that the 

mixture was shook together for 20 minutes at room temperature and brushed on the suture [38]. A 

number of joints were prepared to examine the (Resorcinol-Ethanol) adhesive. A ratio of 1:1 is 

mixed to bond the two nylon suture. The results clearly demonstrate that the nylon sutures 

dissolved completely after bonding them with the new solution. This indicates that bonding 20µm 

10-0 nylon suture with aqueous of resorcinol-ethanol is not practical solution. 

Ultimately, These tests narrow down our options (selection) to search for the right medical 

adhesive that will be very practical, along with these properties:  an adhesive with viscosity 
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ranges from (200 to 6000 cps) will be very much feasible, one minute or more curing time and 

forms a solid drop. 

Based on that, Loctite 4311 which is a light cure adhesive provided by Henkel Corporation is 

selected. It cures under Ultraviolet (UV) or visible light. It is designed to bond plastic and 

rubbers. Loctite 4311 suitable for supporting and holding devices that used in medical 

industry[39]. Typical viscosity of uncured Loctite 4311 is 600 to 1500 cp and non UV curing 

time 24 hours at 22C°[39]. 

Consequently, Loctite 4311 was selected to test our liquid separation technique and later make 

sutures joint. 

3.3.5 Testing 

The process of generating droplets was tested on two 10-0 nylon sutures. Both sutures placed on 

each other as in cross and jointed with Loctite 4311 as adhesive along with using 100µm probe 

diameter which forms a 50µm diameter droplet and a 74µm droplet Figure 14 the two joints were 

tested in order test their strength after being cured for 60 second under UV light. 

 

Figure 14 Two droplets were laid right at the cross of 10-0 nylon suture Left) 50µm drop and 

Right) 74µm drop. 

A tensile test was conducted by using a TA.XTPlus Texture Analyzer machine Figure 15-Left. 
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After calibrating the machine, both sutures lined up and secured with clamps as described in 

Figure 15-Right. Then the sutures pulled and the load was recorded until the joints break with test 

speed 1mm/sec. 

 

 

Figure 15 Left) TA.XTPlus Texture Analyzer. Right) Scheme tensile test setting. 

 

The first joint which bonded with 50µm drop ruptured at ≃40mN and the second joint (74µm) 

showed slightly higher load resistance and broke at ≃45mN. Although both joints were exposed 

to UV light and cured, the 20µm suture cuts easily the joint as if it was a sharp knife as shown in 

Figure 16. Hence, it is clear to us that we need to adjust the droplet size of the adhesive that 

would have a greater load resistance and capable of holding the sutures together. According to 

The U.S. Pharmacopeia, 10-0 nylon suture has a tensile strength 190mN [40]. In light of this, our 

joint should provide breaking strength close to the 10-0 Nylon suture breaking strength. 
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Figure 16 Shows a broken joint made of 74µm diameter. 

3.3.6 Results 

First, it can be seen clearly from the previous tests that using probe with a small diameter 100µm 

has produced a small droplet considerably. Second, the gap (d) between the plate surface and the 

probe tip has a noticeable impact on the size of the produced droplets which will be the second 

factor to further decrease the droplet size. 

The microdroplet forming procedure was tested using Loctite 3411 adhesive to explore further if 

it could be used to generate droplets of different sizes consistently by using two different probes 

diameters (600, and 300µm). In addition to changing probe diameter, different relative gap 

heights (20, 40, 60, and 80%) were tested too. The relative gap (d) is defined as the separation 

distance between the probe tip (gripper) surface and the plate surface and it is calculated based on 

the height of attached adhesive to the probe tip (h) see Figure 17. 
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Figure 17 Defining the relative gap. 

 

 

Figure 18 Droplet sizes at three different gap distances (d) from the plate surface. 
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In Figure 18, two probes 300 and 600µm diameter generate 5 droplets at four different gaps from 

the plate surface and the heights of the attached adhesive for each probe are 100 and 150µm 

respectively. 

The smallest droplet was obtained when the gap between the probe and the plate surface was the 

highest.  

Probe 600mm generates a droplet of average 380µm diameter at 80% of h which is 120µm from 

the plate whereas a droplet of 736µm was formed at d=30µm relative gap (20% of h). Similarly, 

probe 300µm forms a 125µm droplet at 80% of h and a droplet of 526µm diameter was formed at 

d=20µm (20% of h). Both probe 600, 300µm at 60% of h, form an average droplet size 460µm 

and 347µm diameter respectively. 

This indicates that manipulating the relative gap (d) could be used to form different droplet sizes 

at micro-scale from the same probe. It can be seen that after exceeding 40% of (h), all droplets are 

having a bigger diameter than the probe that used to generate them.  

Furthermore, it has been observed that the shape and the size of the final microdroplets are highly 

affected by the distance between the two parallel plates even after splitting the liquid bridge. 

Figure 19 shows the shape of semi-spherical drop after it is formed at gap of 80% of (h) and 

Figure 20 shows flat droplet (Right) after it is spitted at 20% of (h)from the plate. This happens 

because the adhesive squeezed in between the two sold surfaces and pushed away in all 

directions. The droplet  in Figure 20 is flattened due to the effect of capillary length and gravity 

force[36]. The more the gap gets reduced the greater the wetting area becomes. 
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Figure 19 Shows the shape of a liquid bridge between two parallel plates when d=80% of h and 

the shape of the obtained drop. 

 

Figure 20 A flat droplet obtained when d is 20% of h. 

 

3.4 Micro-jig and adjustable suture fabrication 

Micro-jigs were fabricated to hold the two structures (loop and base) of the adjustable suture in 

place so that they could be bound together with appropriate dimensions using an adhesive 

microdroplet. The micro-jigs were designed with Solid Edge ST7 and fabricated by using a 

Microlution 363-S micro-milling machine and a Sherline 8541 milling machine (see Figure 21). 

Micro-milling is a mechanical process for cutting small features into metal pieces using tools with 

a diameter below 1mm [41]. 
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Figure 21 Microlution 363-S micro-milling machine (left). Sherline 8541 milling machine (right) 

3.4.1 Design 1 

The micro-jig was designed such that the length of the loop of the adjustable suture could be 

precisely controlled during fabrication. The length of the loop is critical since it directly affects 

the extension and thus the pressure drop in the eye. If the extension is too long, the scleral flap 

will relax too much and cause hypotony. If it is too short, it will not relax enough and will cause 

damage to the optical nerve. For this reason multi extension are going to be fabricated and tested 

in order to find out the suitable extension which keeps the IOP  within the average limit. 

A micro-jig station is shown in Figure 22. It was fabricated by micro-milling two 200µm wide 

trenches into a aluminum plate with a 200µm end mill. These trenches serve to hold the base and 

loop structures of the ajustable suture in place before joining them together. It is very important to 

place the main suture first because the depth of its trench is 100µm whereas the depth of the 

added half ring trench is 200µm thus the added portion will be in contact with the main suture at 

the intercection points. If there is a gap between the sutures, the adhesive droplet will not cover 
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both sutures and it might rest on the upper suture only which is the added half ring and separating 

along the suture without  covering both sutures.  

A large trench was also micro-milled in the center of the micro-jig. This trench allows the joint 

zones of the base and loop sutures to be suspended above the alumium plate and prevents them 

from being joined to the plate during bonding. Finally, a hole with 300µm diameter was drilled in 

the plate and a pole was glued into the hole. This pole serves to create half-ring shape for the loop 

structure. The vertical distance between the center of this pole and the trench for the base suture is 

called the pole distance. By changing the pole distance, the length of the loop can be changed and 

sutures with different extensions can be created. Four micro-jigs stations were fabricated to 

provide different pole distance of 330, 430, 530, 630 µm. These pole distance corresponded to 

measured extensions of 730, 930, 1130, 1330 µm, repectively. 

 

Figure 22 Micro-jig Design 1 station with base and loop sutures in place (left). Completed 

adjustable suture with base and loop sutures are bonded (right). 

3.4.2 Design 2 

A second micro-jig was designed to overcome drawbacks in Design 1. The new design uses poles 

instead of trenches to hold the base and loop structures in place (see Figure 23). Design 2 allows 

sutures with extensions below 1mm, the size preferred by surgeons, to be fabricated. Design 2 is 
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also more reliable than Design 1 since it uses smooth poles instead of sharp trenches to hold the 

base and loop sutures in place. This makes it easier to position the sutures and prevents the 

sutures from being damaged when they are placed on the micro-jig. 

 

Figure 23 Micro-jig Design 2. 

To fabricate the micro-jig, a sheet of PMMA (Polymethyl methacrylate) was cut into a 

5x3x0.3cm
3
 piece. As in Design 1, a large trench was milled in the center of the micro-jig to 

prevent the joints from being joined to the plate during bonding. Then, a 300µm diameter hole 

was milled into the center of the micro-jig. This hole serves to hold the pole for the loop suture. 

Two more 300µm diameter holes were drilled on each side of the center hole. These holes serve 

to hold the left and right poles for the base suture. As in Design 1, the vertical distance between 

the center of the pole for the loop suture and the center of the left and right poles for the base 

suture is called the pole distance. By using different pole distances, the length of the loop can be 

changed and thus ajustable sutures with different extensions can be created. In this design, 

multiple left and right holes and poles were added to the same micro-jig to provide pole distances 

of 300, 350, and 450µm. These pole distances corresponded to measured extensions of  370, 470, 

and 670µm, repectively. 
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3.4.3 Joint strength testing 

The joint strength of adjustable sutures with joint diameters from 70 and 185µm was tested. 

These joint diameters are within reasonable range for surgical applications. This test was done in 

order to study the effect of enlarging the droplet diameter on the joint breaking strength. A 

stronger joint will allow the adjustable suture to withstand higher tensions and prevent the joint 

from failing when the IOP increases during the postoperative period after cutting the central 

section. 

The adjustable sutures were fabricated with Design 1. The joints were made with Loctite 4311 

glue and they were fabricated using the procedure described in Section 3.3.3. Before testing the 

joints, the central section of the adjustable sutures was cut with a scalpel. Figure 24 shows a 

completed suture before and after it was cut. 

 

Figure 24 Adjustable suture before cutting (left) and after cutting (right). 

The cut adjustable sutures were fixed and tightened at both ends with the clamps in the texture 

analyzer machine. The sutures were then stretched at 1mm/s, to avoid inconstant elongation, until 

they broke. The texture analyzer machine recorded the force over time.  

Figure 25 shows the measured breaking point as a function of droplet diameter. The first three 

droplets were made by using 100µm probe diameter whereas the rest of the droplets, 300µm 
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diameter probe was used to form these droplets.  The smallest droplet diameter (74µm) provided 

a breaking strength of 57mN and the largest droplet diameter (185µm) provided a breaking 

strength of 139mN. The breaking strength for the first three droplets seems to increase linearly 

with droplet diameter. While there were variations from the general linear trend on the rest. These 

variations are attributable to differences in drop shape and positioning during testing. If the 

droplet is not centered on the intersection point between both sutures, the joint is expected to be 

weaker. Based on these results, the 185µm droplet was chosen to form all the joints for the 

adjustable sutures that we are going to test on a cadaveric human eye in the next section  

 

Figure 25 Joint breaking point as a function of join diameter. 

3.5 Ex-vivo testing 

Ex-vivo tests were conducted at the Hotel Dieu Hospital laboratory Canada on a human cadaveric 

eye to evaluate the influence of the adjustable suture extension on the IOP drop. Adjustable suture 

samples with different extensions were provided to an ophthalmologist. The ophthalmologist 
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performed the trabeculectomy and the IOP was monitored with a pressure sensor throughout the 

surgery. 

3.5.1 Testing procedure 

Six adjustable suture samples with extensions of 365, 450, 480, 600µm (Design 2) and 700, 

1200µm (Design 1) were fabricated for the ex-vivo tests. The overall testing setup is shown in 

Figure 26A. The eye was placed on a plate that has a semi-spherical cavity connected to an empty 

syringe. The plunger of the syringe was pulled back and locked in placed in order to hold the eye 

in position with suction. The probe of the pressure sensor (SPR-524 Pressure Catheter) was 

inserted into the bottom of the eye and connected to the pressure control unit (Pressure Control 

Uni-PCU-2000). Before testing, the sensor was calibrated according to the manual provided by 

the supplier. A separate suture was created around the probe of the pressure sensor to tighten the 

skin and prevent fluid within the eye from leaking. The inlet tube was inserted into the side of the 

eye. A trapezoidal incision was made in the scleral flap as shown in Figure 26B. The incision was 

tightened with an adjustable suture as shown in Figure 26C. The microscope (Pluggable Digital 

USB Microscope) was connected to the computer to observe the eye. The data acquisition system 

(PowerLab 4/35) and pressure monitoring software (ChartView software) were run to monitor the 

IOP. The syringe pump (Cole Parmer 60061) was activated to provide a flow rate of 3000 to 

4500µl/hr of water into the eye. When the pressure had stabilized, the central section of the 

adjustable suture was cut. Once the pressure had again stabilized, the loop section of the 

adjustable suture was cut. 
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Figure 26 Testing setup (A), cadaveric eye setup (B), and close-up look of the tightened 

adjustable suture (C). 

3.5.2 Results and discussion 

The pressure profile for the 450µm extension is shown in Figure 27. This is a typical response of 

the IOP in the cadaveric eye when surgery is performed with the adjustable suture. The flow rate 

during the test was 3000µl/hr. At the beginning, the pressure was at steady state at about 
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29.5mmHg. At 5sec, the central section was cut. The IOP increased slightly due to pressure 

applied by the scalpel then it dropped immediately. The pressure settled to about 16.5mmHg. It 

was observed that the adjustable suture did not fully expand after the central section was cut. This 

signified that the loop suture was still loose. Tightening was required for some of the adjustable 

sutures. Here, at 25sec, the surgeon tightened the loop suture. This resulted in another immediate 

pressure drop to about 9.8 mmHg. The pressure again stabilized. Finally, at 37sec, the loop suture 

was cut and, with nothing holding the flap together, the pressure dropped to about 6.2mmHg. 

 

Figure 27 Pressure profile for an adjustable suture with 450µm extension. 

Three other adjustable sutures with extensions of 365, 480, and 700µm were tested on the same 

eye. The initial pressure between tests varied between 20.7 and 34.5mmHg. To compare the 

pressure drop provided by the different extensions, the pressure drop relative to the initial eye 

pressure was calculated for each extension. The relative pressure drop was calculated for two 

stages of the surgery: the central section cutting and loop section cutting. Figure 28 shows the 
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relative pressure drops obtained for each extension. For example, for the adjustable suture with a 

450µm extension (Figure 27), the relative pressure drop for the central section cutting was 

(29.5mmHg-9.8mmHg)/29.5mmHg = 67% and the relative pressure drop for the loop section 

cutting was (9.8mmHg-6.2mmHg)/29.5mmHg = 12%. 

 

Figure 28 Relative pressure drop for different adjustable suture extensions. 

In Figure 28, we would expect an overall increase in relative pressure drop for the central section 

cutting as the extension increases. As the extension is increased from 365 to 450µm, the relative 

pressure drops increases from 32 to 66%. For the 480µm extension, the relative pressure drop was 

61%. This is slightly lower than the pressure drop for the 450µm extension but is considered 

acceptable since the extension is only slightly larger. For the 700µm extension, the relative 

pressure drop is only 50%. This value is lower than what would expected, since the extension 

here is much larger. However, for this test, the cadaveric eye had already been used for the three 

previous tests and had started to deteriorate. The eye had become more rigid over time and 
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significant leaking was observed. The flow rate was increased to 4500µl/hr to maintain a steady 

pressure. Nevertheless, water continued to leak from the eye. All this is thought to have 

contributed to the lower pressure drop (50%) obtained after the central section cutting. 

In Figure 28, it is observed that after the loop section cutting, the relative pressure drop in all tests 

reaches about 80%. It stabilizes around this value because at this point the adjustable suture no 

longer keeps the scleral flap fastened. Thus, a balance is reached between the amount of fluid 

leaving the eye and the amount of fluid entering the eye based on the flow resistance created by 

the scleral flap and the height difference between the outlet (top of scleral flap) and inlet (side of 

the eye). 

Overall, the adjustable suture concept is able to secure the scleral flap and provide a specific 

reduction in IOP when the loop section is cut. When the loop section is cut, the tightened flap is 

relaxed and a greater outflow of water from the eye is allowed. Based on the results, it is believed 

the extensions below 400µm are suitable for keeping IOP within the normal range. Further study 

of the adjustable suture concept is worthwhile. Smaller extensions (100 to 300µm) should be 

tested and tests should be performed on fresh cadaveric eyes using similar initial pressures. 
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Chapter 4 

Rapid Fabrication of Nylon Surgical Sutures by 3D Printing 

Surgical sutures have been used for long time by surgeons to close wounds [42]. Nowadays, 

sutures are can be made of variety of materials such as Polyester, Polypropylene and nylon [43]. 

As essential tools used widely by surgeons to close injuries or to repair damaged tissue, surgical 

sutures, including both absorbable and non-absorbable ones, are estimated to worth 1.3 billion 

dollars of the biomaterials market each year [44]. Nylon monofilament suture is one of the most 

commonly used non-absorbable sutures. Currently nylon monofilament sutures are manufactured 

by using complicated extrusion process with expensive manufacturing facilities. In the recent 

years, 3D printing technology has been rapidly developed and widely used for various 

applications; besides the applications for 3D plastic rapid prototyping [45], 3D bioplotting [46], 

its application has also been expanded to the prototyping microfluidics devices [47],[52]. 3D 

printers using thermal plastics are affordable and popular. Besides of ABS, PLA etc, nylon 6 

becomes one of the common materials for 3D printing, all the 3D printed sutures in this study 

were made from nylon. The contents of this chapter section 4.1 and 4.2  are adoption of a 

publication work [49]. 

4.1 Fabrication 

Two steps are involved in this new fabrication procedure. First nylon sutures with various 

diameters are printed using 3D printer, then a post stretching process is used to reduce the 

diameter of sutures as well as elasticity/plasticity while to increase their strength. 

4.1.1 3D printing 

The 3D printer used in this study has an extruder with an inner diameter of 0.5mm, and using a 

nylon filament with a diameter of 1.75mm. G-code is used to define the printing parameter 
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directly. Typically, 3D printing is a process of making layers on the top of each other on a hot 

printing surface, within a small gap from the bed Figure 29. 

 

Figure 29 Diagram showing the gap between the extruder and the bed affects the printed 

structure. 

Normally the gap between the extruder and printing surface should be setup approximately to the 

inner diameter of the extruder in order to print properly (illustrated in Figure 29-b). When the gap 

is too big or too small, it will lead to loose printing (no pressure to force printed filament to attach 

to printing surface, Figure 29-a) or tight printing (may induce discontinuous printing, Figure 29-

c). To produce surgical sutures with circular cross sections similar to conventional ones, a novel 

printing procedure is used combining normal printing and abnormal printing steps described as 

following and illustrated in Figure 30 with a sample of printed suture. 

Step 1: Use normal printing setup to print a start segment on the printing bed as an anchor. Step 2: 

Move the extruder up at the speed of 780mm/min away from the printing surface rapidly to a 

larger gap while continue to print horizontally. It is a transit step and in abnormal mode. Step 3: 

Remain the same gap between the extruder and printing surface, and start fly printing. This step is 

used to actually extrude small monofilaments and this section of the printed suture will be 
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stretched later. Smaller extruder inner diameter can generate smaller single filament. This is 

abnormal mode. Step 4: Reduce the gap between the extruder and printing surface to a normal 

one, and print a final segment on the printing surface as the other anchor. In this study the 230◦C 

was found an optimal melting temperature for the extruder for our printer, and the printing bed 

temperature is set to 60◦C. The normal and flying printing gaps are 0.5mm and 2mm respectively. 

In the normal print mode, the printing speed is 200mm/min. In the flying printing mode, the 

printing speed directly affects the size of the diameter of the extruded monofilament. In general, 

the higher printer speed, the smaller diameter of the filament will be extruded (see Table 2). 

Table 2 The resulted diameter of filaments under various printing speed. 

Printing speed, mm/min diameter, mm 

500 0.3 
600 0.2 

800 0.15 

 

With smaller extruder inner diameter, the diameter of printed filament should be able to get 

smaller [50]. The smaller diameter of a suture, the more expensive it will be on the market due to 

the higher challenge of manufacturing. Our interest in this study is to make small sutures with our 

0.5mm extruder, therefore fly printing speed at 800mm/min and 600mm/min will be used to 

produce small filaments. 

 

Figure 30 Diagram showing the four printing steps. 
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4.1.2 Post stretching 

Following the printing procedure, the initial diameter of the printed filament will be reduced, as 

well as its elasticity/plasticity. Through the stretching procedure, the suture filament will be able 

to maximize tensile strength therefore to increase capability of handling higher loads at minimum 

deformation [43]. A texture analyzer (TA.XT Plus) is used for the stretching procedure (see 

Figure 31). The suture filament is fixed by the two grippers. The texture analyzer will stretch the 

filament to a given distance at a specified speed. The load and axial strain are recorded during the 

stretching process. Two sets of printed filaments with initial diameters of 0.2mm and 0.15mm are 

used for the study. The initial lengths of the filament suture to be stretched are 25mm, 35mm and 

45mm respectively. The targeted final stretched lengths are approximately 100mm and 180mm 

similar to most of surgical sutures. 

 

Figure 31 Texture Analyzer with the filament suture (Texture Technology Corp.). 
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Due to the limited strength of the filament, it may break when the targeted length is too long and 

induced stress from stretching is beyond its rapture strength. Therefore, before stretching filament 

suture in batch, it is necessary to identify the approximate limit for each type of filament sutures. 

Figure 32 demonstrates a typical load/strain measurement during the stretching process for 

filament sutures with an initial diameter of 0.2mm and length of 35mm. Figure 32-A 

demonstrates the example of five filament suture samples being stretched to their ruptures which 

indicates the stretching length limit for this group filament is approximately 175mm. Once the 

limit is identified the filament group, they are ready for batch stretching process (see Figure 32-B) 

with low risk of ruptures. Two regions are identified. The first region are identified as elastic 

region, where deform can fully recover when the tensile load is removed. The second region is 

plastic deformation region where stretching occurs. 
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(A) 

 

(B) 

Figure 32 Example of stretching load (tensile) vs. deformation. 

 

Five samples for each group of filament sutures are tested to identify their stretching limits, which 

are given in the following table (Table 3). 
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Table 3 Stretching limits for printed filament suture (unit: mm). 

 Initial Length 

Initial 
Diameter 

25 mm 35mm 45mm 

0.15 mm 120 135 190 

0.20 mm 140 175 190 

 

4.2 Final Suture Characterization 

After stretched to a certain length, the suture fabrication is completed. In order to identify the 

rupture strength or maximum load the final suture can carry, a tensile testing using the texture 

analyzer is conducted. The following table (Table 4) showed the final testing results. 

Table 4 Final suture diameter and maximum load. 

Initial diameter mm Initial length mm Final diameter mm Strength N 

 
0.15 

25 0.065±0.005 1.712±0.162 

35 0.075±0.005 2.020±0.155 

45 0.095±0.005 2.812±0.162 
 

0.2 
25 0.085±0.005 3.5400±0.115 

35 0.095±0.005 3.058±0.173 
45 0.105±0.005 4.105±0.3 

 

The U.S. Pharmacopeia (USP) has classified surgical sutures size from 12-0 to size 1-0 with 

corresponding load capacity[40]. According to the sizes of the sutures fabricated from this study, 

they have similar diameters to USP 5-0 to 7-0. Using USP categorized diameter sizes to regroup 

the fabricated sutures in this study, and their rupture load capacities are compared with USP Class 

I sutures (see Table 5). It can be observed that the properties of the sutures produced in this study 

have good alignment with the USP sutures’. As reported in [50], smaller extruders can print finer 

features. As the follow up study in the next step, we will use smaller extruders to investigate the 
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possibility of producing finer nylon sutures similar to USP sutures from 8-0 to 12-0 using the 

method reported in this study. 

Table 5 Tensile Strength Comparison. 

 Tensile Strength( N) 

USP Size USP Class I (Minimum) 3D printed suture 
(Minimum) 

7-0 (0.050 - 0.069 mm) 1.08 1.550 – 1.874 

6-0 (0.070 - 0.099mm) 1.96 1.865 – 3.231 

5-0 (0.100 - 0.149mm) 3.92 3.805 – 4.405 

 

The final results showed that it is a practical method which could allow physicians to 3D print 

surgical sutures moreover reduces the fabrication cost of the microsurgical sutures. It was found 

that the proposed method, with a 3D printer with 0.5mm extruder, was able to produce sutures 

with similar properties to USP Class I 5-0, 6-0 and 7-0 non-absorbable sutures. 
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Chapter 5 

Conclusion 

A novel adjustable suture design for treating uncontrolled glaucoma was developed in this study. 

The adjustable suture can enable surgeons to perform trabeculectomy more safely because it can 

provide better control over the IOP and prevent the optical nerve from being damaged. The center 

section of the adjustable suture can be cut during the postoperative period, allowing the adjustable 

suture to extend by a precise length determined by the loop length and permit the tightened scleral 

flap to relax. This allows an increased outflow of aqueous humor from the eye and results in a 

decrease in IOP. 

To fabricate the adjustable sutures, a new microdroplet forming technique was established and 

micro-jigs were designed. The microdroplet forming technique allows individual droplets from 70 

to 200µm in diameter to be generated with Loctite 4311 glue. The micro-jigs allow adjustable 

sutures with extensions from 370 to 1200µm to be fabricated. The joints of the sutures were 

tested and it was found that joints with diameters 185m have a breaking strength around 0.14N. 

This breaking strength is adequate since it is very close from nylon 10-0 breaking strength. 

Adjustable sutures with different extensions were tested in a human cadaveric eye with the 

assistance of an ophthalmologist. It was found that an extension of 365µm provides a 32% 

reduction in IOP when the center section of the adjustable suture is cut. In addition, it was found 

that cutting the loop section of the adjustable suture further decreases the IOP. During the tests, 

none of adjustable suture broke, indicating that the structure of the adjustable sutures is strong 

enough for the intended application. 

For future work, we suggest using a smaller extension for testing on fresh cadaveric human eyes 

and determine the IOP reduction.  Also, we highly recommend fabricating the new design of the 



 

51 

 

adjustable suture in one piece, this will simplify the fabrication process moreover it makes the 

fabrication of this design practical for industrial scale. 

Lastly, this study explored a new method for making sutures using a simple and economic 3D 

Printing and post stretching process. A 3D printer was used to fabricate nylon monofilament 

sutures. The final results showed the method is practical and can fabricate sutures at low cost.  

Further study in this matter may allow us to print the new adjustable suture in one piece and this 

will make the adjustable suture technique more affordable and controllable and bring 

trabeculectomy back as the most common surgical technique for treating glaucoma.  
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