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ABSTRACT OF THE DISSERTATION 

 

In-Vitro Fatigue Behavior of Different Materials Used as Frontalis Suspension Slings for 

Treatment of Blepharoptosis   

By 

Omid Rohani 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2017 

Professor James C. Earthman, Chair 

 

Frontalis suspension is a commonly used surgery that is indicated in patients with droopy eyelids 

(blepharoptosis) and poor levator muscle function. The surgery is based on connecting the tarsal 

plate of the droopy eyelid to the frontalis muscle with various slings made either from fascia lata 

tissue or synthetic materials. However, one of the main complications of this surgery is the high 

rate of blepharoptosis recurrence, which has been reported for some slings as high as 100%.  

We initiated a collaborative multidisciplinary research to explore the effect of choice of sling 

material on this common problem. Two different experimental setups for testing the behavior of 

various sling materials in-vitro have been developed. Using our first experimental setup, we 

explored possible gradual permanent elongation of sling materials due to cyclic loading caused by 

eye blinking. In addition, a more sophisticated second experimental setup was developed to 

investigate fatigue behavior of different implants under physiologically relevant conditions. 

xvii 
 



 

We could show that physical changes such as permanent elongation, and holding load drop in the 

slings could happen under fatigue conditions caused by eye blinking. These changes can contribute 

to the failure of the frontalis suspension slings and recurrence of blepharoptosis. Our experiments 

show that different sling materials exhibit significantly different responses. The results of the 

present study indicate that characterizing the in vitro fatigue behavior of different sling materials 

can lead to a better understanding of what causes high recurrence rates in frontalis suspension. The 

characterization methods developed can also be used to improve material selection as well as assist 

in the development of new materials for this procedure.
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Chapter 1      

Introduction and Background 

 

 

Ptosis 

“Ptosis” (also known as “droopy eyelids” or in its exact term “Blepharoptosis”) is referred to 

drooping of the upper eyelid. This problem can be found in all age groups and has various 

etiologies. Ptosis is one of the most prevalent eyelid disorders encountered in ophthalmology. It 

generally is classified to congenital ptosis (present at birth or within the first year of life) or 

acquired ptosis (present after the age of one year). Ptosis can be unilateral (present only in one 

eye) or bilateral (present in both eyes) [1], [2]. Figure 1 shows congenital and acquired ptosis in 

two patients.  

Congenital ptosis 

The most common origin of congenital ptosis is myogenic due to the improper development of the 

levator muscle. Congenital ptosis may result is amblyopia (or lazy eye) which can cause severe 

consequences such as brain development problems in children. Amblyopia which is more common 

in kids with unilateral congenital ptosis [3], can be developed in around 20–70% of patients with 

simple congenital ptosis [4], [5]. Ptosis can also lead to visual loss in adults due to partial or 

complete obstruction of the pupil and hence the visual field [6]. 

1 
 



 

 

 

 

 

(A)  (B) 

Figure 1: Congenital and acquired ptosis cases: (A) a 3-year old patient with unilateral congenital 
ptosis in upper left eyelid – picture source: [5] (B) A patient with bilateral acquired ptosis. Here, ptosis 
in the left eye is more significant - picture source: Eyewiki [7]  

Acquired ptosis 

Acquired ptosis can have myogenic, aponeurotic, neurogenic, mechanical or traumatic reasons. In 

myogenic ptosis, elevation of the upper eyelid to the appropriate position is prevented by 

malfunction or dysfunction of the levator muscle. The most common disease causing myogenic 

ptosis are myotonic dystrophy, congenital myopathies, myasthenia gravis, and oculopharyngeal 

muscular dystrophy[8]. 

Aponeurotic ptosis can be seen in both children and adults. In children, birth trauma following 

forceps delivery or failure of the aponeurosis to insert on the anterior surface of the tarsus can 

cause congenital aponeurotic ptosis. On the other hand, abnormality in the levator aponeurosis, 

such as its stretching or disinsertion is the most common cause of acquired ptosis in adults. Stretch 

of levator muscle and its aponeurosis in adults can be occurred due to the effects of loss of tone in 

the muscle or effects of the gravity [9]. 
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Neurogenic ptosis can be mainly caused from damages and dysfunction that directly happens to 

the cranial nerve III (oculomotor nerve), which innervates the levator muscle or indirectly is caused 

through neurological diseases such as multiple sclerosis (MS), diabetes, or presence of tumors [2], 

[8]. 

Mechanical ptosis is caused by excess weight of the upper eyelid. In this case, the eyelid is too 

heavy for the muscles to be lifted. The extra weight could be caused by excessive skin, mass or 

tumors in the eyelid [10]. 

In traumatic ptosis, the levator may be transected or disinserted due to an eyelid injury or fracture 

of the orbital roof with foreign bodies. Transection of the levator muscle and its tendon can also 

lead to scar formation and secondary mechanical ptosis [11]. 

In contrary to the aforementioned cases, the appearance of ptosis in the absence of levator 

abnormality is referred to as pseudoptosis [2], [12].  

Epidemiology and statistics  

With respect to the statistics and epidemiology of ptosis, equal frequency among different races 

and equal frequency between the sexes have been reported. Also, as discussed earlier, ptosis may 

present within a broad range of a human’s lifetime [13]. The prevalence of ptosis among youth 

who are 12-17 years old has been reported as 1.9 cases per 1,000 youths in the non-institutionalized 

population of the United States [14]. On the other hand, ptosis has been increasingly recognized 

in the elderly population, particularly after cataract extraction or lens replacement [15]. Aging, 

diabetes, myasthenia gravis, brain tumor, or cancer, which can affect nerve or muscle response are 

some of the risk factors for developing ptosis [13]. 
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Symptoms and signs 

In order to diagnose blepharoptosis, clinical examination is sufficient in most of the patients. 

Visual field is also usually tested to check for the impact of ptosis on patient’s vision.  However, 

in few patients imaging studies and laboratory tests are needed to figure out cause of blepharoptosis 

[12]. The drooping of the eyelid in ptosis maybe hardly evident, or the eyelid can descend over all 

the pupil.  If the droopy eyelid covers parts or all the pupil, the patient suffers from partial or 

complete visual field loss. The patient may also complain of blurred vision or increase tearing [13].  

Furthermore, ptosis disturbs the quality of life of patients by interfering with their daily life 

activities such as reading, climbing the stairs, and driving.  Most ptosis patients complain about 

having a sleepy or tired appearance [2]. It has been shown by Bullock et al. that members of society 

seem people with ptosis negatively and associate to them less positive characteristics such as 

intelligence, hard work, and trustworthiness in comparison with healthy people [16]. Other related 

complaint include prefrontal headaches due to chronic use of the frontalis muscle in an attempt to 

lift the eyelids [17]. 

Treatment of ptosis 

According to severity, ptosis may be minimal or mild (1–2 mm), moderate (3–4 mm), or severe 

(>4 mm) [13], [18]. Ptosis treatment is governed by age, etiology, whether it is unilateral or 

bilateral, its severity, presence of additional ophthalmologic or neurologic abnormalities, and the 

levator function.   

Generally, treatment of ptosis includes a watch-and-wait policy, prosthesis, medication, botulinum 

toxin (Botox) injections, or surgery. Classically, patients with good levator muscle function 

undergo levator aponeurosis advancement procedure, which tightens or reattaches the aponeurosis 
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back to the tarsal plate. Patients with weak levator muscles undergo a frontalis sling procedure in 

which the upper eyelid tarsus is connected to the frontalis muscle, allowing them to open the eyelid 

using the frontalis muscle located in the brow area [13], [19]. 

Although not commonly used and suggested, ptosis eye crutches can sometimes also be used to 

address ptosis. They are tools and bars installed to existing glasses along the inside of an eyewire 

frame to support the ptotic eyelid and enable it to stay open [20].  

Risks of ptosis surgery occasionally include infection, bleeding, over- or undercorrection, and 

reduced vision. There may be short-term difficulties in completely closing the eye straightaway 

after surgery. However, postoperative healing may lift the lid to an undesired variable extent. 

Sometimes, even when enhancement of the eyelid height is accomplished, the eyelids may not 

look like seamlessly symmetrical. There are cases that more than one surgery is needed. [13]. The 

reoperation rate in most cases of general acquired ptosis differs from 5% to 35%. [17]  

Upper Eyelid anatomy 

In this section, we just review the anatomical features and terminologies that are relevant to the 

scope of this dissertation. The upper eyelid is mainly elevated by the palpebrae superioris muscle. 

However, in more detail, the elevators of upper eyelid are the levator palpebrae superioris muscle 

and the Muller’s muscle. The levator palpebrae superioris (referred to levator muscle in this 

dissertation) is the predominant upper eyelid elevator and is innervated by the cranial nerve III 

(oculomotor nerve). The Muller’s muscle is a smooth muscle that is innervated by the sympathetic 

nervous system and is responsible for the over-elevation of the eyelid when a person becomes 

excited or fearful (see Figure 2 for a cross section of the upper eyelid and the muscles attached to 

it).  
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The closure of the eyelid is enabled by the eyelid protractor which is different from the elevators 

of upper eyelid. Orbicularis oculi muscle is the eyelid protractor and is innervated by the cranial 

nerve IV (facial nerve). Interestingly, orbicularis muscle is the fastest muscle in the body [21]. In 

sum, different muscles which are innervated from different nerves are responsible for opening and 

closing of the eyes [2]. The key muscles that are responsible for opening and closing the eyelid 

and blinking are shown in Figure 3.  

Also, frontalis muscle needs to be mentioned here. The frontalis muscle lifts the brows and 

therefore can be a minor contributor to eyelid retraction. It is innervated by cranial nerve VII (facial 

nerve). Patients with ptosis will often lift their brows to slightly elevate their eyelids, which 

consequently may result in a brow ache and headache from overuse [22]. 
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Figure 2:  Cross-section of the upper eyelid - picture source: https://clinicalgate.com/eyelid-anatomy-
and-function/ [23]  

  

(A) (B) 

Figure 3: The key muscles for opening and closing the eye: (A) levator muscle for opening the eye, (B) 
orbicularis oculi for closing the eye. Frontalis muscle is also shown in this picture - picture source: 
Wolters Kluwer Health Lippincott Williams & Wilkins  
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Levator function 

The appropriate method of ptosis surgery is determined by levator function, degree of ptosis and 

preference. [24]–[26]. In order to measure the levator function, the physician firmly places a finger 

on the patient's brow to cancel the effects of the frontalis muscle. Then the patient is asked to gaze 

downward.  A ruler is placed at the upper lid margin. Next the patient is asked to gaze upward and 

the new position of the upper lid is measured. The distance between the two measurements is 

considered as the levator function (LF) (see Figure 4 below). Normal levator function is 13-17 

mm. [22] 

 

Figure 4: Measurement of levator function (LF) with the patient in downgaze (left) and upgaze (right) – 
picture courtesy of [27]  

 

Numerous studies have examined these factors. However, levator function is regarded as the most 

discernible predictive factor [28], [29] and a key defining factor in picking the appropriate surgical 

procedure for ptosis correction irrespective of the etiology and degree of ptosis.[30].  
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Frontalis suspension procedure is traditionally indicated for severe ptosis cases with poor LF (0–

4 mm) while levator resection techniques are usually reserved for ptosis with fair (5–7 mm) to 

good LF (>8 mm). [26], [29]. 

Marginal Reflex Distance 

The marginal reflex distance-1 (MRD-1) is the distance between the center of the pupillary light 

reflex and the upper eyelid margin with the eye in primary gaze while the marginal reflex distance-

2 (MRD-2) is the distance between the center of the pupillary light reflex and the lower eyelid 

margin with the eye in primary gaze. (see Figure 5) 

 

Figure 5: Measurement of MRD1 and MRD2 

Margin-reflex distance (MRD) has also been utilized as an alternative to levator function (LF) in 

choosing the suitable surgical procedure for congenital ptosis. The MRD at the cutoff point of 0.5 

mm may be used as an alternative to LF to determine the type of suggested surgical intervention 

in patients with congenital ptosis whose LF cannot be unfailingly found in clinical evaluations. 

[31]. Moreover, Cetinkaya and Brannan evaluated the findings of the previous studies on ptosis 

surgical correction and suggested an algorithm for appropriate surgical selection with utilization 

of both LF and MRD1 parameters. [32] 
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Frontalis Suspension 

When there is a poor (<4mm) or absent function of levator palpebrae superioris muscle in lifting 

the upper eyelid or when there is severe ptosis (>4 mm of droop relative to the “normal”), the 

resulting ptosis is addressed by performing a brow-suspension or frontalis suspension surgery.  

Also, this procedure is indicated in the case of myogenic ptosis, neuromuscular diseases, and where 

linkage between the muscle and the eyelid is abnormal (such as Marcus Gunn jaw-winking 

phenomenon). 

During this procedure, the droopy upper eyelid is subcutaneously connected by an implanted cord-

like sling to the frontalis muscle, which is located on the forehead and above the eyebrows. 

Performing this procedure allows the patient to perform the eyelid elevation with the use of the 

frontalis muscle. Figure 6 schematically shows how the upper eyelid is connected to the frontalis 

muscle in this procedure. 
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Figure 6: Frontalis muscle suspension procedure: in frontalis suspension surgery, the upper eyelid is 
connected by a sling to the frontalis muscle, allowing opening of the eyes with the help of frontalis 
muscle in lieu of levator muscle. The trapezoid sling design has been utilized here.  

Frontalis suspension sling materials 

The implanted sling for frontalis suspension blepharoptosis repair could be made out of a wide 

variety of materials.  Common materials include fascia lata (fresh or processed/banked), nylon 

suture and silicone filament [33]. However, other materials such as collagen, chromic gut, silk, 

steel, polypropylene, polyester, and polytetrafluoroethylene (PTFE) have been also reported to be 

used for this procedure [34-37]. 

Frontalis suspension sling designs 

A number of patterns and designs have been described for the passage of the suspension sling 

material, such as a single triangle [34], double or multiple triangle (Crawford triangles) [24], [35], 

rhomboid [36] [37] , double trapezoid [38], and pentagon (Fox pentagon) [39].The most commonly 
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used configurations are Crawford triangles and Fox pentagon. [40]. Figure 7 shows three methods 

for sling design and geometry. 

   

 

A B C 

Figure 7: Three different surgical designs for frontalis suspension: (A) Crawford Triangles – picture 
source: [17], (B) Fox Pentagon – picture source: [41], and (C) double pentagon – picture source: [5]  

 

The following figure shows how performing a frontalis suspension procedure on a patient suffering 

congenital ptosis has alleviated the droopy eyelid issue.  
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Figure 8: Efficacy of performing frontalis suspension procedure with a fascia lata sling on a 5-year-old 
patient suffering congenital ptosis in right eye: (A) before frontalis suspension surgery, (B) after 
frontalis suspension surgery – picture source: Edmonson et al. [17]   

 

Frontalis suspension failure and recurrence of Ptosis 

Some of the common complications associated with frontalis suspension are infection, extrusion, 

and granuloma formation. Moreover, one of the sever problems and complications that are 

associated with frontalis suspension is ptosis recurrence after the surgery [5], [41]. Numerous 

researchers believe that sooner or later all the congenital cases that have been treated with frontalis 

suspension will recur. Several authors have reported the rate of ptosis recurrence after the frontalis 
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suspension surgery. In some studies and for some suspension materials the recurrence rate have 

been even reported as high as 100%.  [41][42][43][33][44] 

 

 

Figure 9: Two of the common complications of frontalis suspension surgery; (A) Infection, (B) 
Granoluma formation – picture adapted from Ben Simon et al., The Open Ophthalmology Journal, 
2010, Vol. 4.  [5]  

 

The time to recurrence that is mentioned in different studies was not equal between materials and 

between studies. Different patient samples, sample sizes, and surgeons could be a reason for these 

differences. For example, Ben Simon et al. have reported an average of 12.2, 13, and 16.5 months 

to recurrence respectively in autogenous fascia lata, silicone, and nylon. They observed ptosis 

recurrences in 42 cases (25.6%) out of 164 cases after a mean 12 months from first surgery. They 

reoperated 26 of the eyelids. [5] 
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Hypothesis and Research Plan  

 

The reason for frequent recurrence of ptosis after frontalis suspension is not yet understood very 

well. There are numerous cases that ptosis recurs in the patient eye after a few years while no 

infection, granuloma formation, rejection of the sling by the body, or other complications are 

discernable. This issue becomes more interesting especially considering that different recurrence 

rates have been reported for different materials by different researchers [5], [33], [41], [43], [45]–

[48]. Therefore, researchers have proposed and investigated that the sling material choice might 

be a factor influencing the recurrence rate. Several studies have retroactively investigated the effect 

of suture material on ptosis recurrence [5], [41], [44]. However, as no prospective study has been 

done on this issue, the effect of the material on the recurrence could not be singled out.    

An average person blinks once every five seconds. Therefore, an eye blinks on average about 

15,000 times during a normal day spanning 16 hours.  This can vary depending on the amount of 

time a person is awake and can be as high as 40,000 times every 24 hours [49], [50]. Annually, a 

sling may experience tens of millions of episodes of loading and unloading.  Some slings have 

ceased to function after many cycles of loading and have had to be replaced even though they were 

still intact. Possibly, the sling changed somehow in these cases such that it could not support the 

eyelid to the extent that it did when it was implanted [44]. Therefore, it is reasonable to hypothesize 

that possible changes in mechanical properties of these slings under repetitive loading from eye 

blinking could cause changes in the implanted sling material that leads to ptosis recurrence after 

some time.  
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In order to investigate this issue in more depth, we have developed different experimental setups 

to study the frontalis suspension sling materials under physiologically relevant cyclic loading 

conditions. In the following chapters, we first discuss previous studies performed about 

mechanical properties of different sling or suture material in Chapter 2. Following that, we will 

discuss the development of our different experimental setups for study of sling materials alongside 

our experimental results and analysis in Chapters 3, 4, and 5. Finally, we conclude this dissertation 

in Chapter 6 by summarizing the results and proposing the future work. 
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Chapter 2      

Literature Review on Previous Studies about Mechanical 

Properties of Sutures and Slings 

 

 

Sutures and synthetic slings  

 

Sutures are basically used to hold body tissue together after injury or surgery. The first sutures 

were made from biological materials, such as catgut suture or silk. However, most current sutures 

are synthetic. Suture treads could be made of various materials. They can be either absorbable or 

non-absorbable after implantation to the body. Absorbable suture materials are capable of being 

absorbed by living mammalian tissue, but maybe treated to modify their resistance to absorption. 

Some examples of absorbable suture materials are polyglycolic acid, polylactic acid, monocryl and 

polydioxanone. Non-absorbable suture materials which are basically resistant to the action of 

living mammalian tissue maybe in either monofilament or multifilament form. Some examples of 

non-absorbable suture materials are nylon, polyester, polyvinylidene fluoride and 

polypropylene.[51] [52]  
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Surgical Sutures are available in a number of sizes. They are classified into different sizes based 

on their thread diameter. Classification of sutures into various sizes by United States Pharmacopeia 

(U.S.P.) is widely accepted across the world. Conversely, certain European countries use the 

Metric system of classification of sutures based on the suture size. This classification assists 

manufacturers across the world to implement uniform standards and also benefits surgeons in 

selecting and ordering the right size of suture essential for a specific procedure. The following 

table provides the U.S.P. and metric suture sizes chart for the diameter range for synthetic sutures. 

[53] 

 

Table 1: Suture Sizes Chart 
U.S.P. Size Synthetic Sutures 

Metric Size Diameter Range (mm) 
# 7 9 0.900 - 0.999 
# 6 8 0.800 - 0.899 
# 5 7 0.700 - 0.799 
# 4 6 0.600 - 0.699 
# 3 6 0.600 - 0.699 
# 2 5 0.500 - 0.599 
# 1 4 0.400 - 0.499 
# 0 3.5 0.350 - 0.399 

# 2-0 3 0.300 - 0.339 
# 3-0 2 0.200 - 0.249 
# 4-0 1.5 0.150 - 0.199 
# 5-0 1 0.100 - 0.149 
# 6-0 0.7 0.070 - 0.099 
# 7-0 0.5 0.050 - 0.069 
# 8-0 0.4 0.040 - 0.049 
# 9-0 0.3 0.030 - 0.039 

# 10-0 0.2 0.020 - 0.029 
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Studies on mechanical properties of sutures 

 

In 1976, Holmlund published his investigations about the stress-strain relationship, the stress-

relaxation and the irreversible elongation of different suture materials [54]. In this study, an Instron 

table model machine was used to test various 3-0 sutures including nylon, prolene, supramid, 

catgut, mersillene, silk, linen, and steel. It was found that the distensibility (stretchability) of the 

sutures with the same size but different material varied significantly. Most sutures were found to 

be mainly elastic but some sutures were elastic when a moderate load was applied and plastic when 

the load increased. Some sutures, especially Prolene, were plastic also when moderate load was 

applied. His experiments also pointed out large differences in the stress strain relations between 

the different nylon sutures of Astra, Ethilon, and Ethicon type. Different suture material elastic 

properties investigated by Holmlund are mentioned in Table 2.  

Table 2: Different suture material elastic properties. In this table e is basically the increase in length 
per unit length (i.e. strain) and therefore, 𝟏𝟏

𝒆𝒆
 is a measure of modulus of elasticity; Elong.EL is the 

elongation % at the elastic limit; and Elong.YP is the elongation % at the Yield Point. Table is extracted 
from Holmlund et al. [54].  
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When a continuous stress is applied, all suture materials show a viscoelastic behavior. This means 

that once a suture material is stretched and then held at the new length, tension gradually falls. 

This phenomenon is known as stress relaxation. Similarly when constant or repeated loadings are 

applied to the material, it will increase in length immediately and then continue extending until it 

reaches a state of equilibrium. This phenomenon is known as creep [55]. Under repeated loading, 

this phenomenon can also be called strain ratcheting.  Due to the plastic behavior and the creep 

phenomenon in the suture, its length increases with the intensity and duration of the stress applied. 

One part of this elongation, the irreversible elongation, remains even when the load is removed. 

Irreversible elongation of different suture materials after single and multiple loadings and stress 

relaxation of different types of suture materials as reported by Holmlund are listed in Table 3, and 

Table 4 respectively. 

Table 3: Irreversible elongation of different suture materials after repeated stress. Table is extracted 
from Holmlund et al. [54].  
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Table 4: Stress Relaxation of different types of suture materials. Table is extracted from Holmlund et 
al. [54].  

 

Nilsson has published a series of papers related to the mechanical properties of Prolene 

(polypropylene), and Ethilon (nylon) sutures (sizes 2-0 and 6-0). In these reports, the terminology 

used to describe the mechanical properties of the materials for suturing were somehow confusing 

and different from the standard terminology used in material science. Therefore, here we first 

provide the definitions and measuring units of the parameters considered in his studies: the cross-

sectional area was expressed as the weight per length unit (mg per mm); the breaking load, 

maximum load (Fmax) is the force (in Newtons) needed to rupture the sample; the tensile strength 

(maximum stress) (δmax) is the breaking load per cross-sectional area (Newtons per mg per mm); 

The energy absorption (load-strain area (L/S) or stress-strain area (S/S) is the amount of energy 

used to rupture the specimen or the material. It is determined for the specimen as the area under 

the load-strain curve (in Newtons) or for the material as the area under the stress-strain curve (in 

Newtons per mg per mm); the elastic stiffness is an expression of the stiffness of the specimen or 

the material. It is defined as the steepest part of the load-strain curve (tan α S/S in Newtons per mg 

per mm); the plasticity is the permanent deformation expressed in percent of the original length 

when successive loadings to 1/3, 1/2, 2/3 and 8/9 of Fmax value are applied. In fact, correction of 

the cross-sectional area to weight per length unit in these study series is sufficient to compare 
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differently sized threads of the same material. However, this correction excludes any direct 

comparison between the suture materials as far as their physical characteristics are concerned.  

Nilsson showed that the physical characteristics of the materials in Prolene and Ethilon vary with 

the size of the threads (see Table 5) in his first study about suture material properties [56]. 

Interestingly, this investigation revealed that the difference between two different suture sizes of 

2-0 and 6-0 of the same suture material was mainly due to the characteristics of the materials and 

not just due to the manufacturing processing (polymerization) used for different thread sizes. 

 

Table 5: Results of testing the tensile properties of Prolene and Ethilon sutures (sizes 2-0 and 6-0) as 
reported by Nilsson [56]  

 

In another study, Nilsson showed that the mechanical characteristics of Prolene (polypropylene) 

and Ethilon (nylon) sutures depend on the strain rate. Furthermore, Nilsson investigated the 

influence of mechanical loading and degradation on the mechanical characteristics of Prolene and 

Ethilon [57]. To do so, Prolene and Ethilon sutures were implanted in rabbit abdominal wounds 

and muscle pockets followed by dissection 21 days after implantation. This investigation showed 

that sutures experience in vivo changes in their mechanical characteristics partially due to 
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mechanical loading, and partially to the degradation. The changes were dissimilar in 

polypropylene and nylon and depended on the size of the suture. 

In 1994, Greenwald et al. published a paper reporting their studies on the material properties of ten 

2-0 suture materials. The tension in these sutures were evaluated before and again after 6 weeks 

incubation in rats. Based on the experimental results, they reported stress-strain curves, strength, 

toughness, strain at rupture, and elastic modulus of these sutures. The tested sutures in this study 

included Vicryl [poly(glycolide-lactide)], Dexon (polyglycolic acid), Ethibond (polyester), silk, 

plain gut, chromic gut, Maxon (poly-glyconate), PDS (polydioxanone), nylon, and Prolene 

(polypropylene). Their results revealed that, before incubation, PDS and Maxon were the strongest 

and toughest while silk demonstrated the least strength and toughness. Strength, and toughness 

decreased in all of the sutures over time in vivo with the exception of braided polyester (Ethibond), 

which remained stable. Interestingly, Vicryl, Dexon, and gut sutures were absorbed to the point 

that they could not be tested after 6 weeks in vivo [58]. 

In another study, Vizesi et al. performed creep and relaxation tests in tension on different 4-0 

sutures commonly used for hand tendon repair plastic surgeries. The tested materials included 

monofilament polypropylene (Prolene), monofilament nylon (Ethilon), and braided polyester fiber 

(Ticron). It was found that Ticron was the stiffest suture at both room and body temperature, 

followed by Prolene and Ethilon. Both Prolene and Ethilon exhibited reduced stiffness at body 

temperature. Prolene was the only material to show temperature effects in creep and relaxation. It 

also unveiled larger relaxation and creep ratios than Ethilon and Ticron [59]. 
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Mechanical properties of frontalis suspension synthetic sling materials 

With respect to frontalis suspension application, Kown et al. have also started to study the 

mechanical properties of some commonly-used synthetic frontalis suspension materials—namely, 

monofilament polypropylene (Prolene), sheathed braided polyamide (Supramid Extra II), silicone 

frontalis suspension rod (Visitec Seiff frontalis suspension set), woven polyester (Mersilene mesh), 

and expanded polytetrafluoroethylene (ePTFE) (Ptose-Up). Supramid Extra II is a suture that is 

formed by twisting nylon filaments into a thicker fiber. Mersilene mesh sling is formed by inter-

weaving polyester fibers into a mesh. 

In their first paper on this topic [60], they focused on investigation of some synthetic materials 

used for frontalis suspension under static tensile loading conditions (see Figure 10). They tested 

each aforementioned material under a single tensile loading to the failure of the material, at three 

different displacement rates (1, 750 and 1500 mm/min).  

 

Figure 10: Results of the tensile test at 1500 mm/min strain rate of common synthetic frontalis 
suspension materials - this diagram is extracted from Kwon et al., Journal of Material Science and 
Engineering C [60]   
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They reported that all the materials mentioned above presented elastic–plastic tensile stress-strain 

behavior with considerable differences in elastic modulus, ultimate tensile strength, elastic limit 

and work of fracture. Figure 11 shows the summary of the key mechanical properties of the 

investigated by Kwon et al. frontalis suspension slings under static tensile loading. Based on these 

results, it was proposed that silicone rod might be the most suitable synthetic frontalis suspension 

sling since it not only shows a low elastic modulus and stiffness leading to lower possibility of 

“cheese-wiring” effect through the soft tissue underneath, but also its reasonable work of fracture 

and elastic limit are such that the sling will not break under the loadings when implanted as a sling 

in the body.   

 

 

Figure 11: Comparison of elastic limit, elastic modulus, and work of fracture of different frontalis 
suspension materials investigated under static loading by Kwon et al. – this diagram is extracted from 
Kwon et al., Journal of Material Science and Engineering C [60]  

 

In their second paper on this topic, Kwon et al. focused on testing various synthetic brow-

suspension materials (Prolene, Supramid Extra II, Silicone rods (Visitec Seiff frontalis suspension 

set) and Mersilene mesh) under dynamic loading in room temperature [61]. They also reported 
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stress relaxation and creep behavior for all of the aforementioned frontalis suspension materials. 

All the materials except Prolene exhibited a similar relaxation trend by reaching the steady state 

at around 10 minutes of the relaxation time. The significantly different time-dependent response 

of Prolene was also confirmed by creep tests.  

Table 6 describes the fatigue test protocol Kwon et al. used. Uniaxial tensile fatigue tests 

demonstrated extremely different time-dependent response amongst the different materials as 

shown in Figure 12. 

 

Table 6: Uniaxial displacement –controlled fatigue test protocol as used by Kwon et al. [61] to 
investigate the synthetic frontalis suspension sling materials under cyclic loading condition  

 

As the authors claim, the fatigue machine they used was operated to its limit, thereby generating 

some artifacts in the data; these artifacts explain some of the gaps between data points on the peak 

force vs. cycle number graph below. 
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 Figure 12: Fatigue test results (average peak force vs. cycle number) in four different synthetic 
frontalis suspension sling materials as reported by Kwon et al. in J Mech Behav Biomed Mater [61]  

 

Fascia Lata 

 

The fascial system is an integral part of the musculoskeletal system that is responsible for the 

structural integrity of the organism, warranting its strength and the ability to react efficiently to 

external and internal mechanical stimuli. It is a three-dimensional network of connective tissue 

distributed ubiquitously throughout the body, surrounding muscles, bones, internal organs, nerves, 

vessels, and other structures. The connective tissue forming fascia is mostly made of collagen 

fibers and, to a lower degree, of elastic fibers. The high collagen content ensures its strength and 

flexibility. The collagen fibers are arranged in the fascia in a spatial network that the cellular 

elements are suspended [62], [63].  

Fascia lata is the deep fascia of the thigh that encloses the thigh muscle. It is an anisotropic 

biomaterial, composed of a bilayer of tendon fascicles. The deep fascicles are approximately 

parallel and oriented in the proximal-distal direction along the primary axis of mechanical loading, 

whereas the overlaying fascicles follow an oblique orientation relative to the deep layer [64]. 
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Autograft and allograft fascia lata has been used in the surgical treatment of soft tissue repairs or 

reconstructions by orthopedists [65] , ophthalmologists [66] and urogynecologists [67]. Using 

allograft fascia lata in relevant surgeries eliminates the morbidity associated with harvesting the 

autograft tissue.  

 

Processed fascia lata 

 

Processing techniques used in sterilization and storage of allograft fascia lata is varied. Fascial 

allografts are usually obtained under sterile conditions or secondarily sterilized and then freeze 

dried (lyophilized) for storage. Lyophilization or freeze drying is a process in which water is 

removed from a graft after it is frozen and placed under a vacuum, allowing the ice to change 

directly from solid to vapor without passing through a liquid phase [68]. The solvent-dehydrated 

fascia lata offers an alternative method of preparation using acetone to slowly dehydrate allograft 

material in an ambient air-drying chamber. Freeze-drying and deep freezing reduce viral titers, but 

do not guarantee complete suppression [68], [69].  

Acellularization and/or antibiotic soak treatment, together with lyophilization, are some other 

standard allograft tissue processing methods. Acellularization treatment is intended to disrupt cells 

and remove water-soluble cellular proteins to reduce antigenicity. Acellularization may also 

enhance host cell infiltration with phenotypically appropriate cells and prevent possible 

transmission of infectious genomic vectors [70]. 
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Previous studies on mechanical properties of fascia lata 

 

Some basic studies of the biomechanical properties of fresh and processed fascia lata have been 

done previously. Gratz was one of the first who studied the mechanical properties of fascia lata. 

He emphasized on the difficulties of mechanically testing this slippery and soft tissue and showed 

that fascia lata graft mechanical properties depend on its longitudinal fiber alignment, cross-

sectional area, and donor’s activity level and age [71]. He reported tensile strength of around 7860 

lbs. per sq. in. (54.2 Mpa) for fascia lata. In one of the first few studies on fascia lata mechanical 

properties by Gratz, the graphs of tensile strength and elasticity for living human fascia lata and 

dead (prepared) human fascia lata was provided (see Figure 13). 

The curves in the Figure 13 graphs show the reaction of living (fresh) and dead (prepared) fascia 

lata to varying degrees of tension; the curve on the right side of each graph shows the 

corresponding elasticity. As tension is applied an elongation takes place (0 to A), then the material 

stiffens (A to B) and finally relaxes again (after B). Upon releasing the tension the test piece returns 

nearly but not completely to its original length. When subjected to tension greater than before, the 

same cycle is repeated except that the material is slightly stiffer and less elastic. Finally, when 

sufficient tension is applied, the material is destroyed [71]. 

The relation of above findings to the structure of fascia lata can be explained considering the 

previous microscopic studies performed on its structure. Fascia lata consists of a mass of very thick 

parallel fibers which runs a straight or slightly wavy course. Between these fibers are scattered a 

small number of connective tissue corpuscles (tendon cells). The fibers are gathered into bundles 

which are separated by a small amount of areolar tissue. Areolar tissue is a common type of loose 
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connective tissue that its fibers are far enough spread out to leave plenty of open space 

for interstitial fluid in between. Alveolar tissue is strong enough to bind different tissue types 

together, yet soft enough to provide flexibility and cushioning. It also serves as a reservoir of water 

and salts for surrounding tissues. The parallel arrangement of heavy fiber fascia gives it great 

strength in one direction, i.e. in the direction in which it is normally subjected to strain [72]. 

A probable explanation of the mechanical behavior of fascia lata explained above is in successive 

adjustments of its composing materials to the tension applied. The areolar tissue cells, being 

weaker than the fibers, are the first to break down, leaving the tension to be resisted by the stronger 

fibrous material. With an increase in the tension applied, the fibers begin to separate from the 

tendon cells. The final rupture of the material occurs with the pulling apart of the fibers one from 

the other.  

The fibers also behave as the elastic elements. The elasticity is interfered with to some extent by 

the areolar tissue, especially after it is broken down by excessive stretching. In spite of this, 

however, the elasticity (capacity to return to original dimensions) of the material, under the limits 

of maximum safe stress, is above 91% as shown by the elasticity curves in Figure 13. The graphs 

in Figure 13.B depict the tensile strength and elasticity curves of dead (prepared) fascia lata. It can 

be noted that the elasticity of the prepared fascia lata does not compare favorably with the living 

fascia lata. 
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(A) (B) 

Figure 13: Tensile strength and elasticity graphs for (A) Living human fascia lata, and (B) dead 
(prepared) human fascial lata as reported by Gratz. Picture Source: Gratz, The Journal of Bone & Joint 
Surgery, 1931 [71]  

 

Techniques of procurement, sterilization, and storage processing of fascial allografts are varied, 

and the methods used have been questioned as a source of alteration in the graft’s initial mechanical 

properties in vivo function [73]. While early investigation by Thomas and Gresham found no 

significant differences in tensile strength between fresh, frozen, and freeze-dried fascia lata 

specimens, other studies reported different results. For example, Hinton et al. reported significantly 
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higher stiffness, higher maximum load to failure, and higher maximum load per unit width of graft 

with the solvent-dried as opposed to the freeze-dried fascia lata (see Table 7 ) [74]. 

 
Table 7: Mechanical properties of solvent-dehydrated versus freeze0dried fascia as reported in Hinton 
et al. – Table extracted from [74]  

 

 

In another study, Derwin et al. assessed the mechanical, chemical and biophyscial properties of 

human fascia lata as a scaffold for soft tissue repair and tissue engineering applications. Linear 

modulus of fresh fascia lata (FRESH), fascia lata treated by antibody (ABX), and fascia lata first 

acellularized and then treated by antibody (ACELL+ABX) were reported by them as 389 ± 189 

MPa, 532 ± 106 MPa, 440 ± 326 MPa, respectively. Figure 14 that is extracted from [75] shows 

the effect of antibiotic soak treatment (ABX) and acellularization followed by antibiotic soak 

treatment (ACELL+ABX) on the mechanical properties of the fascia lata patch. 
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Figure 14: Biomechanical properties of fresh and processed human fascia lata as reported by Derwin 
et al. [75]  

 

Derwin et al. study data demonstrate that tissue processing does not significantly change the 

stiffness or modulus of fascia lata. While this result is supported by Thomas and Gresham study 

results [73], it is not supporting the Hinton et al. study results [74].  

Furthermore, the data provided by Derwin et al. can give a good approximation of the effect of 

where the fascia lata sample is harvested from as well as different processes that are performed on 

it on the properties of the sample. For instance, as a reference, Table 8 that is basically extracted 

from [75] shows how 6 × 12 cm2 fascia lata samples from different regions with respect to the 

iliotibial tract have different thickness and stiffness. 
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Table 8: Effect of location on thickness and stiffness of fascia lata samples as mentioned in Derwin et 
al. – Table extracted from [75]  

 

 

Finally, in a paper published by Aurora et al. about a reinforced fascia patch for rotator cuff repair, 

they have described a method for characterizing mechanical properties of fascia patches. In these 

patches, fascia was reinforced by stitching with PLLA or PLLA/PGA polymer braids. In their 

study, tensile failure and fatigue tests were done on these reinforced 5×5 cm2 fascia patches. The 

mode of failure here was breaking of the braid combined with slipping of the braid through the 

fascia matrix [76]. Since this study was established for fascia patches reinforced with PLLA/PGA 

polymer braids, not plain fascia samples, the results could not be referenced for fascia mechanical 

properties. Hence, the drawn mechanical property behavior in this study are more related to the 

hybrid of fascia and polymer braids not just the fascia nor the polymer braids. However, the 

methods and results in this study are insightful towards one of the goals of our research trust, i.e. 

study of fascia lata under physiological relevant conditions for the slings used in frontalis 

suspension. 
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In conclusion, several studies have been done on the mechanical properties of sutures under static 

and dynamic loading. In these studies, some of the sutures or possible sling materials have been 

investigated whether in room temperature or implanted in animal models. Some of these sutures 

have application in frontalis suspension procedure. Also, just a couple of studies have been 

previously done on the sutures and synthetic slings specifically used for frontalis suspension 

procedure. One of these studies has just focused on static loading condition, while the other one 

has considered the dynamic loading and fatigue condition. Also, several studies have been done 

on the mechanical properties of fascia lata. The focus of none of these studies have been on 

investigation under physiologically relevant condition of the fascia lata that is used specifically in 

frontalis suspension surgery.   
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Chapter 3      

Study of Incidence of Plastic Elongation in Frontalis 

Suspension Slings 

 

 

In this chapter, we discuss our hypothesis about a possible cause for ptosis recurrence after a few 

years following frontalis suspension surgery. Afterwards, we discuss the method and the first 

experimental setup we developed and used to investigate this hypothesis. Finally, the results of the 

experiments performed with the aforementioned developed setup are presented and a discussion 

about the results is provided. 

Hypothesis 

We hypothesize that the failure and hence recurrence of ptosis after the surgery is due to gradual 

cumulative permanent strain (strain ratcheting) resulting from repeated loading and unloading  of 

frontalis suspension sling material each time the eye blinks that is associated with structural 

changes within the sling material.   

The present work was the first evaluation to our knowledge of the incidence of fatigue induced 

plastic elongation, and other related physical changes, in common materials used in frontalis 

suspension blepharoptosis repair.  In order to investigate this hypothesis, we first developed a 
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proof-of-concept setup and experimental method to test different sling materials under fatigue 

conditions in air and in a saline solution to simulate an interstitial environment and to counteract 

dehydration effects for the biologic materials. 

 

Background 

A few terms used in material science are defined in the following which may be helpful in reading 

the subsequent materials and methods chapter. 

Plastic deformation 

A stress that is applied to a structural material will generally cause it to change shape. This change 

in shape is called deformation. A temporary shape change that is self-reversing after the force is 

removed, so that the object returns to its original shape, is called elastic deformation. In other 

words, elastic deformation is a change in shape of a material at low stress that is recoverable after 

the stress is removed. When the stress is sufficient to permanently deform the material, the remains 

strain after unloading is called plastic (permanent) deformation.  

Fatigue 

Fatigue as a materials science term is the weakening and progressive structural damage of a 

material caused by repeatedly applied loads (cyclic loading). The nominal maximum stress values 

that cause such damage may be much less than the strength of the material typically quoted as the 

ultimate tensile stress limit, or the yield stress limit. 
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Strain ratchetting  

Consider a sling specimen as shown schematically in Figure 15. If the sling is stretched by a force 

F = F1 that causes a stress less than its yield stress limit, it elongates predominantly elastically for 

an amount of δ. If the sling specimen gets unloaded, it appears to return to its original length 

because the plastic strain that occurs is insignificantly small. But if the sling specimen is loaded 

and unloaded repeatedly (fatigued) for a large number of cycles N, it can become significantly 

elongated permanently (plastically), equal to δp in Figure 1. This gradual cumulative permanent 

strain is called strain ratchetting [77]. 

 

Figure 15: The concepts of strain ratchetting occurrence in a sling under cyclic loading (fatigue) 
condition 

 

Materials and Methods 

 
A novel mechanical test system was devised to study the incidence of plastic (permanent) 

elongation due to applied cyclic strain in the sling specimens. In this test system, the sling specimen 
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with a length of 𝒍𝒍𝟎𝟎 = 𝟏𝟏𝟎𝟎𝟎𝟎 𝐦𝐦𝐦𝐦, which is the average length commonly employed for single 

rhomboid frontalis suspension [78], is attached to a loading system via two grips ( 

Figure 16).  

 

 

 

 

 

 

Figure 16: Schematic of the experimental setup 

 

The lower grip was fixed, while the upper grip underwent a linear reciprocating movement with a 

fixed span of 2𝑎𝑎 and frequency of 𝑓𝑓.  Therefore, the position of the upper grip, 𝑦𝑦, can be described 

by the following, assuming the origin is at the lowest possible position of the upper grip: 

𝑦𝑦 = 𝑎𝑎 (1 + cos(2𝜋𝜋𝑓𝑓𝜋𝜋 +  𝜋𝜋)) 

Thus, the speed of the upper grip can be described as: 

𝑣𝑣 =  
𝑑𝑑𝑦𝑦
𝑑𝑑𝜋𝜋

=  −2𝜋𝜋𝑓𝑓𝑎𝑎 sin(2𝜋𝜋𝑓𝑓𝜋𝜋 +  𝜋𝜋) 

In the present study, the parameters 𝑎𝑎 and 𝑓𝑓 were set such that the maximum speed of the upper 

grip, that is equal to the maximum speed of the moving end of the sling specimen, is the same as 
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the maximum speed of the palpebral end of the implanted sling in patients that underwent frontalis 

suspension procedure, i.e. equal to the peak voluntary blinking speed reported in the literature [79].

 

Figure 17: Diagram of the experimental setup upper grip displacement 

As depicted in Figure 17, each cycle of the test takes 1
7 Hz

 ≅ 142 ms by choosing 𝑓𝑓 = 7 Hz. By 

choosing the span of the upper grip, 2𝑎𝑎 = 35 mm , the specimen length, 𝑙𝑙0 = 100 mm, and 

maximum occurred stretch in the sample, 𝛿𝛿 = 2 mm, we will have a situation in which out of the 

142 𝑚𝑚𝑚𝑚 time length of each cycle, the specimen was under tension only in 22 ms (~ 15% of the 

time) and during the reminder 120 ms the specimen is unloaded.  The span and speed of this 

loading on the sling is roughly comparable to that induced by blinking the eye in vivo. 

Therefore, considering the aforementioned parameters and as shown in Figure 17, in each cycle 

the maximum speed of the sling specimen upper end occurs at points B and D and is equal to 

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 =  −2𝜋𝜋 (7 Hz) �
35
2 � sin(160.5° + 180°) = 256.8 mm/s  
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This value is in the range of the maximum voluntary eye blinking speed measured by Kwon et al. 

[79], i.e. around 250 mm/s.  We have chosen our parameters to induce this maximum speed in 

the sling specimens so that they undergo the same maximum speed during an eye blinking. 

The specimen is under tension only from B to D for each A-A cycle as illustrated in Figure 17.  

The maximum strain in the specimen occurred at C and the maximum loading rate corresponds at 

B and D. In these experiments, the specimens are stretched to a specific displacement (𝛿𝛿 =

2mm) in each cycle and are tested under the constant strain amplitude of 𝜖𝜖 = 2 mm
100 mm

= 2%.  We 

believe that the constant strain fatigue test of the frontalis suspension slings simulates the 

physiological conditions in the body more realistically comparing to the previous studies done 

since in vivo conditions, the sling deforms in each blinking event for the same amount of 

displacement. 

The error in the number of cycles to 0.25% accumulated permanent strain, i.e. the failure criteria 

in this study, was taken to be the maximum of two values:  (1) the number of cycles between each 

two consecutive permanent strain measurements (resolution of the readouts) or, (2) the standard 

deviation of replicate experiment results. 

This preliminary testing was temporarily interrupted at least every 8 hours to evaluate any 

progressive increase in plastic strain in the material under non-symmetric cyclic loading (also 

referred to as strain ratcheting).  This permanent strain was evidenced by an increase in the 

minimum position at which the material specimen becomes completely straight (position ys) as 

shown in Figure 18. 
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Figure 18: Photographs of the test system at six consecutive stages (stages a-f) of one loading cycle. 
The sling specimen is under stretch only during stage (e) to stage (f).  
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The material specimens were tested in two conditions: one in air at room temperature (25°C), and 

one while soaked in 0.9% saline solution and at 37°C (by setting the room temperature to 37°C) 

to simulate an interstitial environment and to avoid dehydration effects in the biologic materials. 

An illustration of the experimental setup with saline bath is shown in Figure 19.  

 

 

 

(A) (B) 

Figure 19: Implementation of saline bath into the setup. The sample in this figure is fascia lata when it 
is at (A) zero strain, and (B) at maximum imposed strain.  

 

Three common sling materials were tested with our setup: 1) nylon monofilament 4-0 suture 

(Ethilon), 2) silicone elastomer (bvi Visitec frontalis suspension set), and 3) fascia lata. Each 

aforementioned sling specimen is a representative of the three material families that are used as 

frontalis suspension slings, i.e. thermoplastics, silicone elastomers, and tissues. Both fresh and 

processed fascia lata specimens were tested. The width of both fresh and processed fascia lata 

specimens were 0.3 cm, a standard dimension used in frontalis suspension [78]. Figure 20 shows 

each of three sling samples that were tested in the both considered conditions: 1) in Air, and 2) in 

saline. 

seal 

saline bath 
fascia 
lata 

43 
 



 

 

Figure 20: All the different sling specimens and the conditions that were tested. 

 

All samples were stretched Δy = 2 mm during each cycle. Since the different sling materials tested 

here have different stiffnesses, the maximum load that is generated in each sling material was 

different. However, Δy = 2 mm maximum stretch was chosen such that the maximum load 

generated in the slings is in the range of the force applied by the eye muscles to the frontalis sling, 
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i.e. a load amplitude in the range of ~0.7 - ~2 N (see Table 9 for the measured mechanical 

properties of the sling specimens). 

Table 9: Measured geometrical and mechanical properties of the sling specimens tested in this study 

Sling type 

 
 
 
 

 

Geometry and 

cross section 

area (A) 

[𝒎𝒎𝒎𝒎𝟐𝟐] 

Spring 

constant 

[𝑵𝑵/𝒎𝒎] 

Maximum 

applied force 

[𝑵𝑵] 

Elastic 

Modulus 

[𝑴𝑴𝑴𝑴𝑴𝑴] 

Maximum 

applied stress 

[𝑴𝑴𝑴𝑴𝑴𝑴] 

Nylon 4-0 

monofilament 

D=0.18 mm 

A= 0.025 

627 1.80 616.8 57.0 

Silicone D=0.9 mm 

A= 0.636 

157.5 0.67 1.06 1.06 

Fascia Lata W = 3 mm           

t = 0.41 mm 

A= 1.23 

1015 2.10 20.6 1.71 

 

 A value of permanent elongation equal to 0.25 mm (0.25% plastic strain) was selected as a test 

endpoint since it corresponds to the minimum discernible and quantifiable amount of plastic 

elongation that can be measured in the preliminary setup. Considering that eyelid drooping and 

MRD (Marginal Reflex Distance) changes have been reported in some cases by 0.25 – 0.5 mm 

resolution [80], the present 0.25 mm plastic elongation criterion can possibly have clinical 

significance. The sling specimens were measured both before and after each experiment and 

examined using optical microscopy.   
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Each material under investigation was tested three times, i.e., with a new specimen in each 

experiment.  The number of the total cycles that led to plastic elongation was averaged for each 

material. The number of loading cycles was calculated using the following equation, 

N = f × ∆t 

Where f is the frequency of cyclic loading, and ∆t is the test duration.  Cyclic loading speeds of 

1.2, 7, and 15 Hz were confirmed for this setup using high-speed video recording that were 

analyzed using ImageJ software [81].  In order to minimize observational error, a magnifying glass 

was used to determine the permanent displacements of the specimens. 

 

Results 

Nylon monofilament 4-0, silicone rod, fresh fascia lata, and processed fascia lata specimens each 

exhibited physical changes under cyclic loading conditions.  The test results are reported in Table 

10. 
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Table 10:  Fatigue test results for different sling materials tested in air and saline 

Material Tested in Saline Number of Cycles 
to 0.25% Plastic 

Strain† 

Notes 

Nylon monofilament 
4-0 

No N/A No elongation 
occurred up to 15M 
cycles 

Nylon monofilament 
4-0 

Yes N/A Decrease of diameter 
at ~5M (± 500K) 
cycles 

Fresh Fascia Lata No ~818 K (± 200K)  
Fresh Fascia Lata Yes ~1.9 M (± 350K)  

 
Banked Fascia Lata No ~750 K (± 200K)  
Banked Fascia Lata Yes ~1.2 M (± 300K)  

Silicon No ~184 K (± 25K)  
Silicon Yes ~150 K (± 30K)  

* K: thousand 
* M: million 
† For definition of failure, refer to Materials and Methods. 
 
 
 
No significant permanent elongation was observed for nylon 4-0 sutures up to 1.5 x 107 cycles.  

However, a decrease in the diameter in a central region of nylon suture occurred after 

approximately 5 x 106  (± 5 x 105) cycles (Figure 21).  Overall, the Nylon 4-0 suture specimens 

were found to be the most resistant material to strain ratcheting, with fresh fascia lata, processed 

fascia lata, and silicone exhibiting lower resistance respectively (Figure 22).  Silicone exhibited 

permanent elongation very early compared to the other materials.  
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Figure 21: Optical micrograph showing a localized decrease of diameter in a 4-0 nylon suture tested to 
1.5 x 107 cycles. 

 

 
Figure 22: Graphical representation of results for different materials. The silicone specimens 
permanently elongated to 0.25% within 8 hours.  The smaller error bars for silicone are due to more 
frequent monitoring compared to the other tests.  

 

 

0.0E+00 5.0E+06 1.0E+07 1.5E+07 2.0E+07

nylon monofilament 4-0 without saline

nylon monofilament 4-0 with saline

fresh fascia lata without saline

fresh fascia lata with saline

banked fascia lata without saline

banked fascia lata with saline

silicone without saline

silicone with saline

number of cycles to failureϮ

fresh fascai lata
banked fascia lata
silicone

nylon
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Discussion 

 
Frontalis suspension blepharoptosis repair is performed with a wide variety of materials. There 

have been no prospective, randomized studies comparing eyelid suspension slings and consensus 

on the material with the best overall properties and profile is lacking [5], [41]. The present proof 

of concept study adds to the few studies formally evaluating the effects of physical strain on 

commonly used suspension materials [40], [60], [61] as described in the following. 

The present preliminary study showed a wide variability among different eyelid suspension 

materials subjected to identical cyclic strains.  Cyclic loading induced plastic (permanent) 

elongation to silicone, and fascia lata strips.  Nylon 4-0 seemed to be the most resistant to plastic 

elongation by cyclic strain ratcheting.  An unexpected finding was the thinning of the central region 

of nylon sutures during cyclic loading. This thinning and formation of a ribbon shape morphology 

in nylon under cyclic loading could be due to a crazing mechanism under the imposed fatigue 

conditions. Crazing under cycling loading takes place in many polymers, because the material is 

held together by a combination of weaker Van der Waals forces and stronger covalent bonds. 

Adequate local stress vanquishes the Van der Waals forces, permitting a narrow gap to form 

between polymer chains. These gaps, crazes, form at highly stressed regions associated with 

scratches, flaws, stress concentrations and molecular inhomogeneities. Crazes can be seen because 

light reflects off the surfaces of the gaps. The white color observed in the present thinned region 

of nylon specimen could be caused by light-scattering from the crazes. [82]–[84] . The importance 

of segmental thinning of the nylon in vivo is uncertain, but it can be hypothesized that it may be 

associated with the rearrangement of polymer chains during crazing and a loss of toughness and 
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increased risk of fracture.  Additionally, thinning may pose a greater risk of “cheese wiring” or 

cutting through soft tissues [5].  Further investigation should be performed to clarify these risks. 

Silicone was particularly prone to relatively early permanent elongation compared to the other 

materials tested in the present preliminary study. The clinical significance of its observed early 

ratcheting is uncertain.  However, it can be surmised that this elongation may be associated with a 

greater incidence of undercorrection, ptosis recurrence, or both, compared to other slings. Silicone 

requires a slightly greater tightening than fascia to achieve the same amount of lid margin lift, with 

all other variables and techniques equal. However, early permanent elongation of silicone must be 

balanced against other favorable features of silicone such as low bioreactivity, availability, no 

morbidity of a second surgical site, and ease of handling.  

An additional notable finding was the differences between fresh and processed fascia lata. 

Irradiation or lyophilization in processed fascia [41], [68]  may disrupt internal chemical bonds to 

explain earlier development of permanent elongation compared to that for fresh fascia.  

Dehydration and rehydration of processed materials may also contribute to reduction in yield 

strength [69]. 

Further studies comparing mechanical property changes of biological grafts due to processing may 

be insightful. Prior studies have evaluated the clinical endpoint of surgical success with various 

suspension materials in vivo [5], [41]. Interestingly, these data corroborate those findings with the 

exception of the nylon suture that has repeatedly been found to have a high in vivo rate of failure 

[48].  As mentioned above, other factors may be contributing in these cases. 
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Limitations of the present preliminary study include the in vitro test system. Degradation of the 

nonpreserved biological slings may be a confounding factor.  Although our experiments attempted 

to simulate an in-vivo environment in temperature and tonicity, the amount of physical force 

applied to the slings may be inaccurate.  The stretch-relaxation cycle and amount of force may 

vary with the amount of strain on slings implanted in the eyelid, i.e., in vivo. In addition, the present 

experiments were terminated at 1.5 x 107 cycles.  As stated previously, an implanted sling may 

undergo significantly greater cycles.  

A further limitation of the present study is the narrow selection of implants. A wide variety of 

materials can be used in these sling procedures and include fresh (autogenous) or processed 

(banked) fascia lata and alloplastic materials that include chromic gut, collagen, polypropylene, 

silicone, stainless steel, silk, supramid, nylon monofilament, polyester, and 

polytetrafluoroethylene (PTFE) [5]. In addition to other materials, different dimensions of the 

same material may yield dissimilar results [85]. 

In summary, the experimental data provided in this chapter offer a proof of concept that permanent 

structural changes occur in frontalis sling slings with cyclic loading.  Further investigation will 

clarify the clinical relevance, but these initial findings may contribute to our understanding of 

frontalis suspension and other grafted sling-type procedures where the implanted devices undergo 

significant cyclic stress. 
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Chapter 4      

Development of a New Fatigue Test System to Study Sling 

Materials under Physiologically Relevant Conditions 

 

 

In the next phase of our studies on the sling materials we decided to improvise another setup for 

testing the sling materials that address the limitations of previous setup. The limitations of the 

previous setup (discussed in Chapter 3) are as below: 

1- There was no way to measure the instantaneous tension in the slings. In the previous setup, 

the only way to estimate the load was to correlate the amount of strain to the stress in the 

material assuming its elastic behavior is linear and known. 

2- In order to measure the permanent elongation, the test needed to be interrupted. This 

interruption could introduce some level of recovery and relaxation to the specimen and 

therefore interfering with the final results. Moreover, since the occurrence of plastic 

elongation and its amount was identified by distinguishing the position at which the 

specimen transitions just from the slacking condition to the straight condition visually, this 

distinguishing could be subjective in some cases and influence the results. 
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3- The saline bath design was such that the sling was not always soaked in the saline solution 

and the bath needed to get refilled more frequently due to occurrence of saline splashes 

outside of the bath as the upper grip went inside and outside of the bath frequently during 

the test. 

4- The temperature of the saline solution was not controlled and only the temperature of the 

room in which the setup was held was controlled, which could easily change due to opening 

and closing the room door or changes in the room air conditioning system. 

5- Due to the design of the setup, the sling was not always under stretch and was slacking in 

most part of the cycle. It might be more physiologically relevant to have the sling always 

under some level of tension.  

6- Due to the limitations in the size and design of the setup, there were limitations on how 

much stretch could be applied to the sling in each cycle. 

7- The frequency of the loading was not adjustable and the studies could be just done in three 

different frequencies of 1.17 Hz, 7 Hz, or 15 Hz. However, all the tests have been done in 

the 7Hz mode because the other two frequencies were either too slow or too fast for the 

tests. Furthermore, the machine was not stable enough at 15 Hz.  

8- Since the two ends of the sling were just gripped by compression via grips, there was a 

large stress concentration at the two sling ends. This could result in increased probability 

in rupture of the sling at the two ends and therefore voiding the tests.  
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Moreover, there was a high chance of slipping of the specimen from the grips or breaking of the 

sample at the grip faces. In some cases, the grips were not able to grip the specimen firmly due to 

the grips non-standard shapes or dimensions.     

 

Addressing the Preliminary Setup limitations by developing a New 
Setup 

 

 

Due to all the aforementioned limitations with our proof-of-the-concept setup, it was decided to 

develop another setup that addresses these shortcomings. We acquired a new fatigue testing 

machine (Fatigue Dynamics, Model DS-2000, Dearborn, MI) and adjusted, redesigned, and 

modified and this machine to the application considered in this dissertation, i.e. fatigue study of 

eyelid slings under physiologically relevant conditions. For developing this new setup, we took all 

the limitation with the proof-of-concept setup that were discussed before into consideration. The 

new setup was developed such that it addresses all those limitations.  

Some of the advantages of the new developed setup (see Figure 23) to the older setup (proof-of-

concept or preliminary setup as discussed in Chapter 3) are as below and listed in the same order 

as the aforementioned limitations: 

1- In order to monitor the force in the sling during all cycles, a load cell was integrated to the 

setup. The details about the chosen load cell are discussed later in this chapter.  
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Figure 23: New developed setup for the fatigue behavior study of different slings under physiologically 
relevant conditions. Main features of the setup are labeled in this figure.  

 

2- A laser scanning system was adapted to this setup. When needed, this system could be 

integrated to the setup to allow non-contacting, unattended monitoring of the strain in the 
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sling sample during each cycle. Figure 24 illustrates the whole setup when the laser 

scanning system is also integrated.  

 

Figure 24: Laser Scanning System integrated to the setup to monitor the induced strain in the sling 
during the fatigue tests   

 

3- A larger saline bath with the dimension of 7”× 7”× 7” was included is this setup. The saline 

bath was made out of transparent plexiglass to allow visual checking of the specimen 

during the test.   
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4- The temperature of the saline solution was controlled to be at the physiologically relevant 

37°C, which is the normal human body temperature. A PID control system was used to 

maintain the temperature of the saline solution inside the saline bath at 37°C.  

5- In this setup we could adjust the specimen to be always under tension during the test. The 

amount of preload in the sample could be adjusted by means of a handwheel on top of the 

load tower in the setup as shown in Figure 23. The tension in the sling sample oscillated 

between a minimum and maximum number during each cycle. Having the sling sample 

always under tension during the whole cycle is more physiologically relevant than what 

we had in the preliminary setup.  

6- In this setup, the amount of stretching in each cycle was adjustable through setting the 

amplitude of stretching during each cycle via a crank-shaft mechanism as illustrated in 

Figure 25. 

 

Figure 25: The crank-shaft mechanism included in the rear of the setup is used to adjust the amplitude 
of stretching in each cycle.   
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7- In this setup, the frequency of the sinusoidal cyclic loading was adjustable from 3 to 40Hz. 

Although we were able to perform some tests on the slings under loading frequencies as 

low as 0.5Hz, the loading was not completely sinusoidal during cycles with frequencies 

less than 3Hz (see Figure 26); the effect of gravity on increasing the angular inertia in the 

crank during its rotation from its highest position to its lowest position was the reason for 

not getting a uniform complete sinusoidal loading scheme in frequencies less than 3Hz. As 

the frequency of loading goes beyond 3Hz, the angular inertia generated by the motor could 

overcome the effect of the gravity.  

 

Figure 26: An example of the provided non-sinusoidal loading cycle when the set loading frequency is 
less than 3 Hz. In this case the loading frequency is around 0.5 Hz.  

 

In this setup, in order to prevent the breakage of the specimen in the clamping area and minimize 

the local stress concentration in the sample at where it leaves the grips, new grip designs have been 

implemented and tested. Grip-induced failure through stress concentration was obviated with the 

use of specially constructed clamps in which the sling is wound around non-rotating cylinders after 
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getting secured by clamps as illustrated schematically in Figure 5. These grip designs were based 

on the test standard specifications and guidelines from ASTM. Specifically, the non-rotating 

cylinder design and specification were based on ASTM D5034-09(2013) test standard [86]. 

Another ASTM test protocol that was considered partially for designing the system include: ASTM 

E-606/E606M-12 [87]. More details about the different tried grip designs for this work will be 

discussed later in this chapter. 

 

Figure 27: Side view and front view of how the sling specimen is wound and fixed around the non-
rotating cylinders to obviate the stress concentration. In this setup the lower grip provides a 
reciprocating movement. When the specimen is under enough preload, it will always be stretched 
during the cycle.  

The new sling fatigue testing system details 

Different sling grip and clamp mechanism designs 

 

In the first tried out design for gripper that is consistent with the aforementioned standards, we 

decided to have the sling get clamped on the same cylinder that it is wound around. This idea 

(Version 1.0 design) is illustrated in Figure 27. As shown in this figure, the lower end of the sling 

is gripped to the lower cylindrical grip which is oscillating with the desired frequency and 
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amplitude. The Upper cylindrical gripper is fixed but its height can be changed to induce different 

preload in the sling. To safeguard axial tensile stress within the gage length, the axis of the test 

specimen should coincide with the center line of the heads of the machine. The different methods 

for clamping was tried with this idea. The first method was to use an outer flexible hollow cylinder 

to fix the sling buy pressing it to the cylinder (as shown in Figure 28 for testing fascia lata in saline 

solution).  

 

Figure 28: The whole experimental setup and the saline bath: This figure depicts how the cylinder 
grips are located in the in the whole designed experimental setup (Version 1.0 design). The specimen 
in this case is fascia lata tested in saline solution. The clamp for cylinder grips is made of a white 
Polyethylene flexible hollow cylinder.  

 

The second method was to clamp the sling specimen between an inner cylinder and an outer hollow 

shaft that has an inner diameter slightly larger than the diameter of the shaft. The hollow shaft is 

screwed to the inner cylinder. The third method was to have the inner shaft (cylinder) and outer 

hollow shaft eccentric. One screw pushes the inner shaft to the inner surface of the hollow shaft 
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and grips that sling end on the opposite side. After the sling is gripped, it is wound one or more 

times around the cylinder and leaves the cylinder (see Figure 29 for the schematic of this design 

and an experiment example done for silicone sling specimen in saline solution with this design). 

It then winds around the other shaft and gets gripped by the other hollow shaft to that cylinder. 

The advantage of this gripping method compared to the other ones was that just one screw was 

enough to fix the position of the sample. The disadvantage was that it sometime is difficult to have 

the sling end get fixed on the side of the shaft opposite to the screw.  

 

Figure 29: schematic and real picture of how the sling specimen (silicone in this case) is clamped in 
Version 1.0 of the setup before winding between the inner cylinder and an outer hollow shaft  

 

All the aforementioned inner cylinder and outer clamp were machined out of aluminum. After 

performing multiple fatigue tests in 37°C saline solution, it was noticed that pitting occurs in all 

the aluminum parts. Therefore it was decided to manufacture all the next generation on the gripping 

mechanisms out of stainless steel instead of aluminum. 
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The upper grip is attached to a load cell. The load cell outside of saline solution and is stationary. 

The fact that the load cell does not oscillate prevents additional occurred noises in the read out of 

load cell. In order to prevent splashes of saline solution to the load cell, a 3D printed cover was 

designed and built for the load cell to cover it and save it from possible splashes of saline during 

the test. Moreover, a Styrofoam lid was used to prevent splashes of saline solution outside of the 

bath. This lid also helps prevent the water evaporation and maintain the saline temperature. 

In order to overcome the complications of the first method of clamping the sling specimen to 

cylinder, it was decided to clamp the end of the sling not on the cylinder, but to the arm that holds 

the cylinder (see Figure 30 for Version 2.0 of the setup). Three different clamping methods have 

been used here. The first method was to use a simple plastic clamp with flat ends. The second 

method was to use stainless steel clamps. And the last and the best method was to clamp the sample 

end to the arm by just one stainless steel plate (tab) that is fixed to the arm by just one screw. The 

sample end gets fixed between the arm and the tap by just rotating the screw as shown in Figure 

30. 
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Figure 30: Fascia lata sample under fatigue test in Version 2.0 of the experimental setup. Note the 
change in the design of the upper and lower cylinder grips and clamps (tap clamp in this case). Every 
part of the setup soaked in saline is made out of 316 stainless steel in Version 2.0  

 

One important point that should be noticed is that when the upper stainless steel arm is attached to 

the load cell, there should be complete electrical insulation between the screw and the load cell, 

otherwise, this could be a source for noise and ground loop in the whole system circuit. 

It should be noted that 37°C saline environment is a very corrosive environment. During the course 

of our test, several parts of our setup failed because the splashed saline solution remnants speed 

up the corrosion fatigue rate in the system part. Even springs in the setup that are out of the saline 

bath failed because of splashes of saline gradually led to growth of cracks and hence failure. It is 

suggested to cover all springs to prevent corrosion fatigue of these parts. 
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Laser Scanning System details 

 

This system scans a laser beam over a vertical line that overlaps with the specimen. This high 

speed laser scanner that was already developed at UCI [88], [89] was used to measure the spacing 

between two reflective marks, silver paint spots, or reflective tape strips on the sample. The 

measured spacing can provide us with the information about strain and possible plastic elongation 

in the sample. 

Developing the software for the new setup 

 

The software for the setup was developed in the National Instruments LabVIEW environment. 

Several Virtual Instruments were developed for calibration, data acquisition and analysis. To 

calibrate the load cell and convert voltage readings into Newtons, weights ranging from 10-200 

grams were hung from the load cell to create several data points which were used to draw a linear 

trendline. The trendline was added within the code to convert the voltage readouts to Newtons. 

This calibration was performed before every test. 

To collect force data, the load cell (MLP-10 or MLP-50 Transducer Techniques) would transmit 

data to a data acquisition card (National Instruments MyDAQ). The output signal from the DAQ 

is later amplified and conditioned via a Signal Conditioner (Transducer Techniques TMO-2) which 

then passed the data to custom LabVIEW Software in real-time. The sampling rate was 1000. The 

developed Virtual Instrument (VI) shows the present loading cycle in real time. It also finds the 

minimum and maximum load in each cycle and at specific interval and plots them. Therefore, the 

VI can provide the maximum and minimum sling load history. Figure 31 illustrates the front panel 
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of the main VI for load cell data collection and analysis. This VI provides the sling load changes 

data under the fatigue conditions.   

 

 

Figure 31: Font panel (user interface) of the developed main LabVIEW VI for data collection and 
analyses from the load cell. Left side graphs show the load cell readout and right side graphs show the 
history of the maximum (white curve) and minimum (red curve) applied forces throughout the test.  

 

Having the sling sample always under tension during the whole cycle is more physiologically 

relevant than what we had in the proof-of-concept setup. However, it is noteworthy that in some 

cases depending on the sling material and amount of minimum stress in the sling sample, the 

minimum stress could reach zero after several cycles and therefore a slack occurs in the sample 

leading to not having the sling always under tension in the subsequent loading cycles of the test. 

In conclusion, the more sophisticated developed experimental setup discussed in this chapter 

addresses the limitations of the preliminary experimental setup discussed in Chapter 3. To our 
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knowledge, this is the only experimental setup developed specifically to investigate the fatigue 

behavior of frontalis suspension sling materials under the physiologically relevant conditions. 

Nevertheless, the application of this experimental setup cannot be limited to in-vitro investigation 

of frontalis suspension slings. It can easily provide the capability to investigate the implants that 

are used in applications other than frontalis suspension procedure. 
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Chapter 5      

Results of the Experiments with New Fatigue Test Setup 

 

 

Many experiments were performed during and after the course of development of a “New Fatigue 

Test Setup” for studying of the sling materials. In the present chapter, the results for the most 

reliable and relevant to sling tests experiments are provided. Discussion, modeling, and 

interpretation of the results are also included.  Several sling materials as well as other materials 

were tested on the present setup. Specifically, results for Nylon monofilament 4-0 suture (Ethilon), 

Silicone rod (bvi Visitec), and banked fascia lata (4mm wide strip) are presented and discussed. 

Further tests were performed on stainless steel spring wire, PTFE, Prolene, and Vicryl sutures 

during the course of setup development; their results are not included in this dissertation but are 

recorded separately.  

Experiment parameters selection 

The parameters for all these experiments were set to mimic the loading conditions that slings 

experience under physiological conditions during eye blinking. In one study, Senders et al. 

reported the force requirement to create an eyelid blink with an eyelid sling implanted alongside 
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and parallel to eyelid margins of a cadaver to be somewhere in the range of ~0.5N to ~1.7N [90]. 

Moreover, in another study from 1957, the orbicularis oculi muscle strength has been reported as 

60-70 g (i.e. 0.6-0.7 N) in healthy subjects [91]. Other non-published studies have reported 

preliminary results of 0.2N and 1.8N required force for respectively normal and forced eyelid 

closure. Therefore, we assumed for our studies that the required force for opening and closing of 

the eye should be some number in the range of 1N to 2N. 

It was decided to perform the fatigue tests under strain control since during eye blinking, the eyelid 

margin displaces for a constant amount and therefore it can be assumed that the inferior end of the 

sling that is attached to the tarsus plate moves for a constant amount equal to eyelid fissure (i.e. 

around 8 mm). Regarding the strain rate, different rates could be considered. One way is to mimic 

the actual eye blinking rate (around one blink every 5 seconds i.e 0.2 Hz blinking frequency). 

Another approach could be to run the tests such that the maximum speed of the sling specimen 

during each cycle is the same as the peak speed during each eye blinking, i.e. around 250 mm/s. 

The peak speed during blinking has been reported in several studies before. We have considered 

the most recent study on this issue which reports the peak blinking speed as 243±9 mm/s ≅ 250 

mm/s [79]. We considered this criteria specifically before for the sling fatigue tests done with the 

proof-of-concept setup (discussed in Chapter 3).   

The sling specimen moving end in the “New Fatigue Test Setup” oscillates in a sinusoidal manner 

with respect to time given as, 

𝑦𝑦 = 𝑎𝑎 cos(2𝜋𝜋𝑓𝑓𝜋𝜋) 

where 𝑎𝑎 is the maximum amount of stretch in each cycle and 𝑓𝑓 is the loading frequency.  Therefore, 

the peak speed of sling end during each cycle will be 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝜋𝜋𝑓𝑓𝑎𝑎. Hence having 𝑓𝑓𝑎𝑎 = 250 𝑚𝑚𝑚𝑚/𝑠𝑠
2𝜋𝜋
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≅ 40 𝑚𝑚𝑚𝑚/𝑚𝑚  takes reaching the same peak speed during blinking criteria into consideration. 

Considering our setup limitations, two applicable 𝑓𝑓 and 𝑎𝑎 parameter selection examples could be 

choosing (𝑓𝑓 = 5 𝐻𝐻𝐻𝐻,𝑎𝑎 = 8𝑚𝑚𝑚𝑚) or (𝑓𝑓 = 10 𝐻𝐻𝐻𝐻,𝑎𝑎 = 4𝑚𝑚𝑚𝑚).   

The third consideration for choosing the frequency of the tests is selecting a frequency that is fast 

enough to perform the fatigue tests in a reasonable time frame. The test results that we are reporting 

here are performed by setting 𝑎𝑎 (𝜋𝜋ℎ𝑒𝑒 𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑙𝑙𝑚𝑚𝑠𝑠𝑠𝑠 𝑒𝑒𝑠𝑠𝑑𝑑 𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑙𝑙𝑎𝑎𝑑𝑑𝑒𝑒𝑚𝑚𝑒𝑒𝑠𝑠𝜋𝜋) = 4𝑚𝑚𝑚𝑚.  

The amount of pre-stretch in the sling specimens were chosen such that the force applied by them 

before the start of the cyclic loading tests is in the range reported for the force generated by 

orbicularis oculi muscle, i.e. in the range of 1N to 3N. The length of the suture and loading 

frequency were set to cause a strain rate corresponding to that exerted by the blinking of the eye. 

The sample gauge length (length of sample) at 𝐹𝐹𝑚𝑚𝑖𝑖𝑖𝑖 position was chosen to be 25 mm, i.e. the 

distance between the top of the brow and eyelid margin where the sling end is fixed to the tarsus 

plate. 

Generally speaking, the test parameters were set for each material to mimic the fatigue that an 

implanted sling of that material would undergo. Because different sling materials have different 

elasticities, the same 𝐹𝐹𝑚𝑚𝑖𝑖𝑖𝑖–the minimum load in the sling in each cycle–among all slings could not 

be reached while the condition of having the same constant strain in all materials is also satisfied. 

Therefore, it was attempted to reach 𝐹𝐹𝑚𝑚𝑖𝑖𝑖𝑖 values in all samples that are all in the same range by 

adjusting the prestretch (preload). However, the preload should be set such that the number of 

cycles to failure for the sample is not significantly affected. 
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Test Protocol 

Regarding the results that are provided below, the following tests were done for each specimen in 

order: stress relaxation, 1 Hz fatigue test, stress recovery, 5 Hz fatigue test, stress recovery, and 10 

Hz fatigue test. 

For stress relaxation test, first each sample was securely mounted. The saline bath was filled with 

0.09% saline solution and warmed up to 37°C and maintained at this temperature. It is very 

important to wait for the whole system to stabilize before starting the tests. In our setup, we suggest 

waiting at least 6 hours before starting the test so the whole setup temperature reaches steady state. 

While the system reaches steady state after adding the saline and warming it up to 37°C, a rise of 

around 0.2N in the load cell readout happens and therefore, if we do not wait for the system to 

stabilize, this error adds up and intervenes with the results.  

After the system reaches steady state, the upper grip is raised up to elongate the sample to reach 

the desired prestretch (preload). Then the sample was held at this displacement and the load 

changes were recorded. As the time goes on, the sample relaxes and the load drops. In the stress 

relaxation test, we waited until the load in the sample reaches a steady state.   

 After the relaxation test, we started the fatigue test. To do so, the machine was turned on and the 

loading frequency is reached to the desired loading frequency quickly but gradually to minimize 

the sudden unexpected forces applied to the sample. Following each fatigue test, the cyclic loading 

of the samples were stopped and the sample was held at the 𝐹𝐹𝑚𝑚𝑖𝑖𝑖𝑖 position. Depending on the 

material type and amount of the load in the material, the load recovers partially. 
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Experiment Results 

Results for monofilament nylon 4-0 suture, silicon rod, and banked fascia lata are presented below.  

Monofilament nylon 4-0 suture relaxation, fatigue, and recovery test results 

 

After the nylon 4-0 monofilament suture sling specimen was mounted securely to the grips, the 

heated bath was filled by saline solution. Testing did not begin until the temperature of the solution 

reached 37°C and the load cell read-out stabilized. Afterwards, the upper grip was pulled to induce 

a 2.2 N force in the sling specimen. The specimen was then left in tension for an extended period 

of time and load changes dictated by relaxation of the specimen were recorded.  Figure 32 shows 

stress relaxation results for a nylon 4-0 monofilament suture sling specimen. The tension inside 

the sling dropped to 1.55N (~30% reduction in the load) in a matter of around 135 minutes (2.25 

hours). The relaxation test can model two cases regarding the sling behavior: one is the behavior 

just after its implantation in the body and before when the patient starts to blink, and a second is 

the behavior of the implanted sling when it goes under extended periods of constant tension for 

example due to eye closure when the patient is asleep. Stress relaxation during such periods may 

cause the nylon suture to no longer provide the sufficient force needed to elevate the upper eyelid 

at the correct position.  

We were able to model the behavior of different sling materials under stress relaxation with two 

Maxwell dashpot-spring branches in parallel. Each Maxwell branch is composed of one spring 

with spring constant k and one dashpot with viscosity constant c. Using a curve fitting algorithm, 

the appropriate parameters for each Maxwell branch constant were determined from the 

experimental data. The parameter 𝜀𝜀0 is the constant strain applied to the sling specimen. The 
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diagram of the Maxwell branches and the magnitude of the constants are provided bellow each 

figure. 

 

Figure 32: Stress relaxation in nylon 4-0 monofilament suture sling 

Although we performed fatigue test of nylon monofilament suture at different loading frequencies 

and R-ratios (R-ratio = min strain or stress during the loading cycle divided by max strain or stress 

during the loading cycle), here we just report the result of fatigue test in 1 Hz mode and R-ratio = 

0.4 N/ 2.9 N = 0.14 (see Figure 33). Interestingly, Fmax dropped from ~2.9 N to ~2.5 N just in the 

first 10 cycles. After this sharp drop in stress in the first few cycles, Fmax gradually dropped to ~1.9 

N exponentially and stabilized during ~ 4×104 cycles. We were able to show that modeling with 

two parallel Maxwell branches can also describe the behavior of sling specimens under fatigue 

conditions. The relevant constants of Maxwell branches are also provided bellow each figure. 
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Figure 33: Fatigue test result for a nylon monofilament 4-0 suture sling specimen at 1 Hz 

Immediately following a fatigue test, we allowed the nylon monofilament specimen to sit at its 

position of minimum strain (Fmin position) to determine whether or not there was any recovery in 

the load. During the recovery period, the load in the nylon monofilament sling increased for about 

0.2 N. 
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Figure 34: Recovery of the load for a nylon monofilament 4-0 suture sling specimen after stopping the 
fatigue test. 

 

Silicone rod frontalis suspension sling relaxation, fatigue, and recovery test results 

 

After the bvi Visitec silicone rod frontalis suspension sling specimen was mounted securely to the 

grips, the heated bath was filled with saline solution. Testing began once the temperature of the 

solution reached 37°C and the load cell read-out stabilized. Afterwards, the upper grip was pulled 

to induce a 0.96 N force in the sling specimen. The specimen was then left in tension for an 

extended period of time and load changes inside the specimen were recorded. Figure 35 shows the 

result of a stress relaxation test for a silicone rod sling specimen. The tension imposed on the sling 

dropped to 0.90 N (~6% reduction in load) in about 30 minutes. The relaxation test can represent 

two cases regarding the sing behavior: one is the behavior of the sling just after its implantation in 

the body and before when the patient starts to blink, and a second is the behavior of the implanted 

sling when it undergoes extended periods of constant tension for example due to eye closure when 
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the patient is asleep. Stress relaxation during such periods does not change the load inside the sling 

significantly (just 6% drop in silicone compared to 30% drop in the case of nylon). 

 

Figure 35: Stress relaxation in a silicone rod sling specimen 

 

Although we performed fatigue tests with silicone slings under different loading frequencies and 

R-ratios (R-ratio = min strain or stress during the loading cycle divided by max strain or stress 

during the loading cycle), here we just report the result of fatigue test in 1 Hz mode and R-ratio = 

0.71 N / 1.36 N = 0.52 (see Figure 36). Interestingly, Fmax dropped from ~1.36 N to ~1.26 N just 

in the first 10 cycles. After this sharp drop in stress in the first few cycles, Fmax gradually dropped 

to ~1.15 N exponentially and stabilized during ~ 4×103 cycles.  
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Figure 36: Fatigue test result for a silicone rod sling specimen at 1 Hz 

 

Immediately following the fatigue test, we allowed the silicone sling specimen to sit at its position 

of minimum strain (Fmin position) to determine whether or not there was any recovery in the load. 

It was noticed that there was almost no recovery as shown in Figure 37.  
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Figure 37: Recovery of the load for a silicone sling specimen after stopping the fatigue test. 

 

Fascia lata relaxation, fatigue, and recovery test results 

 

Results of relaxation, fatigue, and recovery tests are presented in the following for a banked fascia 

lata specimen. After a banked fascia lata sling specimen was mounted securely to the grips, the 

saline bath was filled by saline solution. Testing began once the temperature of the solution reached 

37°C and the load cell read-out stabilized. Afterwards, the upper grip was pulled to induce a 0.22 

N force in the sling specimen. Several trial and error cases led us to choose this initial induced 

force in the fascia lata sling specimen that is much smaller compared to the force initially induced 

in nylon and silicone samples before. Larger forces could lead to structural damage and significant 

rupture of some the fibers in the fascia lata specimen during the first transition from Fmin position 

to Fmax position. 
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 The specimen was then left in tension for an extended period of time and load changes inside the 

specimen were recorded. Figure 35 shows the result of stress relaxation test of silicone rod sling 

specimen. The tension inside the sling dropped to 0.90 N (~6% reduction in the load) in 

approximately 30 minutes. The relaxation test can represent two cases regarding the sling 

behavior: one is the behavior of the sling just after its implantation in the body and before when 

the patient starts to blink, and second is the behavior of the implanted sling when it undergoes 

extended periods of constant tension for example due to eye closure when the patient is asleep. 

Stress relaxation during such periods does not change the load inside the sling significantly (just 

6% drop in silicone compared to 30% drop in nylon case). 
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Figure 38: Stress relaxation for a fascia lata sling specimen 

 

Although we performed fatigue test of silicone sling at different loading frequencies and R-ratios 

(R-ratio = min strain or stress during the loading cycle divided by max strain or stress during the 

loading cycle), here we just report the result of a fatigue test in 1 Hz mode and R-ratio = 0.71 N / 

1.36 N = 0.52 (see Figure 36). Interestingly, Fmax dropped from ~1.36 N to ~1.26 N just in the first 

10 cycles. After this sharp drop in stress in the first few cycles, Fmax gradually dropped to ~1.15 N 

exponentially and stabilized during ~ 4×103 cycles.  
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Figure 39: Fatigue test result for a fascia lata specimen at 1 Hz 

 

The results mentioned in this chapter show that study of the load changes in the sling materials 

can provide useful information for predicting the behavior of the slings when they are stretched 

for an extended amount of the time or when they are under eye blinking induced cyclic loading. 
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Chapter 6      

Conclusion 

 

 

In this work, we hypothesized that mechanical and material property changes to the sling materials 

used to suspend the eyelid in patients suffering blepharoptosis can be a reason for recurrence of 

blepharoptosis after performing frontalis suspension surgery in them.  

Specifically, we were interested to understand whether eye blinking can be a factor contributing 

to the recurrence. Considering that an average person blinks every 5 seconds, the implanted eyelid 

sling undergoes millions of loading and unloading cycles each year. Although the load needed to 

open and close the eye is in the range of at most a few Newtons, the cyclic behavior of this loading 

causes physical changes in the sling material. In order to investigate this hypothesis we developed 

two different experimental setups. Different sling materials were tested and characterized using 

these setups. Basically, the incident of plastic elongation, relaxation, and anelastic elongation in 

the sling materials were of interest.  

The first experimental setup was a proof-of-concept preliminary setup aimed to measure the 

occurred plastic elongation in the sling samples under fatigue conditions caused by eye blinking 
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in the sling samples. We were able to prove via the experiments done by the preliminary setup that 

plastic elongation may occur in the sling specimens under cyclic loading in the range of the load 

needed to open and close the eyes. We could show that different sling materials exhibit different 

plastic elongation rates. The results from the preliminary setup showed that crazing and other 

structural changes might occur in the slings made of polymers of nylon family. These changes 

could cause significant issues to the tissue surrounding the sling like cheese-wiring or cutting 

through the tissue. Moreover, we could confirm that fresh and processed fascia lata could exhibit 

significantly different behaviors under fatigue conditions; of course, the processing protocol on 

the fascia lata specimen influences its behavior.   

The second in-vitro setup made it possible to perform fatigue testing of different sling materials in 

more physiologically relevant conditions. In this second experimental setup, the load changes in 

the sling material under cycling loading mimicking the loads in the implanted slings in the eye 

were studied in a more controlled way. Here, we tested different sling materials under different 

strain amplitudes and strain rates. We were able to show that stress relaxation happens in all the 

studied sling samples. The load imposed on the silicone under both stress relaxation and cyclic 

loading reaches steady state condition faster than nylon and fascia lata. Moreover, the percentage 

of the load drop for silicone is less than that for nylon and fascia lata. We were able to show that 

some extent of load recovery in the sling specimen occurs after stopping the fatigue tests. The load 

recovery percentage is larger in nylon comparing to silicone. Silicone almost shows no load 

recovery after stopping the cyclic loading condition.  

We were able to show that in all the materials, the first few cyclic loadings have a significant 

effect. This proves how much preconditioning the slings before implanting them inside the body 

is important. Applying different preconditioning protocols to the slings before implantation can 
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lead to significant effects on over-correction or under-correction after surgery. We suggest that a 

preconditioning protocol should be standardized to reduce the amount of sling failures after the 

frontalis suspension procedure. Last but not least, we noticed that fascia lata represents different 

behavior under fatigue condition compared to silicone and nylon. It can become stiffer and stronger 

due to cyclic loading. There needs to be more investigation on why fascia lata exhibits this 

unexpected behavior. Specifically, performing more experiments with different specimens of 

fascia lata (fresh and processed using different protocols) can shed more light on this interesting 

phenomenon.    
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Chapter 7      

Future Work 

 

 

  Future work is suggested in the following: 

1- Other sling materials depending on the availability should also be tested. 

2- New materials for the frontalis suspension sling should be investigated. Based on the result 

of the present work, the ideal material will provide better resistance to plastic elongation. 

It would be beneficial if the candidate material has a shape memory property. This may 

give the surgeon the capability to adjust the sling even after implanting it in the patient 

body. One of our suggestions for this material is NiTi shape memory alloys. The 

superelastic behavior of NiTi makes it a suitable material resistant to plastic elongation 

caused by cyclic loadings caused due to eye blinking. Moreover, the shape memory effect 

of NiTi might be suitable to actively change the implanted sling length [92]–[98]. 

3- As NiTi is a metal and can cause cheese-wiring effects to the tissue surrounding the sling, 

we have proposed coating the NiTi sling with silicone. This way, the sling will be 
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composed of a core made of NiTi alloy covered by a sheath of silicone polymer. Silicone 

polymer will hinder the cheese-wiring caused by stiff NiTi part of the sling.  

4- Different sling loop design such as Crawford triangles, rhomboid, Fox Pentagon could also 

be investigated under simulated physiological conditions. The grip design and geometry 

could be adjusted in our setup to accommodate different loop designs. 

5- Wear studies of the implanted sling materials could also be investigated by our setup. The 

sling specimen could be passed over the some type of material with the same wearing 

property of the tissue surrounding the sling. Also, the sling specimen could be passed 

through a hollow cylinder that its internal surface has wearing characteristics the same as 

the tissue surrounding the sling. As an example for the material that has the same wearing 

properties as the tissue surrounding the sling, PDMS polymer could be used. The elasticity 

and wearing coefficient of PDMS is adjustable by changing the ratio of elastomer and resin. 

6- All the tests conducted in the present work were based on strain-controlled fatigue tests. 

Stress-controlled fatigue tests could also be performed to simulate those cases that the force 

applied by the frontalis muscle to the sling is constant during the implantation of the sling. 

7- In the present work, a sinusoidal or close to sinusoidal loading profile was applied to the 

slings for cyclic loading. With this current setup, the load profile could not be adjusted 

unless for loading frequencies less than 3 Hz. However, loading profile could be defined 

and adjusted in the electroforce fatigue test instruments (from TA instruments [99]). 

Provided having access to an electroforce fatigue test instrument, palpebral aperture profile 

(as the one provided in [100]) with respect to time could be used as the loading profile in 

strain-controlled fatigue tests.  
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8- More experiments need to be done to find the effect of frequency on the fatigue life of sling 

samples. These studies could also help with finding the optimum frequency for testing the 

sling materials. 

9- Numerous clinical studies have investigated different sling materials used in frontalis 

suspension retrospectively. However, no prospective studies have yet be done on sling 

materials. We propose a prospective study on the mechanical and material changes in the 

slings and correlating that with the recurrence of ptosis. The slings length could be 

measured before implantation in the patient. Also, SEM images of the sling could be taken 

before the surgery. After the surgery, the patients will be followed up. In those patients 

who experience recurrence of ptosis and need to undergo the surgery again, the older sling 

can be measured and imaged after the extraction. Comparing the results of these 

measurements and images before implantation and after extraction may reveal some insight 

to whether plastic elongation or other physical and material changes happen to them. 

10- Based on the insights from the present work and future studies, appropriate protocols for 

preconditioning of the sling specimens before implanting inside the body should be 

developed. 

11- More investigation could be performed to come up with a reasonable modeling and 

explanation for the occurrence of recovery after the fatigue tests in nylon samples. 

12- The fatigue test system that we developed for study of sling materials used in frontalis 

suspension could be used for studies related to other biomedical implants that undergo 

cyclic loading while implanted in the body. Some examples could be the sutures and slings 

that are used in other parts of the body or various catheters. 
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13-  The proof-of-concept fatigue setup that was developed based on a sewing machine could 

be a cheap option for other fatigue tests even not related to biomedical applications. 
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