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Abstract 

The rotator cuff is a functional anatomical unit located in the upper extremity and it is 

defined, anatomically, as a group of muscles and their tendons that act to move and stabilize 

the shoulder. (Opsha, 2008) Rotator cuff tendon injuries are frequent and are responsible for 

substantial morbidity in athletes, and in working and elder population. As our society 

continues to age and remain active, these conditions not only have an impact on peoples' 

quality of life and activities of daily living, but also represent significant burden on social, 

economic and health terms. (Docheva, 2015)  

Currently used therapies are mainly limited to pain control and/or tissue replacement, 

without fully restoring tissue functionality. (Morais, 2015) Although there was an increase in 

volume of rotator cuff surgeries during the last years, re-tear rates remain high, with structural 

repair failure remaining the main problem. (Docheva, 2015) Hence, there is a need for repair 

strategies that can augment the repair by mechanically reinforcing it, while at the same time 

biologically enhancing and optimizing the intrinsic healing potential of the tendon. 

Ultimately, tissue-engineering based alternatives, have been the target of extensive 

investigation and several biological, natural, and synthetic scaffolds have been proposed for 

rotator cuff tendon repair. (Richetti, 2012) However, to develop a structure that properly 

mimics the mechanical performance of the native tissue remains a challenge. (Morais, 2015) 

Textile manufacturing techniques have been used in a wide range of engineering 

applications and have recently attracted great attention as potential biofabrication tools for 

engineering tissue constructs. The versatility of textile structures allows for tailoring their 

architecture, being possible to control the resulting physical properties and cellular behavior 

of the scaffolds. (Aibubu, 2016; Akbari, 2016) 

In this work, four textile constructs, two three-dimensional (3D) and two planar warp-

knitted structures were evaluated as potential scaffolds for rotator cuff tendon repair. 

Polyethylene terephthalate (PET) was the chosen base polymer for the structures because of 

its biocompatibility and excellent mechanical properties. Fourier-Transform Infrared 

Spectroscopy (FTIR), Scanning Electronic Microscopy (SEM), Porosity tests, Absorption 

tests, Tensile tests and Suture pull-through tests were performed to characterize the structures 

under study.  
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All matrices presented regular patterns, with well oriented fibers. The estimated fiber 

diameter, mean pore size and porosity levels of all structures can be consider adequate for 

tissue-engineering applications. All structures demonstrated similar liquid absorptive capacity 

and wicking behavior. Regarding the mechanical characterization, structure D demonstrated 

failure load, stress at failure and elastic modulus values that can be considered suitable for 

rotator cuff tendon repair. Although the obtained stiffness and failure strain values were not 

ideal, pre-tensioning techniques were concluded to be adequate to increase stiffness and lower 

the overall elongation of the structures. Furthermore, this construct demonstrated a value for 

maximum suture retention load close to the required. Thus, it was concluded that among all 

constructs, structure D meets the minimum requirements to serve as a scaffold for rotator cuff 

tendon repair. 
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Chapter 1 

Introduction 

 

1.1. Motivation  

Of the 30 million musculoskeletal injuries reported worldwide, over half are thought to 

involve tendons and ligaments. (Walden, 2017) Tendon injuries often result in pain, 

substantial tissue morbidity and disability, affecting athletes, active workers and elder 

population. (Wani, 2016) Existing studies have shown a high prevalence of rotator cuff tears 

in the general population, with some reporting up to a 60% lifetime incidence, affecting 

between 30% and 50% of people older than 50 years, reaching 80% in patients aged more 

than 80. (Minagawa, 2013; Varkey, 2016) Multiple etiologies, involving extrinsic and 

intrinsic factors, have been implicated in the pathogenesis of rotator cuff tears. (Gumina, 

2017) In general, rotator cuff tearing is thought to occur, to some extent, as a normal 

degenerative process, that increases with aging (Tashjian, 2012). It is expected that the total 

number of individuals with rotator cuff dysfunction will increase in the future, as a result of a 

progressively older population that tend to maintain their level of activity and are less tolerant 

of functional limitations.  

Due to the limited tendon ability for self-healing, conservative treatment requires long 

treatment periods, with potential partial function loss and recurrent injury, failing in many 

cases.  So, when this approach does not result or is not appropriate attending to the extension 

of the lesion, surgical intervention is used. (Morais, 2015) Despite the high rate at which these 

surgeries are performed and regardless of advances in technology and surgical techniques, re-

tear after rotator cuff surgery remains a common problem with current approaches. (Patel, 

2016) Current surgical treatments involve suturing the injured ends together or reattaching the 

tendon to bone, securely with high-strength suture anchors, or the use of tendon grafts, when 

the defect is large. However, tendon detachment remains the primary cause of surgical failure 

in most cases, and grafts often do not provide adequate mechanical strength during the 

remodeling process. (Longo, 2010; Morais, 2015)  

Tissue-engineering strategies for rotator cuff repair are emerging as important tools in 

the treatment of large, massive or chronic degenerative tears. The main challenge when 



2 

 

designing scaffolds for tendon tissue-engineering is to develop a long-term functional 

structure that properly recreates the mechanical and physical-chemical performance of the 

native tissue. (Ávila, 2015) Textile manufacturing techniques have recently attracted great 

attention as potential biofabrication tools for engineering tissue constructs. The versatility of 

textile manufacturing processes allows for tailoring the architecture and features of the textile 

structures, thus, it is possible to control the physical properties and cellular behavior of the 

engineered constructs, essential for tissue regeneration. (Akbari, 2016) 

 

1.2. Objectives  

This work aims to study four textile structures, namely four different warp-knitted 

structures, to determine their potential as scaffolds for rotator cuff tendon repair. The choice 

of these textile structures rested on the fact that these type of textiles can be manipulated by 

the surgeon, i.e., can be cut and adapted in size without unravel, enabling the surgeon to adapt 

the scaffold to the patient needs.  

Several tests were performed in order to understand the impact of different architectures 

in the overall performance of the structures, to determine if they could be used for rotator cuff 

tendon augmentation and how important parameters could be tailored to further improve their 

properties in order to develop an optimal scaffold for rotator cuff tendon repair. 

 

1.3. Structure of the dissertation 

This dissertation is composed by 6 chapters. After this introductory section, Chapter 2 

addresses the anatomical and physiological characterization of the rotator cuff tendons, the 

involving pathology and the overall disease characterization and treatment options. Current 

treatments for rotator cuff repair, regarding the application of biomaterials are discussed in 

Chapter 3, along with the new role of textile technologies in the field of tendon/ligament 

tissue-engineering. Chapter 4 presents the textile structures under study and the experimental 

methodology applied to characterize the structures, and Chapter 5 the main results and 

discussion. Finally, Chapter 6 gives a global perspective of the developed work, presenting 

relevant conclusions and final remarks. It also provides guidelines and questions to be 

explored in the future. 
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Chapter 2 

The Rotator Cuff 

 

2. 1. Subacromial space and rotator cuff anatomy 

The rotator cuff is a functional anatomical unit located in the upper extremity and it is 

defined, anatomically, as a group of muscles and their tendons that act to move and stabilize 

the shoulder. This group of muscles and tendons performs multiple functions and is often 

stressed during various activities. A rotator cuff tear is a common cause of pain and disability 

among adults. (Opsha, 2008) Although many factors influence the treatment of rotator cuff 

tears, understanding the anatomy and how it relates to function is an important one (the 

anatomy and physiology of the rotator cuff is complex and interconnected to other muscle 

groups in the shoulder). During the past decade, advances in basic science and surgical 

technology have improved the knowledge of this anatomy. (Opsha, 2008; DeFranco, 2009) 

 

2.1.1. Anatomy of the Coracoacromial Arch and the Structures in the Subacromial 

Region 

The subacromial space is delimited above by the coracoacromial arch (formed by the 

anterior-inferior margin of the acromion, coracoacromial ligament, apex and distal third of the 

posterior surface of the coracoid) and below by the humeral head, by the tendons of the 

rotator cuff and of the long head of the biceps. (Gumina, 2017) The humeral head articulates 

with the glenoid cavity of the scapula to form the glenohumeral joint. (Opsha, 2008)  

The coracoacromial arch is intimately related to the structures below it. The acromion is 

flat in shape and in it, it is distinguishable an upper surface, in close contact with the skin; an 

inferior concavity, which forms the tip of the glenohumeral joint; a lateral margin, the bundles 

from which the deltoid muscle originates and a medial margin where the surface of the 

acromiovascular joint is. The coracoacromial ligament is a strong structure stretching from 

the coracoid process (located anteriorly to the glenoid and laterally to the scapular notch) to 

insert into the inner border of the acromion just in front of the acromioclavicular joint. The 

rotator cuff, particularly its supraspinatus portion, is in close proximity to the under surface of 
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the coracoacromial ligament, the acromioclavicular joint and the under surface of the 

acromion. Between the cuff and the arch, lies the subacromial bursa whose floor is adherent 

to the greater tuberosity of the humerus and its roof to the acromion and the coracoacromial 

ligament. The subacromial bursa and the areolar tissue in this region provide the gliding 

mechanism. (Brand, 2008; Gumina, 2017)  

The superior surface of the cuff is often termed the bursal surface. The inferior or more 

caudal surface of the cuff lies adjacent to the capsule of the glenohumeral joint, and is termed 

the articular surface of the cuff. (Opsha, 2008)  

 

2.1.2. Anatomy of the rotator cuff 

The rotator cuff consists of four muscles: the subscapularis, the supraspinatus, the 

infraspinatus and the teres minor muscles. These muscles end in short, flat, broad tendons 

which fuse intimately with the articular capsule of the humerus, to form the musculotendinous 

cuff. (Brand, 2008) 

The subscapularis muscle is a large, flat structure that originates from the subscapular 

fossa along the anterior aspect of the scapula. It is innervated by the upper and lower 

subscapular nerves (C5, C6 and C7) and supplied by the subscapular artery. Most of the fibers 

of the subscapularis tendon insert onto the lesser tuberosity, however, the more superficial 

fibers extend to the greater tuberosity of the humerus and together with the transverse humeral 

ligament, form the roof of the bicipital groove (deep groove on the humerus that separates 

the greater tubercle from the lesser tubercle). (Brand, 2008; Opsha, 2008; Gumina, 2017)  

The teres minor muscle takes origin from the axillary border of the scapula, it is 

innervated by the axillary nerve (C5, C6) and supplied by the subscapular and circumflex 

scapular arteries. Much of the teres minor tendon inserts into the inferior facet of the greater 

tuberosity while a small portion is inserted directly below this area. (Brand, 2008; Opsha, 

2008; Gumina, 2017)
 

The infraspinatus muscle takes origin from the infraspinous fossa on the posterior 

aspect of the scapula, it is intimately associated both structurally and functionally with the 

teres minor muscle, it is innervated by the suprascapular nerve and supplied by the 

suprascapular and circumflex scapular arteries. The tendon of the infraspinatus inserts onto 

the middle facet of the greater tuberosity of the humerus. (Brand, 2008; Opsha, 2008)  
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The supraspinatus muscle consists of the anterior and posterior bellies: the anterior 

supraspinatus belly is a larger, more fusiform structure which originates entirely from the 

supraspinatus fossa and becomes a thick tubular tendon comprising the anterior 40% of the 

supraspinatus tendon, and the posterior supraspinatus belly is smaller, unipennate structure 

which originates mostly from the scapular spine and glenoid neck and becomes a thin, flat 

tendon comprising the posterior 60% of the supraspinatus tendon. It is supplied by the 

suprascapular artery and innervated by the suprascapular nerve (C5 and C6). The tendon of 

the supraspinatus inserts on the superior facet of the greater tuberosity, just posterior to the 

bicipital groove, and it is bordered by the acromion and subacromial bursa superiorly, and by 

the joint capsule inferiorly. Anteriorly, the supraspinatus tendon blends with the 

coracohumeral ligament and posteriorly it merges with the infraspinatus tendon. The region 

just medial to the convergence of the posterior fibers of the supraspinatus and the anterior 

fibers of infraspinatus has been referred to as the posterior rotator interval. (Brand, 2008; 

Opsha, 2008)  The anterior rotator cuff interval separates the supraspinatus and subscapularis 

tendons. Within the gap between the tendons run the coracohumeral ligament, the superior 

glenohumeral ligament, and the long head of the biceps tendon, which passes from the 

bicipital groove through the glenohumeral joint before inserting on the superior glenoid. 

(Opsha, 2008)  

At this point it should be noted that the supraspinatus, infraspinatus and teres minor 

muscles at their points of insertion cannot be separated into anatomic units.  

Details on the anatomy of the rotator cuff are depicted in Figure 1. 

 

 
                                                     (a)                                                                                (b)  
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(c) 

Figure 1. Rotator cuff anatomy: (a) Anterior view, (b) Posterior view, (c) Lateral view. (Blum, 2009) 

 

2.2. Rotator cuff biomechanics 

Normal glenohumeral motion consists of a roll-gliding combination that keeps the 

humeral head centered on the glenoid. (Huijbregts, 2015) The rotator cuff provides dynamic 

stability and is critical to normal shoulder function: allows the humerus to change position 

with respect to the scapula and stabilizes the humeral head in the glenoid fossa. The two 

functions cooperate: when a rotator cuff muscle is working, at the same time the antagonist 

must remain immobile. Forces generated by the rotator cuff facilitate the motions involved in 

activities of daily living and the more demanding movements of athletics and manual labor. 

Any alteration of this mechanism will lead to a reduction in the range of motion and in the 

stability of the shoulder. (Karas, 2011; Gumina, 2017) 

Considering the movement, stability and biomechanical properties of the cuff, it is 

possible to understand how a small rotator cuff tear will lead to the alteration of the factors 

reported and a redistribution of the load to the remaining tendons, thus determining the 

progression of the tear. (Karas, 2011; Gumina, 2017) Injury and pathology of the rotator cuff 

are common and the unique anatomical and biomechanical characteristics of the cuff 

contribute to the etiology of its injury thus, understanding the biomechanics and function of 

the rotator cuff is important when considering the surgical options during repair to optimize 

the outcomes for a given individual. (Karas, 2011; Park, 2012)  
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2.2.1. Rotator cuff function in glenohumeral stability 

Glenohumeral joint stability is the result of a delicate balance between the static 

stabilizers of the shoulder (e.g., bony anatomy, negative intra-articular pressure, the glenoid 

labrum, and the glenohumeral ligaments along with the joint capsule) and the dynamic 

stabilizers of the shoulder, including rotator cuff muscles and tendons.  

The static and dynamic stabilizers react to the forces applied through the glenohumeral 

joint to provide stability at different positions during the motion arc. At the end range of 

shoulder motion, where forces acting on the glenohumeral joint are increased (abduction and 

maximum external rotation), the capsuloligamentous structures such as the inferior 

glenohumeral ligament contribute to shoulder stability, by restraining the translation of the 

glenohumeral joint. In the mid-range of shoulder motion, because the capsuloligamentous 

structures are lax, shoulder stability is mainly provided by the glenoid concavity and the 

compressive force generated by the rotator cuff muscles - dynamic compression of the 

humeral head against the glenoid cavity, termed “concavity compression,” is the primary 

mechanism by which the rotator cuff dynamically stabilize the glenohumeral joint (the 

contraction of the rotator cuff muscles anteriorly and posteriorly provides antagonistic forces 

that compress the humeral head into the concavity of the glenoid). (Lugo, 2008; Opsha, 2008; 

Karas, 2011; Yamamoto, 2015) Decentering of the humeral head on the glenoid in any 

direction will cause excessive tensile, compressive, and shear forces in active and passive 

structures predisposing the patient to eventual pathology. (Huijbregts, 2015)  

The coracoacromial arch has a fundamental role in stabilizing the glenohumeral joint as 

well, also by static restraining the superior translation of the humeral head, as it limits anterior 

and superior motion of the humeral head and overlying tendons. Anything that decreases the 

space within the coracoacromial arch could lead to impingement symptoms and subsequently, 

to rotator cuff tears. (Opsha, 2008)   

 

2.2.2. Rotator cuff function in glenohumeral motion 

The supraspinatus is relevant for flexion/abduction functions – the posterior 

supraspinatus acts as external rotator during abduction and the anterior supraspinatus as 

internal rotator during flexion of the arm, cooperating with the deltoid and other cuff muscles. 

(Ackland, 2011) However, its main function is as initiator of abduction, having functions 

throughout the range of abduction in synergy with the deltoid muscle (the supraspinatus is 
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believed to be more important in initiating elevation and the middle portion of the deltoid 

more important for elevation of the arm at higher angles of abduction). (Opsha, 2008; 

Gumina, 2017) 

In literature, the infraspinatus and teres minor are often considered together, especially 

as far as biomechanics is concerned, being considered external rotators of the shoulder. The 

infraspinatus primarily acts with the arm in neutral position while the teres minor is more 

active with external rotation in 90
◦
 of abduction. (Opsha, 2008; Ackland, 2011; Gumina, 

2017) 

The subscapularis is considered the main internal rotator of the shoulder. While internal 

rotation remains its main function, its secondary roles change depending on the position of the 

humeral head with respect to the scapula. Consequently, it is also an abductor and a flexor 

(with significantly greater muscle activity in the lower subscapularis in comparison to the 

upper subscapularis during these activities). Because of the shared insertion of the 

supraspinatus and subscapularis, it is possible that in certain positions of the arm, the 

subscapularis may work as external rotator. (Opsha, 2008; Wickham, 2014; Gumina, 2017)  

Table 1 summarizes the main functions of the rotator cuff, in glenohumeral motion and 

stability.  

 

Table 1. Origins, Insertions, Actions, and Nerve Supplies of the Rotator Cuff muscles and tendons. 

Muscle Origin Insertion Action 

 

Supraspinatus 

Supraspinous fossa of the 

scapula 

Upper facet of  greater 

tuberosity of the 

humerus 

Abduction  

Compression and depression of 

humeral head during elevation 

 

Infraspinatus 

Infraspinous fossa of the 

scapula 

Middle facet of greater 

tuberosity of the 

humerus 

External (lateral) rotation  

Compression and depression of 

humeral head during elevation 

 

Teres minor 

Inferior medial border of the 

scapula 

Lower facet of greater 

tuberosity of the 

humerus 

External (lateral) rotation  

Compression and depression of 

humeral head during elevation 

 

Subscapularis 

Subscapular fossa on the 

anterior surface of the scapula 

Lesser tuberosity of the 

humerus 

Internal (medial) rotation 

Compression and depression of 

humeral head during elevation 

 

2.3. Epidemiology of Rotator Cuff tears 

Rotator cuff tears are a common cause of pain and disability of the shoulder and are a 

source of significant morbidity for patients, with potential long-term implications to the health 

system and economy. When affecting the younger, working population, these injuries can 
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cause significant lost wages or time lost from work. (Mall, 2013; Liem, 2014)  Some 

epidemiologic studies have been carried to determine the prevalence of rotator cuff tears. 

However, the available data is limited, even though it could provide important information 

about rotator cuff tears natural history. (Liem, 2014; Gumina, 2017)   

Worldwide, of the 30 million musculoskeletal injuries reported, over half are thought to 

involve tendons and ligaments. (Walden, 2017) Shoulder pain is a common musculoskeletal 

complaint (Figure 2), with rotator cuff disease representing a common source of shoulder pain 

(Urwin, 1998; Longo, 2012; Weinstein, 2014), and being one of the most common disorders 

presenting to clinics worldwide (Figure 3). (Ensor, 2013; Pollak, 2014) Injuries to the upper 

extremities have the highest prevalence in the working population (Figure 4) (Pollak, 2014), 

with rotator cuff tears considered one of the usual causes of disability related to the shoulder. 

(Wani, 2016) 

 
 Figure 2. Proportion of population reporting pain, United States 2012. (Weinstein, 2014) [Adapted] 

 

 
Figure 3. Anatomic site for sprains/strains treated in Physician Offices, United States 2010. (Pollak, 2014) 
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Figure 4. Work-related injuries involving days away from work by body part affected, United States 2011. 

(Pollak, 2014) 

 

Many authors have focused on epidemiologic studies, performed on cadavers, 

asymptomatic and symptomatic patients, using medical imaging techniques, to determine the 

prevalence and incidence of rotator cuff tears, the average age of the patients affected, the 

work and creative activities related to the lesion and a possible sex-linked predisposition. 

Table 2 resumes some of these studies. Figures 5, 6 and 7 illustrate some of the findings.  

 

Table 2. Studies in literature that investigated the prevalence of RCT in cadavers, asymptomatic and 

symptomatic patients. (Tashjian, 2012 ;Wani, 2016; Gumina, 2017) 

 Author Prevalence of cuff tear  

 

 

 

Cadaveric 

studies 

Smith, 1835 18% (FTT) in 40 cadavers. 

Keyes, 1933 19% in 73 cadavers. 

DePalma, 1983 75% in 192 shoulders (58% PT + 9% FTT).  

Yamanaka, 1983 13% (PT) and 8.4% (FTT), in 219 shoulders; 0% in subjects 

younger than 40, 30% in older.  

Uhthoff, 1986 50% in 612 shoulders (37% PT + 20% FTT). 

             Lehman, 1995 

 

Reilly, 2006 

6 % in subjects younger than 60 years old and 30 % in the 

elderly (in 456 shoulders). 

30.24% (11.75% FTT and 18.49% PT) in 2553 shoulders. 

 

 

Asymptomatic 

patients 

Milgrom, 1995 

 

Sher, 1995 

 

 

Tempelhof, 1999 

Moosmayer, 2009 

18 % (PT) and 17 % (FTT) in 90 subjects; increasing with age 

being >80% in subjects older than 80. 

20 % (PT) and 15 % (complete tear) in 192 shoulders (96 

subjects); increasing with age being 4% in subjects younger 

than 40 and 54% in those older than 60. 

23 % (FTT) in 411 shoulders of subjects older than 50. 

7.6% amongst 420 volunteers. 

 

 

Symptomatic 

patients 

Crass, 1988 

Minagawa, 2006 

 

Yamaguchi, 2006 

22% in 500 shoulders. 

22% in 1328 shoulders (0% under 50y, 11% between 50-59y, 

15% between 60-69y, 26% between 70-79y, 37% above 80y). 

In 558 patients (64% with a RCT), 36% had normal cuffs 

(mean age of 48y), 34% unilateral tears (mean age of 58y, 51% 

PT and 49% complete tear) and 30% bilateral tears (mean age 

of 67y, 30.5% partial-complete tear, 23.5% PT and 46% FTT).  

* RCT: rotator cuff tear; PT: partial tear; FTT: full-thickness tear. 



11 

 

 

 

Figure 5. Prevalence of rotator cuff tear on dominant limb in asymptomatic subjects that have undergone 

ultrasound examination, in the various age groups, in a study conducted by Milgrom, 1995. (Gumina, 2017) 
 

   

 

 

Figure 6. Prevalence of partial and full thickness tears in asymptomatic subjects that have undergone MRI 

examination, in the various age groups, in a study conducted by Sher, 1995. (Gumina, 2017) 
  

 

                                   (a)                                                                                    (b) 

Figure 7. (a) Percentages of partial and full-thickness tears with unilateral tear (199 patients) (Yamaguchi, 2006); 

(b) Percentages of partial tears, full-thickness tears and partial associated to full-thickness tears, in the group of 

patients with bilateral damage (177 patients) (Yamaguchi, 2006). (Gumina, 2017) 
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Existing studies have shown a prevalence of rotator cuff tears that varies extensively. 

Limitations of cadaveric research include the lack of background information of patients, 

oftentimes regarding demographic factors such as age, habits, work and activities, among 

others, or the fact that the criteria established by hospitals or law for postmortem procedures 

may involuntarily select a population more predisposed to have lesions (patients with chronic 

diseases, metabolic disorders). (Yamamoto, 2010; Gumina, 2017) Patients who have rotator 

cuff tears can present with symptoms ranging from minimal discomfort without functional 

deficits to severe pain, weakness and marked disability, so there is a high rate of 

asymptomatic patients that frequently remain undiagnosed (Ensor, 2013), but on the other 

hand, many reports have focused on the patients with symptoms, which may too be 

misleading with regard to the entire clinical picture of a rotator cuff tear, making difficult to 

accurately interpret its incidence. (Wani, 2016)  

Population based studies, regardless of the presence or absence of symptoms, are thus 

the best way to study the natural history of rotator cuff tears, however, they are scarce. 

Studies conducted by Yamamoto (Yamamoto, 2010), Minagawa (Minagawa, 2013) and 

Gumina (Gumina, 2017) demonstrated a high prevalence of rotator cuff tears in the general 

population (>20%), increasing amongst those in their fourth compared with those in their 

seventh-decade, reaching 80% in patients aged more than 80, highlighting the increasing 

association of rotator cuff tears with age. Asymptomatic tears were twice as common as 

symptomatic tears, which corroborates with the previous idea that there is a high rate of 

undiagnosed patients. (Minagawa, 2013) In all studies, side and dominant arm, occupation 

and activities resulting in the overuse of the shoulder joint and a history of trauma, were 

significantly associated with the risk of rotator cuff tear. 

 In conclusion, since twenty decades ago (Milgrom, 1995) to recent studies (Gumina, 

2017), the results suport the theory that rotator cuff tearing occurs, to some extent, as a 

normal degenerative process, that increases with aging (Tashjian, 2012), being most 

commonly associated with elderly patients, males, affected in the dominant arm and engaged 

in heavy labor. (Yamamoto, 2010; Gumina, 2017) On the other hand, disease was also present 

in patients only in the non-dominant shoulder, and, furthermore, some authors (Harryman, 

2003; Yamaguchi, 2006) also found a small percentage of subjects with bilateral tears and 

tears in sedentary individuals who did light work only. (Yamamoto, 2010; Gumina, 2017) In 

some studies, authors also found that females are at a greater risk of cuff tears, while others 

found no correlation between tears and gender, which suggests that there isn’t enough 
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evidence to prove that gender has an influence on the development of this pathology. (Oh, 

2007) Thus, these risk factors might have a role in contributing to cuff disease, but they are 

likely to be only one of several factors. 

 

2.4. Rotator cuff pathology  

Multiple etiologies have been implicated in the pathogenesis of rotator cuff tears. The 

rotator cuff is weakened by both extrinsic and intrinsic factors, leading to gradual failure of 

tendon, which finally results in tear. (Pandey, 2015) Extrinsic factors reflect anatomic 

variables that compress the tendon by bony impingement or direct pressure from the 

surrounding soft tissue. Intrinsic factors are where the pathologic changes lie predominantly 

within the rotator cuff tendon itself (alterations in material properties or matrix composition), 

because of tensile overload and repetitive stress, aging, microvascular supply, traumatisms, or 

degeneration. In many patients, it is likely their pathologic abnormality is a byproduct of the 

interaction between both intrinsic and extrinsic factors, but it is still unclear whether the 

origin of the tear is related to tendon degeneration itself or induced by several morphologic 

changes. Demographic factors, such as shoulder overuse, smoking, and any medical condition 

that impairs the inflammatory and healing response, such as diabetes mellitus, may also 

contribute to rotator cuff tear. (Torrens, 2007; Nho, 2008; Maffulli, 2011) 

  

2.4.1. Extrinsic theory 

Rotator cuff tears may be initiated, or at least propagated, by factors extrinsic to the cuff 

itself. Shoulder impingement syndrome is caused by an anatomic narrowing of the 

subacromial space by the structures that form the coracoacromial arch (acromion, the 

coracoacromial ligament, and the coracoid process) leading to progressive bursitis, tendinitis, 

and partial and/or complete rotator cuff tears. 

Neer's classic work advocated extrinsic factors for rotator cuff tendon failure in which 

repetitive translation of the cuff under the acromion led to partial tears that in turn, led to full-

thickness tears (Neer, 1987). Neer's theory got a boost when Bigliani described acromial 

morphologic characteristics with 3 classifications of acromions: type I, or flat acromions, 

were seen in 17%, type II, or curved acromions, in 43% and type III, or hooked acromions, in 

39%, of rotator cuff tears (Figure 8), and concluded that hooked, curved, and laterally sloping 
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acromions were associated with cuff tears and may contribute by causing tractional damage to 

the tendon. (Bigliani, 1991) The development of these different acromial shapes is likely both 

congenital and acquired (in response to traction forces applied). (Wang, 1997) Several authors 

confirmed close relationship between hooked acromion and impingement and/or higher 

incidence of rotator cuff tears. (Epstein, 1993; Farley, 1994; MacGillivray, 1998; Wang, 

2000; Gill, 2002; Worland, 2003). Other factors such as the presence of acromial spurs (bone 

projections in response for stress found at the attachment of a tendon or ligament, or in joint 

spaces) (Ogawa, 2005; Natsis, 2007; Oh, 2010; Hamid, 2012), acromial index (large lateral 

extension of the acromion) (Nyffeler, 2006; Torrens, 2007; Balke, 2013), acromion slope 

(decreased lateral acromion angle) (Banas, 1995), os acromiale (unfused accessory center of 

ossification of the acromion that leads to additional motion segment) (Mudge, 1984; 

Hutchinson, 1993; Park, 1994; Warner, 1998), acromioclavicular joint spur (Petersson, 1983; 

Gohlke, 1993), coracoacromial ligament morphology (Fremerey, 2000; Kesmezacar, 2008), 

coracoid morphology (Richards, 2005; Schulz, 2005), internal impingement between the 

glenoid and the humeral head (Edelson, 2000; Heyworth, 2009) and posture (Gumina, 2008; 

Sambandam, 2015; Yamamoto, 2015) may also contribute towards extrinsic compression and 

therefore, for impingement and rotator cuff tears. 

 

 

Figure 8. Bigliani's classification of acromion undersurface with corresponding supraspinatus outlet view 

radiograph. (Pandey, 2015) 

 

Even though research studies support the association between these anatomical features 

and rotator cuff tears, there is evidence disputing it that argues that these features are the 

result, rather than the cause, of the lesion, that is, an adaptation to an already damaged, poorly 

balanced rotator cuff that is creating increasing stress on the coracoacromial arch, what 

suggests a primary intrinsic initiating factor. In general, there is a lack of in-depth data on this 

condition, likely due to its multifactorial, insidious, and often asymptomatic presentation. 
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More studies are needed to determine whether variation in the morphology causes 

impingement or is a function of it. (Nho, 2008; Yadav, 2009; DeFranco, 2009; Pandey, 2015; 

Gumina 2017).  

 

2.4.2. Intrinsic theory 

Instrinsic factors encompass the range of mechanisms that occur within the rotator cuff 

itself. The degenerative-microtrauma theory proposes that age-related degeneration 

compounded with repetitive microtrauma leads to a partial tear that gradually converts into a 

full-thickness tear. It is believed that repetitive microtrauma is associated with deterioration 

and disorganization of collagen constituents through the release of specific angiogenic and 

inflammatory markers. (Nho, 2008; Pandey, 2015; Wani, 2016) 

 

(i) Degeneration-Microtrauma theory 

As previously described, epidemiological studies support a relationship between age 

and rotator cuff tear prevalence, which suggests that rotator cuff tears could be seen within the 

framework of “normal” aging rather than an endpoint of an overtly pathological process.  Hashimoto 

(Hashimoto, 2003) reported that the rate of tear increases from 13% to 51% from the age of 

50 to 80, suggesting that it could be a normal attrition process and that with advancing age, 

the cuff undergoes several internal changes, such as collagen disorganization and thinning, 

myxoid and hyaline degeneration, fatty infiltration, chondroid metaplasia, and calcification. 

The authors supposed that these features represent primarily degenerative changes 

contributing to a reduced tensile capacity. These findings are in agreement with earlier studies 

(Kannus, 1991), that concluded that tendon degeneration is characterized by loss of 

cellularity, vascularity, tissue architecture and fibrocartilaginous mass, resulting in a 

mechanically inferior tendon.  

Other studies have emphasized the role of altered collagen fiber quality and 

composition as an important mediator of cuff degeneration, defending that advanced age leads 

to collagen fiber disorganization and structural changes, namely the increase in type III 

collagen, that forms smaller and less organized fibrils, along with decrease in type I and II 

collagen, that confer stiffness and strength to the matrix and fibrocartilage junctions in the 

tendon-to-bone interface, respectively, decreasing capability of the tendon to withstand load, 

predisposing it to tear. (Kumagai, 1994; Plate, 2014; Gumina, 2017) Some authors 

(Lindblom, 1939; Nakajima, 1994) confirmed through histological and biomechanical studies 
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that articular side fibers have a smaller cross-sectional area and a greater vulnerability to 

tensile load, than the bursal side fibers. These findings are consistent with the early studies of 

Codman (Codman, 1934) that demonstrated that partial tears typically began on the articular 

side of the tendon, because the load capacity is lower than that of the bursal side, making it 

more prone to damage. The heterogeneity of tendon and the difference in its mechanical stress 

shear, may therefore contribute to tendon failure.  

This is then compounded by repetitive microtrauma – mechanical loading of 

degenerative tendon leading to several small tears that only partially heal until the tendon is 

so weakened that a full-thickness tear develops. This theory suggests that repetitive stress is 

responsible of a vicious circle that predisposes the tendon to rupture, in which small repetitive 

injuries have insufficient time to heal before further trauma presents, and the remaining fibers 

endure increased load, becoming susceptible to further microrupture. (Nho, 2008; Yadav, 

2008; Pandey, 2015) Typically after the deep fibers tear, they retract because they remain 

under tension, even with the arm at rest, which results in an inhibition of healing. This results 

in an increased load on the remaining fibers, increasing the likelihood of further rupture. 

(Premdas, 2001) 

 

(ii) Inflammation and oxidative stress  

As a result of repetitive microtrauma in the setting of a degenerative rotator cuff tendon, 

inflammatory mediators alter the local environment and oxidative stress induces tenocyte 

apoptosis causing further degeneration (Figure 9). (Yadav, 2008)  

Soslowsky (Soslowsky, 2000) demonstrated in a rat model an increase in angiogenic 

and inflammatory markers in response to overuse, associated with concomitant declines in 

normal collagen constituents and architecture, resulting in lower load-to-failure. Tsuzaki 

(Tsuzaki, 2003) investigated the biochemical cascade of interleukin 1 (Il-1) in vitro, on 

human tendon cells subjected to progressive cyclic loading, on the basis that it may be a pro-

inflammatory mediator. He found increases in mRNA levels of COX-2, with increase in 

tissue concentrations of prostaglandin E2 (PGE2), and increased expression of matrix 

metalloproteases (MMP-1, MMP-3 and MMP-13). This study supposes that the painful 

symptoms of rotator cuff disease are mediated via COX-2 and PGE2, while the loss of tissue 

architecture is mediated by the range of MMPs released by the activated tendons, as it is 

believed that certain MMPs are involved in the turnover of the extracellular matrix of 
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tendons, probably through collagen structure alteration, affecting normal matrix remodelling. 

Other authors supported these ideas. (Riley, 2002; Li, 2004; Koshima, 2007)  

Another theory reflects on oxidative stress in the local environment. Yuan (Yuan, 2002) 

noted an increased proportion of apoptotic cells at the edge of a rotator cuff tear compared to 

controls. The oxidative stress is produced due to repetitive injury followed by reparative 

processes, and induces tenocyte apoptosis due to excess levels of reactive oxygen species 

(ROS), contributing to tendon degeneration, predisposing it to rupture. Possible mediators for 

these apoptotic pathways include: (i) matrix metalloproteinase-1 (MMP-1) within the 

extracellular matrix, found in normal tendon at very low concentrations to effect the natural 

turnover of collagen, and increased in damaged tendon, contributing to disorganized tissue 

architecture, reduced collagen synthesis and weakened tendon biomechanics; and (ii) c-Jun N-

terminal protein kinase (JNK) within the intracellular environment, induced in tendon by 

interleukins (like the pro-inflammatory cytokine IL-1) and cyclic mechanical stretch, that 

when phosphorylated, activates a number of downstream transcription factors linked to the 

apoptotic pathway (Han, 2001; Yuan, 2004; Wang, 2007). (Nho, 2008; Yadav, 2008; Pandey, 

2015)   

 

 

Figure 9. Rotator cuff degeneration secondary to inflammation and oxidative stress. (Nho, 2008) [Adapted] 

 

(iii) Cuff vascularity  

It has been taught that a “critical” or hypovascular zone exists proximal to the insertion 

of the tendon, but these assertions have become an area of controversy. Several authors 

concluded that no significantly hypovascular areas exist or that hypovascularity was a 

minimal contributor, if at all, to cuff tears. (Moseley, 1963; Fukuda, 1990; Swiontkowski, 

1990; Brooks, 1992; Uhthoff, 1992)  
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 Lindblom, (Lindblom 1939) and Benjamin (Benjamin, 1986) asserted that histological 

transition from tendon to calcified fibrocartilage during tendon-to-bone insertion leads to 

hypovascular zones in tendon, responsible for ruptures and poor healing of tendon after 

repair. Rudzki (Rudzki, 2008) demonstrated that cuff vascularity is significantly less after the 

age of 40 as compared with those under 40, especially on the articular side. This corroborates 

with Codman’s (Codman, 1934) theory that lesion starts on the articular side of the cuff, also 

due to decreasing vascularity in ageing tendons. Some authors (Rathbun, 1970; Maffulli, 

2011) also demonstrated that perfusion within the rotator cuff is a dynamic phenomenon, with 

markedly reduced perfusion when the arm is in full adduction, so in situations with 

supraspinatus compressed at the humeral head, it is possible that hypovascularity may be a 

contributory factor to tear. (Nho, 2008; Yadav, 2008; Pandey, 2015) 

Figure 10 summarizes the extrinsic and intrinsic theories for rotator cuff tear and Figure 

11 illustrates some of the mentioned causes for tear. 

 

 

Figure 10. Summary of extrinsic and intrinsic pathways of rotator cuff tear (ECM: extracellular matrix; MMP-

1:matrix metalloproteinase-1; ROS: reactive oxygen species). (Pandey, 2015) 
 

 
Figure 11. Rotator cuff tears: from impingement syndrome or overuse tendinitis to tear. (Mayo clinic, 2016) 
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2.4.3. Demographic factors  

Demographic factors, such as shoulder overuse, smoking, and any medical condition 

that impairs the inflammatory and healing response such as diabetes mellitus, may also 

contribute to rotator cuff tear, playing an additive role to the underlying influence of age-

related degeneration. (Tashjian, 2012) However, the relationship between epidemiology and 

cuff pathology is a challenging one due to the lack of quality data available. Several risk 

factors have been identified for rotator cuff disease, and can be grouped into non-mechanical 

and mechanical factors. (Nho, 2008; Yadav, 2008; Maffulli, 2011)  

 

(i) Mechanical factors  

As described above, mechanical overuse is involved in the development of rotator cuff 

tears. Position of lateral decubitus during sleep, in which the shoulder is repetitively subject to 

the weight of the body itself, leading to compression of the supraspinatus tendon against the 

coracoacromial arch, generating inflammation and tendon degeneration (Cabuk, 2015), use of 

wheelchair, sports (such as tennis, volleyball, baseball, weightlifting and badminton) and 

occupations characterized by a repetitive arm activity and history of trauma, can be also 

included in this group. (Nho, 2008; Yadav, 2008; Maffulli, 2011) 

 

(ii) Non-mechanical factors 

Cigarette smoking plays a significant role in the development, progression and healing 

of rotator cuff tears following surgery. The negative effects of tobacco arise from the 

vasoconstrictive properties of nicotine, which decrease the delivery of oxygen to tissues, and 

to the capability of carbon monoxide to decrease cellular oxygen tension levels. Since rotator 

cuff tears are thought to occur in a hypovascular zone, it is likely that an already hypovascular 

region is further compromised in smokers. (Determe, 1995; Mallon, 2004; Dave, 2006; 

Baumgarten, 2010; Carbone, 2012; Gumina, 2017) Furthermore, since the accumulation of 

collagen, important for the tensile strength of a wound, is dependent on adequate oxygenation 

and perfusion, due to the described effect of nicotine, it is safe to say that it can be responsible 

for persistent inflammation, reduced collagen concentrations and so, reduced mechanical 

properties. Thus, postoperative results of smokers are also less favorable than those of 

nonsmokers, (Jorgensen, 1998; Mallon, 2004; Galatz, 2006) and smokers are at an increased 

risk of repeat tear. (Maffulli, 2011 ;Tashjian, 2012; Wani, 2016)  
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Diabetes mellitus is also an important risk factor. Collagen is naturally glycosylated, 

that is, the collagen protein molecules have sugar molecules covalently bonded to them. In a 

diabetic patient, this results in an increasing amount of intermolecular collagen cross-links, 

causing a reduction in the solubility of collagen. The collagen that remains is stiffer, however, 

has lost its elasticity and is prone to tearing. (Abate, 2010; Bedi, 2010; Dhar, 2013) Failure 

rate, after repair, is also significantly higher in patients with diabetes mellitus since they have 

a higher rate of complications, including infections. (Clement, 2010; Chung, 2011; Fermont, 

2014; Wani, 2016)  

Arterial hypertension is a cause of peripheral hypovascularity; therefore, patients with 

arterial hypertension could conceivably have a more frequent prevalence of rotator cuff tears. 

(Gumina, 2013) 

Deposition of cholesterol by-products has also been implicated in increasing the risk for 

tendon rupture because like nicotine, they impair tendon microcirculation, increasing the 

likelihood of tear and prolonging healing. (Abboud, 2010; Gumina, 2017)  High levels of 

cholesterol also result in the formation of tendon xanthomas (increased deposition of lipids 

within the connective tissue, that increases with age) which alters the tendon’s mechanical 

properties, contributing to tears. (Tashjian, 2012; Beason, 2014; Wani, 2016) Obesity is also 

considered a risk factor for rotator cuff tears through its known associations with elevated 

cholesterol level, diabetes or hypertension. (Wendelboe, 2004; Gumina, 2014; Gumina, 2017) 

Studies have revealed that genetic predisposition has a role in the development and 

progression of tears. (Harvie, 2004; Yamaguchi, 2006; Gwilym, 2009; Tashjian, 2009; Longo, 

2012; Dominique, 2017) As the development of these tears is seen as multifactorial, no single 

gene has been directly implicated. (Tashjian, 2012; Wani, 2016) 

 

2.5. Mechanobiology of tendon 

Tendons are mechanically responsible for transmitting muscle forces to bone, and in 

doing so, permit locomotion and enhance joint stability. Moreover, tendons are a living tissue, 

able to store elastic energy and withstand the high tensile forces upon which locomotion is 

entirely dependent, responding to mechanical forces by changing their structure, composition 

and mechanical properties - a process called tissue mechanical adaptation. (Wang, 2006)  

Structurally, tendons are composed of tenoblasts and tenocytes lying within a network 

of extracellular matrix (ECM), composed of collagen and a smaller fraction of elastin, 
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embedded in a hydrated proteoglycan matrix. The main role of the collagen fibers is to resist 

to tension whereas proteoglycans are primarily responsible for the viscoelastic properties of 

the tendon. (Docheva, 2015)  These roles are played out through a reciprocal relationship 

between the tendon’s cellular and extracellular compartments. (Butler, 2004) 

The mechanisms of force transmission are not clear and as a result, investigators 

continue to seek a correlation between normal tendon anatomy, chemistry and mechanical 

properties (in particular, of force transmission with fibril diameter, cross-link density and 

collagen composition). Understanding the dynamic and complex interplay of a tendon’s 

constituents is critical to formalizing structure-function relationships and to effectively repair 

a damaged tissue. (Butler, 2004)  

 

2.5.1. Tendon molecular composition and structure 

Tendons are arranged in hierarchical levels of increasing complexity - the collagen 

forms fiber-like structures, each aligned close to the long axis of the tissue (on the loading 

direction), and this well-ordered arrangement confers highly anisotropic mechanical 

properties and excellent uniaxial mechanical strength to the tendon. (Screen, 2015) At the 

microscope, this structure appears as a ‘‘crimp pattern’’.  

The smallest structural unit is the collagen fibril (the main tensile element in tendons), 

built from soluble tropocollagen molecules forming cross-links to create insoluble collagen 

molecules which aggregate into microfibrils, fibrils and finally into fibers. These cross-links 

permit force transmission along the entire tendon structure, increase the Young’s modulus of 

the tendon and reduce its strain at failure. Bundles of fibers are bound together by thin layers 

of loose connective tissues known as the endotenon, which covers each tendon fiber, and 

epitenon, which covers the whole tendon, allowing the fiber groups to glide on each other in 

an almost frictionless manner; they also carry blood vessels, nerves and lymphatics to the 

deeper portion of the tendon. Tendons are also surrounded by a third layer of connective 

tissue called the paratenon and, the epitenon and paratenon, make up the so-called peritendon, 

which reduces friction with the adjacent tissue. Collagen type I is the most abundant molecule 

in the ECM, accounting for approximately 95% of the total collagen, conferring stiffness and 

strength to the tissue. The remaining 5% consists of types III and V collagens. Type III 

collagen is mainly located in the endotenon and epitenon, but it is also found in aging tendons 

and at the insertion sites of highly stressed or pathological tendons; it is also the first collagen 
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to be produced in high quantity during tendon repair (this collagen type forms smaller, less 

organized fibrils, resulting in decreased mechanical strength). Type V collagen is intercalated 

into the core of type I collagen fibrils and regulates tendon fibril diameter during 

fibrillogenesis and aging. Other collagens, including types II, VI, IX, X, and XI, are present in 

trace quantities and are mainly found at the bone insertion site of fibrocartilage, where they 

strengthen the connection by reducing stress concentration at the hard tissue interface. 

(Sharma, 2006; Wang, 2006; Docheva, 2015; Screen, 2015) 

Interspersed between the collagen units throughout the tendon hierarchy is a variety of 

other non-collagenous matrix components. Besides collagen fibers, the tendon ECM is 

composed of elastic fibers, the ground substance and inorganic components. Elastic fibers 

ensure tissue flexibility and extensibility, permitting long-range deformability and passive 

recoil without energy input; they are also thought to be involved in the recovery of the crimp 

pattern of the collagen fibers after tendon stretching. The ground substance comprises 

hyaluronan, which contributes to cell proliferation and migration; proteoglycans, that affect 

the viscoelastic properties of the tissue through the increase and entrapment of water, helping 

the tendon tissue to resist compressive and tensile forces; structural glycoproteins,  that 

contribute to mechanical stability through their interaction with collagen fibrils, participate in 

repair and regeneration processes and promote the smooth gliding between fibers and a wide 

variety of other molecules. The highly viscous and hydrophilic nature of the ground substance 

provides spacing and further support of the collagen fibers. Water makes up 60 to 80% of the 

total weight of the ground substance. 

Approximately 90–95% of the cellular content of tendon comprises tendon-specific cell 

types, aligned in rows between collagen fiber bundles, described as tenoblasts and tenocytes,  

these being terminally differentiated (tenocytes synthesize extracellular matrix proteins (e.g., 

collagens, fibronectin, and proteoglycans), producing an organized collagen matrix, and 

remodeling it during tendon healing, being also active in energy generation). Other cell types 

include the synovial cells of the tendon sheaths, chondrocytes at the pressure and insertion 

sites, and vascular cells. Conversion of tenoblasts to tenocytes might occur in response to 

various stimuli, such as exercise and trauma, in which higher rates of proliferation and matrix 

remodeling are needed. However, tendon cells are able to synthesize all components of the 

tendon ECM with a peak activity during growth and a gradual decrease during aging. 

(Sharma, 2006; Wang, 2006; Docheva, 2015; Screen, 2015) 
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Altogether, this complex, threedimensional, internal ultrastructure endows the tendon 

with high tensile strength and resilience, while preventing damage and separation of the fibers 

under mechanical stress (Figure 12). 

 

  
Figure 12. A schematic drawing of basic tendon structure. (Towler, 2006) 

 

2.5.2. Tendon mechanical properties  

The mechanical theory defends that repeated loading within the normal physiological 

stress range of a tendon causes fatigue and eventually leads to tendon failure. (Rees, 2006) 

Tendons are subjected to dynamic mechanical forces, and hence have fiber patterns and 

viscoelastic characteristics that contribute to its unique mechanical behavior. (Wang, 2006) In 

transmitting high tensile loads whilst being flexible, tendons can respond to loads producing a 

constant rate of elongation demonstrated in a stress vs strain curve (Figure 13). Stress is 

defined as force per unit area, and strain the change in length over the original length. 

(Thompson, 2014)  

On cyclical loading, the tendon exhibits a non-elastic behavior. A typical stress-strain 

curve has an initial “toe region” in which stiffness gradually increases, as the result of large 

elongations associated with small increases in load, where the tendon is strained up to 2%, 

representing the stretching-out of the “crimp pattern” of the tendon. Only a small amount of 

force is required for this effect. If stretching is continued past the “toe region”, the tendon 

enters a linear relationship between load and strain, deforms in a linear fashion due to 

intramolecular sliding of collagen triple helices, the fibers become more parallel and the 

stiffness remains constant as a function of elongation. In this region of the curve, where the 

tendon is stretched less than 4%, collagen fibers have lost their crimp pattern. Here, the load 

is directly taken up by the collagen fibrils and the stress-strain values are thus determined 

directly by the physiological properties of the collagen fibrils. The slope of this linear region 

is referred to as the Young’s module of the tendon. If the strain remains below 4%, the tendon 
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undergoes elastic deformation with a constant modulus of elasticity, and returns to its original 

length when unloaded, without structural damage. If the tendon is stretched over 4% (yield 

region), microscopic tearing of tendon fibers occurs - within the physiological range, 

particularly towards the higher range, the tendon stiffness begins to drop, microscopic 

degeneration within the tendon may start to occur, especially with repeated and/or prolonged 

stressing, leading to a tendon with altered mechanical properties, and unloading from this 

point does not restore the tendon’s initial length. Beyond 8-10% strain, macroscopic failure, 

meaning tendon rupture, occurs (failure zone). (Maganaris, 2005; Rees, 2006; Sharma, 2006; 

Wang, 2006; Thompson, 2014)  

 
 

 
 

Figure 13. Tendon stress-strain curve. (Wang, 2006) 

 

The mechanical role of tendons is based on their viscoelasticity properties, which allow 

these structures to regain the original shape after deformation, when the deformation load 

resultant from the application of an external force is removed. These phenomenon occurs 

because of the high degree of resilience of these tissues, characterized by the capacity to 

absorb and store energy within the elastic range and release that energy (when load is 

removed) so the tissue matrix recoils back and restores its original shape. If the load is sudden 

or excessive, the elastic limits may be exceeded and the tissue enters the plastic domain, 

where the original shape cannot be restored and the tissue is permanently deformed. If loading 

forces continue over the plastic domain, the tissue reaches the failure point, which results in 

rupture. (Santos, 2017) 

Therefore, if a tendon is subjected to a tensile load, the tendon does not behave perfectly 

elastically, even if the load applied is less than that required to cause failure. This is because 



25 

 

tendon collagen fibers and interfiber matrix possess viscous properties. Viscoelasticity 

indicates time dependent mechanical behavior. As this is a time dependent property, large 

forces applied rapidly can be reversed without structural damage to the tendon. The 

viscoelasticity is defined by creep, stress-relaxation, and hysteresis. (Wang, 2006; Thompson, 

2014) Creep is defined as an increasing deformation under constant load (curvilinearly) until 

a steady state value is reached, and stress relaxation means that the stress will be reduced or 

will relax under a constant deformation (the force required to cause a given elongation 

decreases over time). In both, the decrease in magnitude of the variable studied reflects the 

viscous component of the tendon, and the steady-state values reflect the elastic component of 

the tendon. Hysteresis or energy dissipation means that if a viscoelastic material is loaded and 

unloaded, the unloading curve will not follow the loading curve. The difference between the 

two curves represents the strain energy lost as heat, due to internal friction in the tendon 

(Figure 14). (Maganaris, 2005; Thompson, 2014) 

 

 

Figure 14. (A) Typical force-relaxation curve in a tendon. -  the force required to cause a given deformation 

decreases over time. (B) Typical creep curve in a tendon - the deformation caused by a given force increases 

over time. (C) Typical mechanical hysteresis in a tendon - the arrows indicate loading and unloading directions 

during a test with a tensile load within the elastic limit of the tendon. The area of the loop between the loading 

and unloading curves relative to that underneath the loading curve represents the fraction of strain energy lost as 

heat by the tendon viscous damping. (Maganaris, 2005) 

 

2.5.3. Tendon healing 

Tendons are highly mechanically adaptive, and the progressive mechanical failure to 

bear the physical demands placed upon it is a characteristic feature of rotator cuff tears. As 

stated, the pathogenesis of rotator cuff tears is multifactorial and characteristic 

histopathological changes in spontaneous tears with degenerative changes (with no traumatic 

cause) include alteration of collagen fiber structure, cellularity and vascularity (loss of 

structural organization with marked collagen degeneration and disordered arrangement of 

collagen fibers, poor or absent neoangiogenesis, fibrosis, and decrease of fibroblast 
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population and number of blood vessels as tear size increases). Rotator cuff healing is limited 

and all these features seem to give the tendon tissue a low healing capability after treatment, 

which may therefore explain why cuff lesions are at high risk of re-tear. (Gumina, 2017)  

In the healing process of an injured tendon, three phases can be distinguished (Figure 

15). 

 

 

Figure 15. Human tendon repair process. The healing of ruptured tendons passes through three main phases 

containing distinctive cell and molecular cascades. These phases overlap and their duration depends upon the 

location and severity of the tendon injury. (Docheva, 2015) 

 

The initial inflammatory stage begins with the migration of erythrocytes, platelets and 

inflammatory cells (neutrophils, monocytes and macrophages) to the injury site, recruited by 

pro-inflammatory cytokines, resulting in the formation of an hematoma, cleaning of the site of 

necrotic materials by phagocytosis and release of vasoactive and chemotactic factors, which 

recruit tendon fibroblasts that begin the synthesis and deposition of ECM components. 

Secreted angiogenic factors initiate the formation of a vascular network, which is responsible 

for the survival of the newly forming fibrous tissue at the injury site. The proliferation stage 

takes place after a few days, accompanied by the synthesis of abundant ECM components, 

including proteoglycans and collagen (predominantly type III), which are arranged in a 

random manner and display a fiber diameter smaller than the native tissue. Further features of 

this stage are increased cellularity and the absorption of large amounts of water. The 

remodeling stage begins 6–8 weeks after injury and takes around 1–2 years depending on the 

age and condition of the patient, and includes two sub-stages. The first sub-stage, 

consolidation, is characterized by a decrease in cellularity and matrix production, as the tissue 

becomes more fibrous through the replacement of collagen type III by collagen type I. 

Collagen fibers then start to organize along the longitudinal axis of the tendon, restoring 

tendon stiffness and tensile strength. After approximately 10 weeks, the maturation sub-stage 

starts, with an increase in collagen fibril crosslinking and in collagen-bundle thickness. 
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There’s a gradual change of fibrous tissue to scar-like tendon tissue with both metabolism of 

tenocytes and tendon vascularity declining during this stage. The resulting scar tissue has 

biomechanical properties that differ from those of native tendon: decreased strength, 

increased stiffness, and greater propensity toward adhesion formation. Despite remodeling, 

the biochemical and mechanical properties of healed tendon tissue never match those of intact 

tendon (Wang, 2006; Voleti, 2012; Docheva, 2015; Gumina, 2017)  

Tendon healing can occur intrinsically, via proliferation of epitenon and endotenon 

tenocytes, or extrinsically, by invasion of cells from the surrounding sheath and synovium. It 

is believed that these two mechanisms act cooperatively. The hypothesis is that first, 

fibroblasts and inflammatory cells from the tendon periphery, blood vessels and circulation 

are attracted to the injured site contributing to cell infiltration and formation of adhesions. 

Thereafter, intrinsic cells are activated as they migrate and proliferate at the injury site, 

reorganizing the ECM and giving support to the internal vascular networking. Different cells 

probably produce different collagen types at different time points and the relative contribution 

of each cell type may be influenced by the type of trauma sustained, anatomical position, 

presence of a synovial sheath, and the amount of stress induced by motion after repair has 

taken place. Intrinsic healing results in improved biomechanics and fewer complications, with 

a normal gliding mechanism within the tendon preserved. In extrinsic healing, scar tissue 

results in adhesion formation which disrupts tendon gliding, resulting in impaired range of 

motion, which prevents the stress transmission into the tissue impairing the collagen fibers 

alignment and consequently a normal tissue function. Besides that, it is well demonstrated 

that the mechanical loading, inexistent in case of physical immobilization, is essential for 

tenocytes proliferation and differentiation during the healing process. Different healing 

patterns may predominate in particular locations. Extrinsic healing tends to prevail in torn 

rotator cuffs. (Butler, 2004; Maffulli, 2011; Docheva, 2015; Morais, 2015) 

In conclusion, the rotator cuff has a limited ability for healing without repair and the 

healing processes often cannot recapitulate the complex structure, composition, and 

organization of the native rotator cuff. In most patients, especially aged individuals, the 

healed rotator cuff tendon usually does not regain the biochemical and mechanical properties 

of the uninjured tissue and the reduced strength of the repaired tissue compared to the native 

tendon is a consequence of a distorted ECM composition and a misalignment of collagen 

fibrils in the scar tissue, in other words, how both collagen fiber diameter and organization, 

during wound repair, deviate from those of the healthy ECM, with a higher ratio of collagen 
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type III to type I. As a consequence, regeneration or true biological healing is not achieved, 

the repaired tissue is often compositionally and mechanically inferior to native matrix, the 

tendon thickens and stiffens to overcome the lower unit mechanical strength; thus the tendon 

quality and its functional activity are inferior to that of healthy tendon, being more prone to 

failure, increasing the potential for re-injury.  (Chaudhury, 2012; Docheva, 2015; Lee, 2017) 

 

2.6. Rotator Cuff tendon injuries 

Rotator cuff related shoulder pain refers to the clinical presentation of pain and 

impairment of shoulder movement and function experienced. These symptoms are commonly 

related with rotator cuff tendinopathy, name used to classify the painful condition occurring in 

and around tendons, accompanying mechanical, degenerative, and overuse disease, 

implicating the tendon as the source of symptoms. (Weinreb, 2014; Lewis, 2016) Rotator cuff 

disease may start as an acute tendinopathy, with progressive degeneration leading to a partial-

thickness tear and eventually a complete tear. (Deprés-tremblay, 2016) 

 

2.6.1. Clinical assessment 

The presence of a rotator cuff tear can often be detected through careful history taking 

and carrying out of a thorough examination. This diagnosis is then confirmed or refuted by 

imaging techniques and laboratory investigations, if needed. (Lewis, 2016; Vollans, 2016) 

As regards to the history, patients with degenerative rotator cuff tears often present with 

shoulder pain and weakness, which can be exacerbated by overhead activities. Thus, 

obtaining a meaningful history involves accounting for the patient’s occupation, recreational 

and sports activities. In the presence of larger tears, patients may well complain of 

reduced/loss of movement in the shoulder. (Park, 2012; Tashjian, 2012; Vollans, 2016; Wani, 

2016; Gumina, 2017) 

The clinical examination allows the clinician to confirm the suspected findings elicited 

from the history to aid diagnosis, but also to make relevant observations in considering any 

surgical intervention. Both active and passive range of movement must be assessed. The 

individual muscles of the rotator cuff should be isolated and assessed for weakness, being 

performed abduction of the shoulder for supraspinatus, external rotation for infraspinatus and 

teres minor, and internal rotation for subscapularis examination. (Vollans, 2016; Wani, 2016) 
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Finally, to confirm diagnosis, the decision regarding which imaging technique to 

perform can be made on parameters like importance of obtaining data on certain lesions, 

presence of an implanted device, patient tolerance, availability, cost and training of personnel 

performing. (Sambandam, 2015)  

 

2.6.2. Classification of rotator cuff tears 

Classifying a rotator cuff tear, defining its shape, size, pattern, location, extension 

(number of tendons involved), pattern, fatty atrophy and retraction, allows the etiology of the 

lesion and the biomechanical principles that cause a tear enlargement, to be better understood. 

Only after an exact characterization of the lesion, the surgeon can apply the correct guidelines 

that lead to better results. (Gumina, 2017) 

Rotator cuff tears can be classified according to their depth into full-thickness or 

complete tears, that extend from the articular to the bursal surface of the tendon, partial-

thickness or incomplete tears, that involve only the articular or the bursal surface of the 

tendon, and intrasubstance / intratendinous tear, within the substance of the rotator cuff. 

(Opsha, 2008) The majority of cuff tears involve the supraspinatus and infraspinatus tendons. 

These tears are described as postero-superior cuff tears. Antero-superior tears are less 

common and typically extend anteriorly through the supraspinatus tendon to involve the 

‘rotator interval’ and/or the subscapularis tendon. Teres minor tears are rare. (Vollans, 2016)  

There are many classification systems described for this condition but those most useful 

in clinical practice are shown in Table 3. They describe systems to evaluate tear depth, size, 

degree of retraction and chronicity/ disuse. (Vollans, 2016)  

Rotator cuff tears caused by primary intrinsic degeneration are more common than 

traumatic tears. Partial tears are more common than full-thickness tears and tears are more 

commonly located on the articular surface compared to bursal or intrasubstance locations. 

(Opsha, 2008) Massive rotator cuff tears are less likely to be repairable and even if repairable, 

have the poorest prognosis. (Vollans, 2016) 
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Table 3. Classification of rotator cuff tears. (Vollans, 2016; Wani, 2016) 

Classification of PT by tear depth (Ellman) 

Normal cuff 

Grade 1 

Grade 2 

Grade 3 

10-12mm thick 

< 3mm 

3-6 mm 

>6 mm 

Classification of FTT by tear size (Cofield) and by shape (Dugas) 

Small (< 1cm)  

Medium (1-3 cm) 

Large (3-5cm) 

Massive (>5 cm) 

Crescent shaped 

U-shaped 

L-shaped 

Massive (>5cm) 

Classification by cuff tear retraction in the frontal plane (Patte) 

Stage 1 

Stage 2 

Stage 3 

Proximal stump lies close to its bony insertion 

Proximal stump retracted to level of the humeral head  

Proximal stump retracted to level of glenoid 

Classification by extent of fatty muscle atrophy (Goutallier) 

Stage 0 

Stage 1 

Stage 2 

Stage 3 

Stage 4 

Normal muscle 

Some fatty streaks 

< 50% fatty muscle atrophy 

50% fatty muscle atrophy 

> 50% fatty muscle atrophy 

*PT = partial tears, FT= full-thickness tears 

 

2.6.3. Management 

Operative and non-operative treatment must be individualized considering patient age, 

functional deficit, impact on life and type of tear. (Wani, 2016) 

Not all rotator cuff tears require surgical intervention. Non operative or conservative 

treatment, the first line treatment for the majority of tears, especially in patients with lower 

demands, involves non-steroidal anti-inflammatory drugs, intra-articular injections and 

physical therapy to maintain range of movement and rotator cuff strenght. In patients who 

have a well-compensated tear with minimal pain and weakness, often no specific treatment is 

required. Thus, young, symptomatic patients with a partial-tear or a small full-thickness tear 

can initially be treated conservatively while the risk of progression of the lesion is still low. 

(Vollans, 2016; Wani, 2016; Gumina, 2017)  

Due to the limited tendon ability for self-healing, conservative treatment requires long 

treatment periods, with potential partial function loss and recurrent injury, failing in many 

cases.  So, when this approach does not result or is not appropriate attending to the extension 

of the lesion, such as in cases of total rupture, surgical intervention is used.  (Morais, 2015) 

The overall aim of surgery and rehabilitation is to stimulate biological healing of the tendon, 

reattaching the tendon without excessive tension and then regain function whilst protecting 

the repair. (Vollans, 2016) There are different types of surgeries for rotator cuff repair (open, 

mini-open and arthroscopic), that yield similar results regarding relief of pain, strength 
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improvement and function of the rotator cuff. The choice depends on the size of the tear, 

patient’s anatomy, condition of the patient’s tendons, tissues and bones, and the surgeon’s 

experience and familiarity with treatment options. (AAOS, 2017)  

If it is a partial thickness tear and less than 50% in depth, it is usually treated with 

debridement, removing of dead, damaged, or infected tissue to improve the healing potential 

of the remaining healthy tissue. If the tear is greater than 50% or a full-thickness tear and the 

quality of the surrounding tissue is good, it should be repaired suturing the injured ends 

together or reattaching the tendon to bone, securely with high-strength suture anchors. 

However, tendon detachment remains the primary cause of surgical failure, as the restoration 

of the native tendon-bone insertion is not adequately achieved. In case of severe damage, 

where the tendon defect is so large that it cannot be repaired by the native tissue, tendon grafts 

may be needed to replace damaged tendons. Nevertheless, in most cases, grafts do not provide 

adequate mechanical strength during the remodeling process. Autografts are a currently used 

methodology to repair the affected tendon, preventing instability and reducing the rate of re-

rupture. However, they may also lead to high morbidity and functional disability at the donor 

site and have limited availability. Tissue laxity, mechanical mismatch and poor tissue 

integration (with a possible necrosis after implantation) are also disadvantages to be 

considered. Allografts or xenografts are also alternative therapies but are not ideal, due to the 

associated risk of disease transmission and tissue rejection. In addition, rarely does the 

transferred tendon material match the tensile properties of the repaired tissue, having 

mediocre results compared with cheaper alternatives at short-term follow-up. Other treatment 

options include graft augmentation devices, designed to bridge large tendon defects or 

reinforce tenuous tendon repairs. Both synthetic polymers and extracellular matrix scaffolds 

are available on the market, designed to provide effective mechanical reinforcement of rotator 

cuff repair, improve the rate and quality of biologic healing, or both. Besides that, to 

accomplish a treatment solution for extensive or total damage of the tissue, other scaffolds are 

being investigated to be used as prosthetic devices to fully replace a tendon. Tissue-

engineering strategies for rotator cuff repair are emerging as important tool in the treatment of 

large, massive or chronic degenerative tears, since they overcome some of the limitations of 

the other approaches, showing better results in these types of injuries. (Rodrigues, 2013; 

Morais, 2015; Smith, 2015; Lee, 2016; Vollans, 2016; Wani, 2016; Gumina, 2017)  

There are factors that may definitively or temporarily contraindicate surgical treatment, 

as age or any of the previously described risk factors. Also, even in the setting of rotator cuff 
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repair, complete healing or normal restoration of the tendon insertion is difficult and a delay 

in repair can lead to irreversible changes along with impairment of healing. The success of the 

repair can be influenced both by surgical (stitch, suture material, knot, anchor material, 

surgical technique, type of construct utilized (graft/tendon device) and patient factors like tear 

size (partial or small full-thickness tears usually have a satisfactory surgical result with larger 

tears having worse healing rates), muscle atrophy, fatty infiltration, poor tendon tissue and 

muscle quality, delamination and retraction of tendon, chronicity of tear and increasing 

patient age. (Tashjian, 2012; Vollans, 2016; Gumina, 2017) Also, some authors report better 

results in younger patients with acute tears compared with degenerative tears, since these are 

associated with reduced tendon quality and impaired healing process, thuss having an 

increased risk of failure and recurrence into a second surgery. (Rodrigues, 2013; Deprés-

tremblay, 2016)  

The postoperative rehabilitation following repair is prolonged and demanding, but is the 

key to a good functional outcome. For operative treatment, it is important to protect the repair 

in the early stages, prevent post-operative stiffness and restore the function of the joint, and, 

rehabilitation protocols must take into account the underlying tissue quality and the structural 

integrity of the rotator cuff. Overall, rotator cuff surgery provides good outcomes for 

appropriately selected patients. Because of the unpredictable natural history of the torn rotator 

cuff, close follow-up is warranted. Recently, accelerated rehabilitation protocols are being 

developed and evaluated through research, since new techniques are now stronger and the 

repairs have higher load to failure than they did previously with early technology. (Schmidt, 

2015; Vollans, 2016; Wani, 2016) 

 

2.7. Clinical Relevance 

Primary disorders of tendons, due to overuse or age-related degeneration, are widely 

distributed clinical problems in society, possibly resulting in acute or chronic tendon injuries. 

Hospital evidence and statistical data suggest that certain tendons are more prone to pathology 

than others; among these are the rotator cuff tendons. Shoulder pain is a common cause of 

presentation to medical services in the United States, accounting for over 4.5 million 

physician visits per year, and although there are no accurate figures specifically relating to 

tendon disorders, studies show that at least 16% to 34% of the general population suffer from 

rotator cuff-related shoulder pain and this incidence rises when the statistics shift to the 
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elderly population. Rotator cuff pathology is the leading cause of shoulder-related disability 

seen by orthopedic surgeons, and surgical volume is on the rise. (Ensor, 2013; Docheva, 

2015; Narvy, 2016)  Existing studies have shown a high prevalence of rotator cuff tears in the 

general population, with some reporting up to a 60% lifetime incidence, affecting between 

30% and 50% of people older than 50 years, and that >50% of patients older than 80 years 

may have full-thickness tears. Rotator cuff tears have a great probability of increasing in size 

if not treated or undiagnosed, but also of occurring irreversible damage, as fatty degeneration 

and atrophy of the muscle, that may compromise the final surgical results or render tears 

irreparable. Therefore, and due to its multifactorial pathology, rotator cuff tears represent a 

major medical problem. (Yeranosian, 2013; Varkey, 2016) 

Value, as applied to health care, can generally be defined as a gain in benefits (patient 

survival, health outcomes, satisfaction, etc) over the costs expended (direct and indirect) in 

providing care. Direct costs are those associated with diagnosis, treatment and ongoing 

management (implants, surgical time, cost of postoperative rehabilitation, costs of 

complications and their sequelae, and physician and hospital fees), while indirect costs 

include lost income due to inability to work or lower wages, missed workdays, and disability 

payments. Orthopedic surgery has a huge economic impact given the high (and increasing) 

prevalence of musculoskeletal disease, the elective nature of most procedures, the high costs 

of surgeries and implants, the long rehabilitation process, and the significant impact on 

quality of life associated with good outcomes. Shoulder disorders have historically been 

managed by multiple specialized care providers operating independently of one another, each 

with a unique contribution to the care cycle. In addition, there is substantial variability in the 

management of common shoulder conditions amongst these providers, as rotator cuff tears 

require appropriate and individualized investigation and treatment. Depending on the specific 

injury, the consumable material (suture anchors or implants, which may differ between 

institutions), type and duration of surgery and also on the surgeon’s experience and familiarity 

with treatment options, costs can vary a great deal based on these factors. (Black, 2013; 

Mather, 2013; Dalton, 2015; Narvy, 2016) Although diagnostic and pre-operative treatment 

measures can be both informative and effective, they also represent significant expenditures 

and are a source of cost variability depending on patient’s needs or provider’s resources 

(Figure 16). The largest spending category is diagnostic imaging, followed by office visits, 

emergency doctor visits, injections, and physical therapy. (Yeranosian, 2013) 
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Figure 16. Distribution of pre-operative costs. (Yeranosian, 2013) 

 

With the aging of the population, increased labor force participation of the elderly and 

continued advances in technology, health care costs are rising unsustainably, being the burden 

of rotator cuff tears an important issue. The role of musculoskeletal disease in this cost burden 

is substantial. Musculoskeletal disorders are the leading cause of disability in the United 

States and it is estimated that $30 billion are spent on musculoskeletal injuries each year. 

Tendon/ligament injuries represent approximately 45% of these cases and shoulder disorders, 

in particular, play a significant role in this burden. (Black, 2013; Docheva, 2015) Rotator cuff 

disease is one of the most common musculoskeletal disorders, affecting as many as 17 million 

persons in the United States. (McElvany, 2015) The number of surgery procedures performed 

on the shoulder is rising substantially while there’s been a decrease in the initial trial of non-

operative treatment. During the 10-year period between 1996 and 2006, the volume of rotator 

cuff repairs in the United States increased by 141%. Nowadays, is it estimated that between 

200,000 and 300,000 rotator cuffs are surgically repaired each year, with more than two-thirds 

of patients treated with rotator cuff repair being of working age. (Mather, 2013; Yeranosian, 

2013; Varkey, 2016) Direct cost estimates for a rotator cuff repair range from US$10,000 to 

over US$17,000 per procedure. From these figures, the total direct annual expenditure on 

rotator cuff repair can be estimated between US$3 billion and US$12 billion. (McElvany, 

2015) Focusing on Europe, other studies show that incidence of rotator cuff repair tripled 

between 1998 and 2011 in Finland (Paloneva, 2015); that the number of subacromial 

decompression and rotator cuff repair procedures being performed in England grew rapidly 

from 1.4 in 2004/05 to 13.7 per 100,000 in 2009/10 (Judge, 2014), and that from 2001 to 

2014, the incidence of rotator cuff repair operations in Italy increased from 28.6 to 73.5 per 

100,000 over 25 years old, with a mean hospital reimbursement of 2125,28 euros for each 

procedure, and that hospital costs sustained for these procedures are expected to be over 1 
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billion euros by 2025, confirming that the socioeconomic burden of rotator cuff surgery is 

growing and heavily affecting the working population (Longo, 2017).  

There are several possible explanations for the observed trend in volume of rotator cuff 

repairs. First, there have been improvements in diagnostic imaging modalities used to identify 

tears and greater accessibility to this technology for both physicians and patients; second, 

there has been a rapid increase in the number of surgeons trained in new minimally invasive 

surgery techniques, along with the development of new surgical instrumentation and 

materials, including improved suture-passing devices, suture anchors, scaffold devices for 

tissue augmentation, etc, that increase the success rate of the repair; third, with a growing 

number of older and physically active patients who could potentially benefit from rotator cuff 

repair surgery, this volume will undoubtedly increase.  (Ensor, 2013) 

Despite the high rate at which these surgeries are performed and regardless of advances 

in technology and surgical techniques, re-tear after rotator cuff surgery remains a common 

problem with current approaches. (Patel, 2016). It has been reported that recurrent tears after 

rotator cuff repair range between 20% and 40% for small-to-medium tears and as high as 94% 

for large or chronic tears, which constitutes a problem. (Patel, 2016)  

In summary, rotator cuff tendon injuries are frequent and are responsible for substantial 

morbidity in athletes, working and elder population. Their etiology remains controversial, 

particularly in understanding which factors are primary and which are secondary to the 

disorder. (Docheva, 2015) Tendon injuries are difficult to manage and have limited ability to 

heal itself if left unrepaired, leading to tear progression and enlargement. Although 

spontaneous healing can occur, often results in the formation of scar tissue, which has low 

functionality. Early surgical treatment, followed by carefully controlled rehabilitation, is 

currently the standard treatment for rotator cuff tears. Currently used therapies are mainly 

limited to pain control and/or tissue replacement, without fully restoring tissue functionality. 

Also, there is lack of a reproducible treatment, particularly in the treatment of large to massive 

cuff tears. (Morais, 2015) 

Moreover, as our society continues to age and remain active, these conditions not only 

have an impact on peoples' quality of life and activities of daily living, but also represent 

significant burden on social, economic and health terms. Although there was an increase in 

volume of rotator cuff surgeries during the last years, re-tear rates remain high, with structural 

repair failure remaining the main problem. Given these high personal and societal costs, it is 
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important to improve surgical outcomes so as to decrease the rate of postoperative re-tear and 

lower the prevalence of chronic rotator cuff tears. (Docheva, 2015; Narvy, 2016; Patel, 2016) 

Hence, there is a need for repair strategies that can augment the repair by mechanically 

reinforcing it, while at the same time biologically enhancing and optimizing the intrinsic 

healing potential of the tendon, to increase clinical success where standard repair measures 

have failed, and risks of poor outcome and re-tear are increased. Ultimately, tissue-

engineering based alternatives, have been the target of extensive investigation. (Richetti, 

2012)  
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Chapter 3 

Scaffold devices and current trends for Rotator Cuff 

Repair: a Tissue-Engineering approach 

 

A method to improve the mechanical integrity and biologic environment of rotator cuff 

tendon repairs is the application of a scaffold. (Ratcliffe, 2015) Several biological, natural and 

synthetic scaffolds have been developed during the last 15 years, some just to share 

mechanical loads with the native tissue, providing structural support, and others to fully 

replace the tendon, act as a vehicle for cells and gradually promote the native tissue 

regeneration. Using a tissue engineering approach, specific cell types and growth factors can 

be associated to the scaffolds to improve the regeneration process and closely resemble the 

native tissue.  (Rodrigues, 2013; Morais, 2015; Chainani, 2016)  

 

3.1. Scaffolding in tissue-engineering: general characteristics 

Tissue-engineering is considered one of the emerging fields of biomedical engineering, 

that applies the principles and methods of biology, medicine, and engineering towards the 

development of viable substitutes capable of repairing or regenerating the functions of 

damaged tissue that fails to heal spontaneously, relying extensively on the use of biomaterials 

to provide the appropriate environment for the regeneration of tissues and organs, seeking a 

biological replacement that results in a fully regenerated living autologous tissue and mimics 

the natural structure and function of the native tissue, with long-term viability.  (Murugan, 

2007; O’Brien, 2011; Rodrigues, 2013) 

 Being a dense and well-organized connective tissue, much of tendon function is 

attributed to its intrinsic structural features, including the positioning of ECM collagen fibrils 

according to tensile stress, that together with high water content, are responsible for the 

viscoelastic properties of the tendon, hence ensuring its mechanical function and, ultimately, 

stabilizing the joint. These remarkable properties challenge the design of biomaterials for 

modulating biological responses into full repair and regeneration of the injury, thus 

envisioning successful long-term clinical outcomes. (Rodrigues, 2013) Other tissue 
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engineering challenges have been the development of biocompatible matrices conducive to 

cellular adhesion, viability, growth and differentiation, with host integration. In addition, the 

engineered matrices must address wound healing and provide for revascularization, which is 

necessary for long-term maintenance and successful integration. (James, 2016)  

Therefore, when designing a scaffold for tissue regeneration, there are some general 

characteristics that it must fulfil as an implantable device, as well as other essential specific 

requirements attending to the specific tissue intended to be engineered. (Morais, 2015)  

Functional tissue-engineering combines various scaffolds to provide structure for tissue 

growth (porous meshes, woven and nonwoven fabrics, composites of different biomaterials 

and hydrogels), cells to produce the desired tissue, bioactive molecules (growth factors, 

transcription factors and proteins to induce differentiation, proliferation, and metabolic 

activity of cells), and in some cases, the use of a bioreactor (a device or system which applies 

different types of mechanical or chemical stimuli to cells) to achieve physiological tendon, 

muscle-tendon, and tendon-bone function and mechanical properties (Figure 17). Importantly, 

scaffolds do not need to be seeded with cells prior to implantation, as scaffolds themselves 

could provide cues to direct endogenous cells to sites of repair. In this in situ approach, the 

body’s own biologic resources and reparative capability are utilized by implanting a cell-free 

engineered biomaterial into the site of injury, where host stem cells or tissue specific 

progenitor cells are recruited. If seeded, the cell type used can be a differentiated cell or a 

stem cell from sources such as bone marrow or adipose tissue. (Murugan, 2007; O’Brien, 

2011; Smith, 2015; Chainani, 2016)   

 

 

Figure 17. The role of scaffolds in tissue engineering strategies. (BMP - bone morphogenetic protein; FGF-2, 

fibroblast growth factor 2; IGF, insulin-like growth factor; MSC, mesenchymal stem cell; PRP, platelet-rich 

plasma; TGF-β; transforming growth factor β. (Smith, 2015) 
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3.1.1. Desirable attributes of tissue-engineered scaffolds 

The specific requirements for physiological functioning of a tissue-engineered tendon 

are almost as complex as the native tissue, but in general, scaffolds should:  

(i) be biofunctional, i.e. cell instructive for both tendon and tendon-bone interface, by 

providing a structure designed to mimic the native tissue and to address tissue needs, 

facilitating the cell-matrix interactions and consequently, tissue formation and ingrowth - a 

3D microarchitecture, matching tissue size and shape, in which cells adhere, migrate onto the 

surface and eventually through it, and guide their growth, with bioactive cues for cellular 

differentiation, proliferation, and for maintenance of tissue-specific matrix and cellular 

activity (e.g, ECM components synthesis); 

(ii) have adequate mechanical properties consistent with the anatomical site into which 

it is to be implanted, in order to mimic the stiffness, ductility, non-linearity and viscoelastic 

response of the native tissue, to withstand in vivo stimuli, supporting the repair at time zero 

and for some period of postoperative healing. The scaffold must ensure integrity, retaining its 

form and physical properties under constant loading (be resistant to wear), shielding the 

injured tissue from stress until the regenerated tissue is strong enough to withstand the applied 

stresses, promoting an appropriate integration. Also, it should allow active range of free 

movements, preventing frictionless movements, and allow smooth and efficient gliding.  The 

ability to mimic the physical properties of the native tissue can also confer mechanical signals 

to aid the differentiation of the populating cells; 

(iii) be biodegradable, with gradual degradation to allow a controlled exposure of the 

new tissue to the local mechanical environment, allowing the body’s own cells to produce 

their own ECM and eventually replace the implanted scaffold, thus enabling the new tendon 

and tendon-bone interface to fully integrate and regenerate, promoting a new tissue with a 

structure and function more similar to the native tissue. The scaffold degradation rate should 

approximately match with the rate of the new tissue formation to allow room for new tissue 

growth. If it degrades too slowly, new tissue growth could be impeded, and if it degrades too 

quickly, biomechanical function and overall viability could be compromised. Non-toxic 

degradation by-products should be readily metabolized or cleared from the body without 

generating a foreign body response or harm the living tissues;  

(iv) have an high surface area, with an interconnected pore structure and adequate 

porosity, to allow cell infiltration, maximize the space for cellular adhesion and growth, 

permit extracellular-matrix secretions, nutrients and oxygen exchange, angiogenesis, and 
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assist the delivery of therapeutic molecules in growth factor strategies; furthermore, a porous 

interconnected structure is required to allow diffusion of waste products out of the scaffold. It 

also should have a modifiable surface, to functionalize chemical or biomolecular groups to 

improve cell adhesion, if necessary; 

 (v) be resistant to infection, nontoxic, noncorrosive (at physiological pH and at body 

temperature) and be compatible with the host tissue, without causing inflammation or immune 

reactions after implantation, that might reduce healing or cause rejection by the body, being 

able to integrate and attach to the surrounding host tissue;  

 (vi) be stable to sterilization, in order to avoid toxic contaminations without 

compromising any structural and other related properties, to processing, and to storage 

conditions, and have a good suture retention and surgical handling characteristics;  

(vii) be able to demonstrate an improved risk:benefit ratio compared with the current 

standard of care (it should be highly efficacious, with no risk to the patient);  

(vii) Finally, the production process of the scaffold, with all the above unique 

characteristics, must be accomplished in a reproducible, economical, and scalable manner. It 

should be cost-effective, possible to scale-up from making one at a time in a research 

laboratory to small batch production, ensuring successful translation of tissue engineering 

strategies to clinic. (Deyne, 2007; Murugan, 2007; O’Brien, 2011; Rodrigues, 2013; Morais, 

2015; Smith, 2015; Chainani, 2016) 

In summary, an ideal scaffold for tissue engineering should possess all the qualities of a 

native ECM and should function in the same way as that of ECM under physiological 

conditions. The major challenge of tendon tissue-engineering is to find a material and 

structure that once associated with resident cells, has appropriate mechanical properties, 

degradation profile, and cell-instructive properties. In the last years, researchers have design 

different scaffolds, produced using different techniques and materials, and cultured with 

several different cell types, using a number of different strategies to enhance the bioactivity of 

scaffolds, however their mechanical properties need to be greatly improved. (Morais, 2015; 

Chainani, 2016)   

 

3.2. Current strategies for rotator cuff repair  

Tissue engineering strategies that include the use of scaffolds have been investigated to 

improve healing of the repair and induce the regeneration of a functional tissue. The last 
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decade has seen significant research and development of biological, natural, and synthetic 

scaffolds for rotator cuff tendon repair. (Ricchetti, 2012)  

 

3.2.1. Scaffolds for Tendon Regeneration  

(i) Biological Scaffolds 

Biological scaffolds are protein-based extracellular matrices derived from human or 

animal (equine, porcine and bovine) connective tissues. Some tissues, like dermis, 

pericardium or small intestine, are processed to remove non-collagen components, to prevent 

the rejection risk by the patient, while retaining the natural collagen structure, to provide a 

better and faster host cells integration. (Morais, 2015) The final ECM scaffolds are composed 

mainly of naturally occurring collagen fibers, predominantly type I collagen, and are likely to 

contain smaller amounts of collagen III, IV, elastin, and proteoglycans. (Ratcliffe, 2015) 

Because of their natural composition, well-defined native 3D structure, natural porosity, 

and remodeling biomolecules, ECM-derived scaffolds provide a chemically and structurally 

instructive environment, and are thought to have marked effects on the biology of repair 

healing and remodeling events, that eventually determine clinical outcome. These properties 

allow biological scaffolds to quickly interact with host tissue and promote rapid cell 

attachment and proliferation and matrix remodeling, inducing new tissue ingrowth while 

undergoing degradation, faster than synthetic scaffolds.  

However, the decellularization method may present drawbacks, such as presence of 

remaining chemicals that can be toxic, or even partially disruption of structural and functional 

components of the ECM, affecting the mechanical behavior, degradation rate and bioactivity 

of the scaffold. Also, these scaffolds are inherently constrained by the material properties of 

the tissue from which they are derived, and by the age and health status of the animal or 

human from which it is harvested. Thus, they may present other disadvantages as low 

mechanical properties and poor suture retention strength, uncontrolled and nonspecific 

induction ability (which may impair the quality of newly generated tissue), undefined 

degradation rate, variation in biocompatibility (possible inflammatory response or even 

implant rejection depending on the source), risk of disease transmission, product variability, 

and necessary harvest from animals or humans.  (Badylak, 2009; Longo, 2010; Ricchetti, 

2012; Rodrigues, 2013; Morais, 2015; Ratcliffe, 2015)  
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 (ii) Natural scaffolds 

Regarding the natural scaffolds, the most used biomaterials for tissue-engineering 

include collagen, silk, hyaluronic acid, chitosan and fibrin. Other polymers, including 

polysaccharides and proteins that share similar features with the natural ECM, have shown 

interesting properties and outcomes in several tissues and may also have a potential 

application in scaffold design for rotator cuff. (Rodrigues, 2013; Chainani, 2016)  

Despite their higher biofunctionality, biocompatibility and biodegradation, they present 

some limitations when comparing with the synthetic ones, such as limited processability, cost, 

variety from batch to batch, lower mechanical properties and higher induction of antigenic 

and immunogenic reactions. (Rodrigues, 2013; Morais, 2015) Currently, no device using 

natural polymers alone, is commercially available for rotator cuff repair.  

 

(iii) Synthetic scaffolds 

Attending to the low mechanical properties of biological and natural scaffolds, several 

synthetic scaffolds have been studied, composed by several distinct polymers and co-

polymers, biodegradable and non-biodegradable. Poly(lactic acid) (PLA), poly(glycolic acid) 

(PGA), and poly(lactic-co-glycolic acid) (PLGA) are notable examples of biodegradable 

polymers; poly(ethylene) (PE), poly(ethylene terephthalate) (PET), and poly(tetrafluoro 

ethylene) (PTFE) are notable examples of non-biodegradable polymers. (Murugan, 2007) 

Synthetic scaffolds present several advantages, namely the controllable and 

reproducible mechanical and chemical properties (leading to stronger mechanical strength and 

consistency in quality), controllable structural features (production of structures with different 

sizes, shapes and porosity levels), ability to provide terminal sterilization, controlled 

degradation rate, and safety, as they represent a more reliable source of raw materials, with 

low immunogenicity potential and no risk of disease transmission.  

Nevertheless, they also present some limitations. Synthetic materials lack the bioactivity 

and constructive host tissue response characteristic of ECM-derived scaffolds, and therefore 

tissue ingrowth is suboptimal. Their biocompatibility is limited, as they can never be fully 

integrated into host tissue, as proved by the high incidence of postoperative infections and 

chronic immune responses reported with the use of such materials, often resulting in fibrous 

encapsulation following in vivo placement; also, there is a lack of functional chemical groups 

involved in cell adhesion. In case of absorbable materials, there is a possible release of acidic 

byproducts into the bloodstream during degradation, causing adverse reactions. Non-
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degradable and partially degradable devices have also shown long term (>2 years) problems 

that may be related to long-term fatigue of the materials.  (Longo, 2010; Ricchetti, 2012; 

Morais, 2015; Ratcliffe, 2015) 

Thus, synthetic scaffolds may have little impact on the biology of repair healing; 

however, their ability to maintain mechanical properties over time may function to 

mechanically stabilize the repair construct until host tissue healing can occur. Alternative 

scaffolds have been tailored, following a tissue-engineering strategy, for a more realistic 

application in tendon reconstruction. The manipulation of structural parameters in the design 

of scaffolds and their bioactivation, through surface modifications, is likely to help enhance 

cellular responses and improve the neoformation of tissues. (Rodrigues, 2013)  

 

(iv) Hybrid scaffolds 

The combination of different biomaterials is also a strategic design for achieving hybrid 

scaffolds. Combining a synthetic material with ECM, either by coating onto the surface of the 

polymer, or by incorporating the matrix directly into the polymer, may capture the advantages 

of both types of materials, i.e. mechanical and material properties, which can be manipulated 

with the synthetic component, and bioactivity, which is provided by the ECM. Similarly, the 

combination of synthetic and naturally occurring materials to combine the bio-functionality of 

the natural polymers with the mechanical performance of the synthetic polymers has also 

been studied. (Badylak, 2009; Morais, 2015; Chainani, 2016)   

 

3.2.2. Commercially available scaffolds for Rotator Cuff repair 

The rationale for using a scaffold device for rotator cuff repair may include: (i) 

mechanical augmentation, providing additional mechanical support to the original repair, 

allowing the biologic repair to proceed without experiencing excessive and disruptive loads; 

(ii) biological augmentation, with potential to augment the biologic features of tendon repair, 

improving the rate and quality of biologic healing, and enhancing the biologic events at the 

repair site;  (iii) or both, providing structural support and acting as a vehicle for cells and new 

tissue formation. (Ratcliffe, 2015)  

Graft-augmentation devices are scaffolds, usually in the form of patches, used to 

augment suture fixation and provide immediate protection after an injury involving tissue 

tears, in order to share mechanical stresses with the injured tissue, promoting better tissue 
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regeneration. They have also been used with biological grafts until neovascularization is 

complete and the ingrowth tissue is already capable to withstand the forces associated to the 

body movement. These devices are intended to be temporary, just until the complete tissue 

recovery, and just to share part of the mechanical stresses. Thus, they must be degradable and 

it is not necessary and desirable that they maintain the mechanical performance for too long, 

once they must gradually transfer mechanical stress to the native tissue. (Morais, 2015)  

Currently, scaffolds derived from mammalian extracellular matrix (ECM), synthetic 

polymers or a combination thereof, are marketed as graft-augmentation medical devices for 

rotator cuff repair in humans (Table 4). (Ricchetti, 2012)  

 

Table 4. Commercially available devices for rotator cuff repair. (Ricchetti, 2012; Morais, 2015) 

(a) Extracellular matrix (ECM) 

Product name ECM type ECM source Marketed by 

Restore (USA) SIS Porcine Depuy Orthopaedics 

CuffPatch (USA) SIS (cross-linked) Porcine Organogenesis 

GraftJacket (USA) Dermis Human Wright Medical 

ArthroFlex (USA) Dermis Human Arthrex 

Conexa (USA) Dermis (α-Gal-reduced) Porcine Tornier 

TissueMend (USA) Dermis (fetal) Bovine Stryker Orthopaedics 

Zimmer Collagen Repair (USA) Dermis (cross-linked) Porcine Zimmer 

Bio-Blanket (USA) Dermis (cross-linked) Bovine Kensey Nash 

OrthADAPT Bioimplant (USA) Pericardium (cross-linked) Equine Pegasus Biologics 

(b) Synthetic  

Product name Material Marketed by 

SportMesh Soft Tissue 

reinforcement (USA) 

Poly(urethaneurea) Biomet Sports Medicine 

X-Repair (USA) Poly-L-lactide Synthasome 

Biomerix RCR Patch (USA) 

Gore-Tex (USA) 

Leeds-Kuff Patch (UK) 

Rota-Lok (UK) 

Polycarbonate poly(urethaneurea) 

Poly(tetrafluoroethylene) 

Polyester 

Polyester 

Biomerix 

WL Gore and Associates 

Neoligaments 

Neoligaments 

(c) Hybrid 

Product name Material Marketed by 

OrthoADAPT PR Bioimplant (USA) Equine pericardium (cross-linked) 

with woven polymer 

Pegasus Biologics 

* SIS – small intestinal submucosa 

 

Prosthetic devices are scaffolds developed to fully replace a tendon when any other 

treatment approach cannot be used to repair the injured tissue. (Morais, 2015)  

Tendon and ligament tissues are continuously subjected to mechanical loads, such as 

muscle contraction and body movements. This natural environment is often associated with 

permanent deformations and mechanical failures that restrict the successful application of 

most of the prosthetic replacements as satisfactory long-term tendon or ligament substitutes. 

Other complications arise from fatigue, wear and material degeneration. (Rodrigues, 2013) In 
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the last years, researchers have been working to this purpose, however due to the demanding 

mechanical requirements of tendons, there are very few devices on the market, made of non-

absorbable synthetic polymeric structures, mainly developed for ligaments replacement, but 

no permanent and reliable artificial tendon exists clinically. (Morais, 2015) 

 

3.3. Scaffold development for Tendon Tissue-Engineering  

Polymers are widely used for soft tissue reconstructions due to their functional 

properties and design flexibility, being considered as a unique class of scaffold material. 

(Murugan, 2007) They can be grouped into naturally derived and synthetic polymers. Natural 

polymers were among the first biodegradable scaffold materials to be used clinically, due to 

their better overall interactions with various cell types, facilitating biological recognition, and 

because they provide a better environment for tissue regeneration. Synthetic polymers were 

later realized to be cheaper, gaining popularity in the 1980s and early 1990s. Newly 

developed polymers, such as the polyesters, rapidly entered medical application. Nowadays, 

they are considered highly attractive for tissue-engineering as a wide range of physical and 

chemical properties can be achieved based on the monomer units, polymerization reaction and 

formation of co-polymers consisting of different components at adjustable concentrations; 

technologies for synthesis and formation also of complex shaped devices are mostly 

established; and these types of polymers mainly fulfill functional, structural and mechanical 

properties. (Maitz, 2015; Stratton, 2016)  

Fabrication of constructs with controlled mechanical properties, microstructure, and 

cellular distribution plays a crucial role in the engineering of functional tissues. A multitude 

of research work on various types of optimum scaffolds for tissue engineering has been 

carried out in the last decade. According to processing methods, these scaffolds can be 

broadly categorized into three groups: (i) foams/sponges, (ii) 3D printed substrates/templates, 

(iii) textile structures. Textile manufacturing techniques have been used in a wide range of 

engineering applications and have recently attracted great attention as potential biofabrication 

tools for engineering tissue constructs. Due to their high mechanical properties, biofibers 

made of synthetic polymers are great candidates for creating load-bearing scaffolds for tissue 

engineering.  (Akbari, 2016; Aibibu, 2016) 

Current work in polymer selection and scaffold fabrication aims to achieve adequate 

initial mechanical properties and desired degradation kinetics, increase rate of tissue 
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formation and maturation to mitigate loss of mechanical properties caused by degradation, 

manipulate scaffold mechanical anisotropy, and also attempts to recapitulate some of the 

intricate anatomic features of the tendon. Achieving adequate initial mechanical support, 

along with a slowly degrading scaffold that permits complete tissue integration and 

replacement is challenging, as these properties are determined by properties of the polymer, 

biocompatibility, host response, structural properties (eg, fiber diameter, fiber alignment, 

porosity, fabrication method), and processing and sterilization techniques. (Chainani, 2016) 

 

3.3.1. Fabrication method for Tissue-engineering scaffolds 

In the last years, several technical textiles (textiles for nonapparel, nonhouse - 

hold/furnishing end uses, whose values are highly based on their performance and functional 

properties) have been developed in order to satisfy the requests in healthcare, welfare and 

personal protection. Textile structures including non-woven, weave, braid and knit have been 

applied in the medical field for many years. Currently, their applications include implantable 

materials (sutures, soft-tissue, orthopedic, cardiovascular implants and tissue engineering), 

non-implantable materials (wound dressings) and extracorporeal devices (artificial kidney, 

liver and mechanical lung). (Matsuo, 2008; Morais, 2013; Tamayol, 2013)  

Through suitable combinations of material, fiber type and manufacturing technique, 

fiber-based scaffolds can be engineered to obtain properties similar to native tissue and to 

match critical scaffold criteria, making this method ideal for tissue-engineering applications 

(Figure 18). (Aibubu, 2016)  

 

 
Figure 18. Engineering process of fibrous architectures for tissue-engineering (TE) applications. (Aibubu, 2016) 

[Adapted] 

 

3.3.1.1. Polymer choice 

Fibers are building blocks of biotextiles and their properties play an important role in 

the physico-chemical properties of the final construct. For the biofabrication of scaffolds, 
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these fibers can be used in the form of monofilament or multifilament twisted or braided 

yarns. (Akbari, 2016)  

Fibers which may be used in textile manufacturing processes must meet certain criteria, 

namely mechanical strength, elasticity, fiber diameter, fiber length and yarn count. Besides 

that, for the desired application, they must be biocompatible, and demonstrate high 

mechanical strength and fatigue resistance. Due to their high mechanical properties, synthetic 

fibers are great candidates for creating load-bearing scaffolds for tissue engineering. In 

addition, the high strength allows their assembly using commercial textile machines. (Akbari, 

2016)  

Linear aliphatic polyesters, as Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and 

their copolymers poly(lactic acid-co-glycolic acid) (PLGA) and poly(L-lactic acid) (PLLA), 

are the degradable polymers most frequently used in tissue engineering. PGA and PLA have 

adequate elastic modulus, but PGA degrades too rapidly (on the order of several weeks) to be 

useful by itself. PLA degrades more slowly (on the order of many months), but is more 

hydrophobic, and has limited application due to its mechanical brittleness and the lack of 

functional groups for signalling molecules. Co-polymers, as PLGA and PLLA, have excellent 

biocompatibility and tunable mechanical and degradation properties.  These polyesters rapidly 

entered clinical application because their monomers and degradation products are 

physiological metabolites, however, there are concerns about the acidic character of these 

degradation products causing restrictions in the permitted amount. Their applications include 

orthopedic fixation tools, surgical meshes, ligament and tendon repair and vascular stents. 

PLLA is the most frequently used application of PLA in rotator cuff tendon tissue 

engineering.  (Rodrigues, 2013; Maitz, 2015; Chainani, 2016) X-Repair
®

 (Synthasome, USA) 

is a slowly degradable, complex multilayer woven mesh made of PLLA, used for soft tissue 

reinforcement. (Ratcliffe, 2015)  

Polyurethanes (PU) are synthesized with multiple chemistries and properties. Polyester, 

polyether-, and polycarbonate based polyurethanes are in medical use, for example, in 

vascular grafts and ligament and tendon repair. (Maitz, 2015) The Artelon
®
 (Artimplant, 

Sweden) and Sportmesh
TM 

(Biomet Sports Medicine, USA) are knitted fabrics made of 

polyurethane urea polymer, and can be cut by the surgeon with the desired shape and size. 

(Longo, 2010; Ratcliffe, 2015) The Biomerix
®
 RCR Patch (Biomerix, USA), a mesh made of 

polycarbonate poly(urethane-urea) polymer, is also available. These devices have been 
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cleared for reinforcement of soft tissues, including rotator cuff, Achilles, patellar, biceps, 

quadriceps. (Longo, 2010; Smith, 2015) 

Non-degradable materials used for long-term applications include polypropylene (PP), 

poly(ethylene terephthalate) (PET) and  polytetrafluoroethylene in its expanded, porous form 

with interconnecting fibrils (ePTFE). PP is a very inert and hydrophobic material, used for 

suture materials and surgical meshes. ePTFE is used for vascular grafts, surgical meshes and 

ligament and tendon repair. (Maitz, 2015) The Gore-Tex
®
 patch (Gore and Associates, USA) 

is composed of ePTFE. It features a microporous structure allowing for host-tissue 

incorporation. It has been used for different soft tissues, as rotator cuff and patellar tears 

reconstruction. Although it is most known for its applications in apparel (essentially every 

form of clothing) and home fashions, PET is quite popular in the medical field, with 

increasing clinical applications as a medical textile. Currently, it is used for membranes, 

vascular grafts, surgical meshes, and ligament and tendon repair. (Maitz, 2015) Leeds-Kuff 

Patch
TM

 and Rota-Lok
TM

 (Neoligaments, UK) are both composed by polyester and used for 

rotator cuff. The Leeds-Kuff Patch
TM

 is a knitted polyester fabric used for reinforcement 

following or during repair by suture. The Rota-Lok
TM 

comprises a wide central scaffold which 

tapers to a dense thin cord at each end to bridges the gap between the torn rotator cuff and the 

humeral head, and so is used for reconstruction of chronic massive, full thickness rotator cuff 

tears. The Lars® ligament (Lars, France) and the Leeds-Keio
®
 (Neoligaments, Leeds, UK)  

are non-absorbable synthetic textile ligament devices made of PET fibers, approved for a 

range of applications including anterior cruciate ligament (ACL) reconstruction and Achilles 

tendon repair. OrthoCoupler
TM 

(Surgical Energetic, USA), developed for the Achilles tendon 

repair, provides a fully functional re-attachment of a forcefully contracting muscle to 

prosthetic bone or living bone, in the absence of the adequate tendon. The device is composed 

by 16 needle-drawn bundles of several hundred to a few thousand fine (PET) fibres. (Longo, 

2010; Maitz, 2015; Morais, 2015) 

Recent work to incorporate biodegradable components into the segmental chemistry of 

non-absorbable polymers and allow alternate degradation kinetics, represents an exciting area 

of future investigation. (Rodrigues, 2013; Chainani, 2016)  
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3.3.1.2. Textile techniques  

Fiber organization is a critical component for scaffold design. Thus, fiber-base 

techniques, which include textile technologies, have been applied for the fabrication of tissue 

engineering scaffolds. Conventional textile techniques such as weaving, knitting, and braiding 

allow the control of the microstructure, mechanical properties, and cellular distribution of the 

tissue construct and so, have been used to form porous constructs with structural and 

mechanical properties similar to native tissues (Figure 19). (Tamayol, 2013)   

 

 

Figure 19. Two-Dimensional woven,  nonwoven, knit and braid structures. (Textile study Center) 

 

Weaving is a textile technique in which two distinct sets of yarns are interlaced at right 

angles to form a fabric with controlled strength, porosity, morphology and geometry. The 

lengthwise yarns are called warps and the weft passes through them in the lateral direction. 

Besides flat fabrics, fabrication of 3D constructs with different layers connected either layer 

to-layer or by interlocking all the layers is possible. These fabrics possess a dimensionally 

stable structure, characterized by pores of regular size and shape. Different weaves can 

change the flexibility and smoothness of the fabric, while the number of warps and wefts per 

inch square affects the looseness as well as the porosity. Most of the times, weaving 

techniques are used when high mechanical properties are required.  Compared to knits, woven 

fabrics may be designed to achieve higher tensile strength and less elasticity. However, they 

are less porous and possess smaller pores. Popular fields of applications are vascular grafts, 

tendon regeneration or hernia repair. (Tamayol, 2013; Aibubu, 2016; Akbari, 2016) 

Knitting is a well-established textile method for creating complex planar and 3D 

structures from yarns that are interlaced in a highly ordered arrangement of connected loops. 

Knitted fabrics main applications include vascular implants, artificial tendons and ligaments, 

and stents. Knitted scaffolds have been extensively used to engineer or to repair damaged 

tissues and organs as these constructs offer adequate and tunable mechanical properties as 

well as easy fabrication of different geometries. Also, the ability of the knitted construct to 

stretch makes knitted fabrics a great candidate for engineering of load-bearing tissues. 
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Depending on the knitting process, type of stitches, and the yarn material, pore size of the 

constructs can be varied over the area and volume of the scaffold to adjust its physical and 

mechanical properties. Knitting processes involve more fibers than most biotextiles, which 

enables higher complexity and performance capabilities in the construct. (Tamayol, 2013; 

Aibubu, 2016; Akbari, 2016) 

In braiding, complex structures or patterns are formed by intertwining three or more 

fiber strands. They can be made either flat or tubular to meet different purposes. A wide range 

of medical textiles are manufactured using braiding technology, including sutures, stents, 

vascular implants, nerve regeneration conduits and braided composite bone plates. Since these 

structures can be tailored in hierarchical organizations similar to the arrangement of natural 

tendons and ligaments, and due to their high tensile strength and mechanical flexibility, they 

also constitute an excellent candidate for engineering of articular and connective tissues such 

as cartilage, tendon, and ligament. In comparison to other textile structures, braided constructs 

offer the highest axial strength, enhanced physical stability and damage tolerance, fatigue 

resistance in bending, torsion and traction, and improved abrasion resistance. By varying 

braiding angle, fiber density and number of layers, it is possible to develop anisotropic 

mechanical and physical properties with adjustable gradient along any desired direction. 

However, the porosity is lower than their knitted counterparts, which can limit cellular 

penetration and proliferation.  (Tamayol, 2013; Aibubu, 2016; Akbari, 2016) 

In general, non-woven fabrics are webs of non-aligned filaments allowing for the largest 

variation in pore characteristics. Since their pore size is accurately adjustable, non-woven 

fabrics are commonly used for filtration applications. (Kun, 2009; Aibubu, 2016) Their 

medical applications include surgical gowns, but also wound dressings, tissue-engineering 

scaffolds and drug delivery. (Balogh, 2015) Major drawbacks of this technique are the high 

equipment cost and questionable control over porosity. (Kun, 2009) 

 

3.3.1.2.1. Manufacturing process of warp-knitted structures 

The structure of a knitted mesh is often defined as a highly ordered arrangement of 

interlocking loops. (Wang, 2011) Warp knitting is a method of making a fabric by normal 

knitting means (by interlacing loops of yarn), in which the loops made from each warp are 

formed substantially along the length of the fabric i.e. vertically, in contrast to weft knitting 

(in which the stitches are arranged horizontally).  It is characterized by the fact that each warp 
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thread is fed in line with the direction in which the fabric is produced. Each needle must be 

fed with at least one separate and individual thread. The needles always work together, being 

the fastest method of converting yarn into fabric, when compared with weaving and weft 

knitting (Figure 20). (Anand, 2000) 

 

Figure 20. Warp-knitting. (Anand, 2000) [Adapted] 
 

In the knitted structures, rows running across the width of the knitted fabric are called 

courses, and columns running along the length of the fabric are known as wales. The loops in 

the courses and wales are supported by and interconnected with one another to form the final 

fabric. In weft knitting, the wales are perpendicular to the course of the yarn, where as in warp 

knitting, the wales and courses run roughly parallel. A typical piece of a knitted mesh may 

incorporate hundreds of wales. Therefore, the production rate of warp knitting is significantly 

higher than that of weft knitting.  (Wang, 2011)  

A warp knitted structure is formed by knitting the warp yarns on the adjacent needles 

course by course and intermesh the loops with the neighboring yarns to form fabric i.e. a 

continuous series of interlooped stitches is formed by the needle catching the yarn and 

drawing it through a previously formed loop to form a new loop. The process is made of two 

parts: the first is the stitch itself, which is formed by wrapping the yarn around the needle and 

drawing it through the previously knitted loop. This wrapping of the yarn is called an overlap. 

These may be open or closed. The second part of stitch formation is the length of yarn linking 

together the stitches and this is termed the underlap, which is formed by the lateral movement 

of the yarns across the needles (Figure 21). (Kothari, 2011) 

 



52 

 

 

Figure 21. Guide bar movement. (Kothari, 2011) 

 

There are numerous types of knitting machines, ranging from simple spool or board 

templates with no moving parts to highly complex mechanisms controlled by electronics, 

producing various types of knitted fabrics, of varying degrees of complexity.  

In a simplistic manner, in warp-knitting machines (Figure 22), to ensure uniform 

conditions of warp feed and tension, the yarn ends are supplied from flanged beams attached 

to shafts that turn to unwind the warp sheet in parallel formation. Yarn is fed to the needle 

typically from a warp beam that will contain yarns spaced at the same pitch as the machine 

gauge. Modern warp beams may contain 30,000 to 50,000 meters of warp. Warp guides are 

thin metal plates drilled with a hole in their lower end through which a warp end may be 

threaded if required. They are held together at their upper end as a single unit in a metal lead 

and are spaced to the same gauge as the needles. Each guide bar is normally supplied with a 

warp sheet from its own beam shaft to suit its requirements of threading and rate of warp feed 

for its particular lapping movement. A yarn guide wraps the yarn around the needle hook, 

thus forming a loop. To form a fabric, the yarn guide must wrap the yarn around a different 

needle during the next course. (Kothari, 2011) 

 

 

Figure 22. Warp-Knitting machine. (Kothari, 2011) 
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Warp knitting is a very flexible textile production system – it can produce elastic or 

stable structures, open or closed, tubular or flat, more or less heavier, thicker and denser, 

controlling, among other parameters, the loop dimensions and geometrical shape (loop length, 

width and height). This feature of the manufacturing process makes these structures suitable 

for technical applications. Also, yarn cannot be unroved from a warp knit fabric from any 

edges, which is an advantage for clinical applications. (Dias, 2009; Kothari, 2011) 

These machines are built for mass production and are not suitable for small orders, are 

very expensive, and require a lot of setting and preparation time and raw material. Not all 

materials are suitable for warp knitting, especially those yarns with low yarn strength and 

irregular surface. The resulting fabric has mechanical properties usually similar with woven 

fabrics. In fact, warp knitted fabrics combine the technological advantages of weft knitted and 

woven fabrics. (Dias, 2009; Kothari, 2011) 

 

 Plain vs 3D warp knitted structures 

A plain warp knitted fabric is produced on a single needle-bar machine. The resulting 

structures are known as single face fabrics. In these structures, stitches are visible on one side, 

known as the technical face, and on the other side (known as the technical back), only 

underlaps are visible. (Kothari, 2011) 

A 3D warp knitted fabric (also known as spacer or “sandwich”) is produced on a double 

needle-bar machine. It is a warp knitted double face construction, composed by two different 

structures, an upper one and an inferior one, connected by the spacer yarn, generally 

monofilaments (PES (polyester) or PA (polyacrylate)) (Figure 23). Both fabric faces can be 

equal or different. The density and thickness depends amongst other criteria, on distance 

between the fabric space and whether the space is knitted with one guide bar or with two 

guide bars each one knitting in opposition to each other. (Dias, 2009; Kothari, 2011)  

 

 

Figure 23. 3D Warp knitted fabric structure. (Ma, 2017) [Adapted] 
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3.3.1.3. Textile Technologies advantage and disadvantages  

Textile manufacturing methods may be employed for the fabrication of mechanically 

stable, three-dimensional spatial structures with hierarchical porous properties. (Aibubu, 

2016) The versatility of textile structures allows for tailoring their architecture by controlling 

the fiber size and orientation, pore size and geometry, pore interconnectivity, total porosity, 

and surface topography, thus, it is possible to control the resulting physical properties and 

cellular behavior of the engineered constructs. (Akbari, 2016) This way, the main advantage 

of using textiles for tissue-engineering is the possibility to create structures with different 

designs, exhibiting diverse properties (flexibility, strength, biocompatibility, biodegradability, 

roughness and porosity) and with even the possibility to incorporate bioactive agents. 

(Morais, 2013) 

Despite numerous advantages offered by textile technology, there are still several 

challenges that have to be addressed to use this technology up to its full potential. The main 

obstacle for the use of biotextiles for tissue engineering and regenerative medicine is 

combining state-of-the-art textile machinery, novel biomaterials, and biological advances to 

create tissues and organs automatically. (Akbari, 2016) 

 One main impediment is that industrial textile machines commonly are in scale 

dimensions that are inappropriate for the fabrication of scaffolds. Furthermore, textile 

manufacturing of complex 3D structures requires expert knowledge from textile engineering 

professionals. Also, fibers which may be used in textile manufacturing processes must meet 

certain criteria, namely mechanical strength, elasticity, fiber diameter, fiber length, yarn 

count. To this date, these criteria basically restrict the fiber formation techniques which are 

suitable for subsequent textile manufacturing methods. Due to the above-mentioned reasons, 

scaffolds made by textile manufacturing techniques are in most cases made of synthetic 

polymers. Although fibers made from synthetic materials are mechanically strong and can be 

assembled into complex structures using textile approaches, their harsh manufacturing 

process results in the lack of binding sites on their surface, which makes them not cell 

adhesive. Thus, surface treatment strategies should be used to promote cellular attachment. To 

make use of other promising natural or nature-derived biomaterials for the fabrication of 

stable 3D spatial fibrous scaffolds, intensified fiber development research is necessary, since 

current techniques often come along with harsh processing conditions (high temperatures, 

strong/toxic solvents), which could lead to denaturation of the biomaterial during fiber 

formation or to the presence of toxic substances in the fabricated fibers. (Aibubu, 2016)  
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3.4. Tendon tissue-engineering enhancing strategies  

In order to improve the tendon regeneration results promoted by the application of a 

scaffold, some different strategies are under research in order to be associated to the structure, 

such as surface modification, cellular seeding, growth factor addition and mechanical 

stimulation. (Morais, 2015) In the last decade, the number of studies investigating the 

functionality of the described strategies has progressively increased. However, to achieve the 

regeneration of a highly specialized and three-dimensional organized matrix, whose formation 

implies not only biological but also mechanical constraints, remains a challenge. (Docheva, 

2015) 

 

3.4.1. Scaffolds Surface Modification 

Biomaterial surfaces play a vital role in the success of an implant. Interactions between 

tissue and biomaterial based implants occur at the surface of the implant. In tissue 

engineering, the optimization of the cell-biomaterial interactions is essential for successful 

tissue regeneration. The scaffold must promote a good cell adhesion and proliferation and 

consequent synthesis and organization of the ECM components. (Morais, 2015)  

Better biocompatibility, improved cell behavior, and controlled immobilization of 

protein/growth factor, are the key factors for successful tissue regeneration that can be 

modulated via the surface properties of the scaffold. (Katti, 2008)  

 Coating of biomaterial surfaces with cell adhesive proteins like fibronectin, collagen, or 

ECM resembling molecules such as chitosan, has demonstrated good cellular responses, with 

enhanced cell adhesion and proliferation and direct new tissue formation. However, since 

these proteins are isolated from other organisms they could potentially cause an immune 

response. In addition, proteins are susceptible to proteolytic degradation in the in vivo 

environment, so long-term applications of such modified materials could be challenging. 

(Katti, 2008)  

When the scaffold is exposed to the physiological environment, ECM proteins such as 

fibronectin and vitronectin are non-specifically adsorbed on the surface of scaffold. The cells 

indirectly interact with the scaffold surface via the adsorbed ECM proteins and this 

interaction is governed by cell membrane receptors known as integrins. Integrins bind to 

specific domains of adsorbed proteins such as arginine-glycine-aspartate (RGD) which hook 

the cells to the matrix and trigger integrin-based intracellular signaling pathways that in turn 
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alter/promote cell function such as proliferation and differentiation. The availability and 

accessibility of RGD domains for binding with integrins depends upon the adsorption 

behavior and quantity of adsorbed ECM proteins which in turn, depend on the surface 

properties of the biomaterial. (Katti, 2008) 

Chemical modification of polymeric biomaterials is a major approach for 

immobilization of various biomolecules on their surfaces. The process begins with surface 

activation, which involves the creation of functionalities on the surface that enable the 

immobilization of ligands. A commonly used method is the alkali hydrolysis of polyester 

surfaces that causes the cleavage of the ester bond, leading to the formation of free 

hydrophilic carboxyl and hydroxyl functionalities that allow the possibility of attachment of 

ligands (ECM proteins, RGD peptides or bioactive molecules) on the surface of the polymer. 

Other method involves the covalent immobilization of RGD peptides/small protein fragments 

on polymeric surfaces. Studies with this technique showed higher stability during 

immobilization and sterilization techniques, long term stability, and improved polymer 

biocompatibility, thus being an easier and effective method. However, the modification of 

substrates with RGD peptides can also reveal some drawbacks since not all ECM proteins 

have an RGD-binding site, needing the presence of other peptides to adhere to the substrate. 

Another disadvantage may be the too much adhesion between cells and the substrate, 

resulting in impaired cell motility. (Katti, 2008; Morais, 2015) 

Besides the described techniques, other surface modification techniques are available. 

 

3.4.2. Cell seeding and delivery of growth factors 

In order to engineer a new tissue that properly mimics the required biological and 

mechanical properties of the native tissue, a scaffold may be functionalized in vitro or in vivo 

by seeding on it therapeutic cells and delivering growth factors. The introduction of the 

appropriate cells and growth factors in the injury site will stimulate the resident tissue cells to 

proliferate and produce and organize the ECM components, inducing a regenerative response, 

rather than fibrous scarring. (Rodrigues, 2013; Morais, 2015) 

Engineering tissues essentially requires an appropriate cell source. The appropriate use 

of specific cells is therefore one of the defining factors in the success of tissue engineering. In 

recent years, considerable attention has been paid on identifying right sources of cells that 

provide tissue/ organ-specific functions. Although the specialized cells remain an important 
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source for tissue engineering, the use of stem cells has recently been recognized as a 

promising alternative to specialized cells owing to their enormous potential in generating a 

spectrum of tissues with adequate functions. (Murugan, 2007) Mesenchymal stem cells 

(MSCs) are pluripotent cells that are capable of undergoing differentiation into a variety of 

specialized tissues, including tendon. These cells can be applied directly to the site of tendon 

injury or can be delivered on a suitable carrier matrix that functions as a scaffold while tendon 

repair takes place. Studies have shown that acellularized allogeneic tendons can be 

successfully repopulated with epitenon tenocytes, tendon sheath fibroblasts, bone marrow–

derived MSCs, or adipose-derived MSCs. The resulting recellularized tissue may be used as 

graft material. Other studies have reported the effective delivery of MSCs using scaffolds, 

made of polymers, ceramics, or composites, that support the specific tissue organization. 

(Voleti, 2012) 

Differentiation of cells toward a tendon lineage or to regeneration of the tendon-bone 

interface using biomimetic factors can be achieved through growth factors. Growth factors are 

cytokines responsible for the regulation of some cell responses and they are truly involved in 

the tissue healing process after injury, in which they can stimulate cellular proliferation, 

differentiation and matrix production. Thus, during the healing process, the delivery of these 

factors, at the required dosages in a temporal and spatial pattern, can improve clinical 

outcomes. Scaffolds, microspheres and micro- or nanocapsules have been shown to be 

promising vehicles for growth factor delivery. Such technologies could provide crucial 

findings in regenerative medicine by controlling the spatiotemporal release of these 

molecules, ensuring long-term stability and storage of these factors in tailored systems. 

Transduction or transfection of cells to produce growth factors or induce tenogenesis through 

a “gene therapy” is also a promising approach. (Rodrigues, 2013; Morais, 2015; Chainani, 

2016) 

In the last years, the main growth factors that have revealed potential for tendon tissue 

engineering are (Table 5): BMP (bone morphogenetic protein), IGF-1 (insulin like growth 

factor 1), TGF-β (transforming growth factor beta), VEGF (vascular endothelial growth 

factor), PDGF (platelet-derived growth factor) and bFGF (basic fibroblastic growth factor). 

Together, these studies suggest that while direct growth factor delivery may improve 

individual aspects of repair, this technique alone is unlikely to improve all aspects of tendon 

or tendon-bone healing or regeneration alone. (Rodrigues, 2013; Docheva, 2015; Morais, 

2015; Chainani, 2016; Deprés-tremblay, 2016)  
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Table 5. Effect of different growth factors on tendon healing. (Docheva, 2015; Morais, 2015) 

Growth 

Factor 

Function on tendon healing 

 

bFGF 

- Elevated in the early healing process, is well positioned to promote the early events in 

tendon healing;  

- Stimulates both MSC proliferation and differentiation towards tenogenic lineage, leading to 

increased expression of tendon specific ECM proteins and increased collagen production 

from cells. 

 

PDGF 

- Direct delivery of PDGF is said to improve collagen organization, and mechanical 

properties; 

-  bFGF and PDGF have been reported as the main mitogenic agents for fibroblasts, mainly 

when used in combination. 

 

BMP 

- BMPs stimulate mitogenesis and are established tenogenic factors with the potential of 

driving differentitation of MSCs in vitro and in vivo; 

- They are elevated early in tendon healing process, playing a role at the enthesis, and can 

induce new bone formation. 

IGF-1 - Induces tenocyte migration and increases synthesis of the ECM, including collagen; 

- IGF-1 seems to be important during the formation and remodeling stages of healing. 

 

TGF-β 

- Besides tendon cell migration and mitogenesis, especially stimulates production of the 

ECM, including increases in the production of collagen types I and III; 

- High levels of expression and activity of TGF-β are found throughout the course of tendon-

healing. 

VEGF - Promotes angiogenesis, increasing revascularisation of repairing tendon tissue, improving 

overall healing, and its activity rises after the inflammatory phase, especially during the 

proliferative and remodeling phases. 

* ECM – extracellular matrix 

 

3.4.3. Mechanical stimulation  

As already discussed, mechanical stress modulates the tendons cell behaviour, as well 

as their structural and mechanical properties (changes in their metabolism, proliferation, 

orientation and matrix deposition) - which is commonly designated by tissue mechanical 

adaptation. Without the appropriate biomechanical cues, new tissue formation lacks the 

necessary collagenous organization and alignment for sufficient load-bearing capacity. In last 

years, people working on tendon tissue engineering have studied the in vitro application of 

mechanical stimulation to the scaffolds seeded with cells, in order to better mimic the in vivo 

conditions. To this purpose, several bioreactors have been developed, with uniaxial or multi-

axial applied forces, and with cyclic strain, to provide a dynamic environment and mechanical 

stimulation to guide tissue remodelling and improve the performance of tendon/ligament 

tissue substitutes. (Rodrigues, 2013; Morais, 2015) 

The mechanical stimulation is suggested to enhance tendon repair and remodeling by 

stimulating tenoblast activities, such as fibroblast proliferation and collagen synthesis and 

realignment, leading to increased tensile strength, increased tendon diameter, and fewer 

adhesions compared with immobilized healing tendons. Studies have shown that tenoblasts 

respond to mechanical loads by altering gene expression, protein synthesis, and cell 
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phenotype. It is through these mechano-transduction mechanisms that tendons are able to 

respond to mobilization with accelerated healing, as mechanical loading increases ECM 

protein production by promoting release of growth factors and modulates ECM turnover by 

regulating the expression and activity of MMPs. (Voleti, 2012; Morais, 2015) 
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Chapter 4 

Materials and Test Methods 

 

The material selected for the scaffold development was polyethylene terephthalate 

(PET), one of the most commonly used thermoplastic polymers in the world, better known in 

the textile industry by the trade name “polyester”.  

The selection of the polymer was careful and thought considering previous work 

developed in the area of tendons and ligaments, in which the choice was guided essentially for 

PET’s biocompatibility and excellent mechanical properties, since it has the desired properties 

of excellent tensile strength (it is hard, stiff, strong, dimensional stable, resistant to stretching, 

shrinkage, wrinkle and abrasion, with good barrier properties and good chemical resistance). 

Although PET is hydrophobic in nature, it can potentially allow for tissue ingrowth if surface 

modification techniques are applied to optimize the cell-biomaterial interactions.  

In a first phase of the investigation, structures using PET multifilament yarn, were 

developed manually in a wood loom developed by us, in order to realize if this type of 

geometric structure was indicated for the desired application. Despite all the defects that a 

handmade structure entails, these structures showed promising mechanical properties, in 

preliminary tensile tests. Thus, we moved on to an industrial level in a second phase, to the 

company LMA – Leandro Manuel Araújo, LDA, through CITEVE (Technological Center for 

Textiles and Clothing) intermediation. Here, we were provided thirteen different structures, 

that were available in polyester PET yarn, and more importantly, that wouldn’t unravel. 

Tensile tests were performed on all structures to select the ones with better mechanical 

properties, one of the most important requirements that the desired application has.  

Two plain (conventional, or 2D) warp knitted structures, and two 3D (or spacer) warp 

knitted structures, made of PET polyester yarn, were chosen to evaluate and determine their 

potential as scaffolds for rotator cuff repair and reconstruction (Figure 24).  
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Figure 24. (A) and (B) represent the two 3D warp-knitted  structures and (C) and (D) the two conventional warp-

knitted structures, tested in this work. Notice that the structure (A) and (B) have two different faces. 

 

In the following sections, it is described the tests used to characterize the developed 

structures under study, namely Fourier-Transform Infrared Spectroscopy (FTIR), Scanning 

Electron Microscopy (SEM), Porosity tests, Tensile and Suture pull-through tests and 

Absorption tests (Absorptive Capacity and Wicking Rate), and the conditions in which they 

were performed. 

 

4.1. Morphological and Surface Characterization 

 

4.1.1. Fourier-Transform Infrared Spectroscopy (FTIR) 

In this particular study, Fourier-Transform Infrared Spectroscopy (FTIR) was used to 

illustrate the chemical nature of the polymer. FTIR spectrum was obtained in a Frontier 

(Perkin-Elmer, USA) spectrometer, in the wavelength range 800-4000 cm
-1

. The FTIR 

frequencies were recorded with an average of 32 scans using a resolution of 4 cm
-1

.  
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4.1.2. Scanning Electronic Microscopy (SEM) 

To study the surface characteristics, namely the morphology and fiber organization of 

the constructs, Scanning Electronic Microscopy analysis was performed (SEM, 1.2. kV, 

Quanta 400FEG (FEI, USA)). SEM images were taken under 40×, 150× and 500× 

magnification. Fibers diameter and pore size were estimated for each specimen. All samples 

were coated with gold/palladium using a SPI Sputter Coater to provide conduction.  

 

4.1.3. Porosity  

To assess total porosity volume of the knitted structures, three specimens of each, 

measuring 75 mm in length and 25 mm in width, were considered. The thickness of each 

specimen was measured at four separate points using a digital caliper with an accuracy of 

±0.001 mm, and averaged, to calculate the cross-sectional area and thus, determine a 

geometrical volume (Vg), considering a parallelepiped composed 100% by PET, and each 

sample was weighted to determine the solid volume (Vs). For a material, the value of Vs can 

be obtained from the fraction between the weight (w) of the solid and the density (ρ) of the 

sample. Porosity can be defined as the difference between geometric volume (Vg) and the 

solid Volume (Vs) of the sample (Equation 1).  

 

                                           𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  
(𝑉𝑔− 𝑉𝑠)

𝑉𝑔
 × 100%                                 (Equation 1)                               

Where, 

                                                    𝑉𝑔 =  (𝜔 × 𝑡) × 𝑙                                              (Equation 2)                                 

Where 𝜔 is the width, 𝑡 the thickness, and l the length of the specimen. 

and, 

                                                          𝑉𝑠 =  
𝑤

𝜌PET
                                                     (Equation 3) 

Where 𝜌PET = 1,38 g/cm³.  
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4.2. Absorption tests 

4.2.1. Liquid Absorptive capacity test 

The absorptive capacity method provides a measure of the amount of liquid held within 

a test piece after specified times of immersion and drainage. This method measures the liquid 

stored within the test piece itself after drainage has occurred vertically.  

For each structure, three specimens were considered, measuring 75 mm in length and 25 

mm in width. An analytical balance capable of reading 0.0001 g was used. Dry specimens 

were weighted (W0), and then were placed in containers of distilled water maintained at room 

temperature, entirely immersed. The specimens were again weighted after 60 s, 15 min, 30 

min, 1 H, 2 H, 4 H, 8 H, 12 H and 24 H immersion (W). Finally, the specimens were left until 

completely dried, and weighted again (Wf). The increase in weight during immersion 

(Equation 4) and the soluble matter lost during immersion (Equation 5) were calculated in 

percentage. Any changes in appearance of the specimens were noted. 

                                 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡, % =
𝑊−𝑊0

𝑊0
 × 100                       (Equation 4) 

 

                                𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑙𝑜𝑠𝑡, % =
𝑊−𝑊𝑓

𝑊𝑓
 × 100                       (Equation 5) 

Our testing protocol was based on the International Standard D570-98, Standard Test 

Method for “Water Absorption of Plastics”. 

 

4.2.2. Liquid Wicking rate test 

Liquid wicking rate is defined as the measure of the capillarity of the test material, i.e. 

the rate at which the liquid is transported into the fabric by capillary action. The capillarity 

method measures the rate of vertical capillary rise in a specimen strip suspended in the test 

liquid. As soon as the liquid touch the bottom of the fabric, the capillary forces are generated 

and this allows the liquid to rise against the gravity. 

Wicking tests were performed using the apparatus shown in Figure 25. Three specimens 

of each construct were tested, measuring 200 mm in length and 25 mm in width. The 

specimens were suspended vertically with the bottom end dipped in a reservoir of distilled 

water with a specific dye. In order to ensure that the bottom ends of the specimens could be 

immersed vertically at a depth of 30 mm into the water, the bottom end of each specimen was 
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clamped with a clip, as shown in the figure. The wicking heights were measured after 10 s, 30 

s, 60 s and then every minute for 10 min and recorded for a direct evaluation of the structures 

wicking ability.   

 

Figure 25. Wicking apparatus. 
 

4.3. Mechanical Characterization 

4.3.1. Tensile testing 

4.3.1.1. Dry tests 

For each structure, sixteen separate specimens were used, eight cut longitudinally (warp 

direction) and the other eight transversally, to know in which direction the structure had better 

tensile properties. The specimens were cut measuring 140 mm in length and 20 mm in width. 

Material testing dumbbell shapes were created. These 20 mm strips were 10 mm at their 

narrowest point to ensure mid-specimen failure was unaffected by stress-risers occurring at 

the specimen-grip interface, and the grip-to-grip gauge length was 40 mm. The thickness of 

each specimen was measured at four separate points using a digital caliper with an accuracy 

of ±0.001 mm, and averaged.  

The testing protocol was based on the International Standard ISO 13934-1 “Textiles – 

Tensile Properties of Fabrics: Determination of maximum force and elongation at maximum 

force using the strip method”. Specimens were tested to failure in tension using a Shimadzu 

EZ-LX Long-Stroke Model tensile testing machine (Figure 26) with a 5 kN load cell, at a rate 

of 10 mm/min until failure. Paperboard was used to prevent slippage and jaw-breaks. 

Maximum tensile stress (MPa), elastic modulus (MPa), breaking strain, stiffness (N/mm) and 

toughness (J/mm
3
) were accessed. Our specimen size matched mean values published for 

rotator cuff tendons dimensions (Itoi, 1995), so the measured material properties of the 

constructs could be compared with published data of human rotator cuff. 
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Figure 26. Shimadzu EZ-LX Long-Stroke Model tensile testing machine used. 

 

Stress is defined as force per unite area while strain is the measure of the deformation of 

the material (strain = 
∆𝐿

𝐿0
, in ∆𝐿= final length - initial length, and L0 = initial length). The 

Young’s modulus (also termed elastic modulus) was calculated from the steepest pre-yield 

slope of the stress-strain curve. Stiffness (N/mm) was calculated from the pre-yield slope of 

the force-elongation curve. Toughness (J/mm
3
) was calculated as the area under the stress-

strain curve to failure of each sample (Figure 27). This measure indicates the deformation 

energy absorbed before failure.  

 

 
Figure 27. Illustration of the determination of the tensile parameters under study. 

 

4.3.1.2. Wet tests 

Tests in wet condition were performed to determine if the mechanical strength of the 

constructs were affected. They were performed after the tests in dry condition, so that only 

specimens with the direction demonstrating better mechanical properties were cut and tested. 

For each structure, eight specimens were considered. Mechanical properties were measured, 

as described above in “4.3.1.1. Dry tests”. 

Test specimens were immersed for a period of one hour in distilled water, at room 

temperature and before testing, all surface water was wiped off with a dry cloth, as described 
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in the International Standard ISO 13934-1 “Textiles – Tensile Properties of Fabrics: 

Determination of maximum force and elongation at maximum force using the strip method”. 

Also, the immersion time was considered sufficient since in the Liquid Absorptive capacity 

test, our structures showed a maximum water uptake after 60 seconds. The remaining test 

conditions were the same as described for the dry test specimens.  

 

4.3.1.3. Cyclic testing 

Cyclic tests were performed to provide a more accurate idea of how the structures will 

perform in vivo, as these structures are supposed to be used for an extended period of time and 

are subjected to cyclic loads. A cyclic test can demonstrate not only the capacity of a product 

when new, but also the performance over time, looking at how different loads will affect the 

product over its lifetime.   

Specimens of the four structures under study were tested. The specimens had test 

dimensions of 40 mm in length and 10 mm in width and were tested in load/unload cycles, 

using the same tensile testing machine of the anteriorly described tests, at a rate of 10 

mm/min, under crescent loads.  

Two types of tests were performed: first, all specimens were tested at each new cycle 

maintaining the suffered deformation from the previous cycle, i.e., the test length of the 

specimens varied at each cycle; then, all specimens were tested by changing the specimen’s 

test dimensions to maintain the same initial test length of 40 mm. The choice of load applied 

to each structure was made taking into account the results obtained in the previously 

described tensile tests. All samples were tensioned from small loads, corresponding to the 

“toe region” of each sample, to higher loads, whereas the last load being applied was less than 

the maximum failure load determined for each structure. 

Elastic modulus (MPa), stiffness (N/mm) and toughness (J/mm
3
) values were obtained 

for each cycle, as well as the permanent deformation (mm) and elastic recovery (mm) (Figure 

28). The increment in elongation (mm) between cycles was also determined for all structures 

under study. Elastic modulus (MPa) and stiffness (N/mm) values were determined as 

described in “4.3.1.1. Dry tests”. Toughness (J/mm
3
) was calculated as the area under the 

cyclic stress-strain loop of each sample.  
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Figure 28. Illustration of the determination of the cyclic tensile parameters under study. 

 

4.3.2. Testing suture pull-through 

Functional structure data rather than specific material characteristics were determined 

by testing suture pull-through. Eight rectangular strips from the four structures, measuring 40 

mm in length and 10 mm in width, were tested for suture pullout using a polyethylene 

terephthalate (PET) braid with similar mechanical properties as the Ethibond (Ethicon, 

Somerville, NJ, USA) sutures because this is a common suture type used for rotator cuff 

tendon repair. Dumbbell shapes were not required for the suture retention tests because stress 

concentrations were at the suture point. One end of the strip was gripped, and a suture was 

placed 5 mm from the other end using a simple suture configuration. The constructs were 

tested to failure, and mechanical properties were measured, as described above in “4.3.1. 

Tensile testing”.  

Three types of braids, with 2, 4, 6 PET multifilaments, measuring 300 mm in length, 

were developed. Five specimens of each were tested to determine their maximum force, and 

compared to determined which was more similar to the suture reported above and thus more 

adequate for this test. 

 

4.4. Statistical Analysis 

All numerical data are presented as averages and standard deviations. Statistical 

analysis was performed in order to interpret the results obtained. One way analysis of 

variance (ANOVA) was used. The comparison between two average values was performed 

using Tukey’s test with p < 0.05 indicating statistical significance.  
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Chapter 5 

Results and discussion 

  

5.1. Morphological and Surface Characterization 

5.1.1. Fourier-Transform Infrared Spectroscopy (FTIR) 

All structures under study are composed of 100% polyester. That way, an ATR-FTIR 

analysis was performed to investigate their chemical composition. The ATR-FTIR spectrum 

of the material is presented in Figure 29. 

 

 

Figure 29. ATR-FTIR analysis of the polyester scaffold. 

 

The weak C–H stretching, C–H bending and moderately intense C–C out of plane 

bending vibrations of the benzene rings in polyester appear at 2922, 722 and 871 cm
−1

 

respectively. A medium intensity of aromatic (C=C) bond was also detected by stretching 

vibration at 1408 cm
-1

. At the same time, alkane (C-H) showed a stretching vibration at 1339 

cm
−1

, and the ester bond (C-O) was indicated by the presence of three strong stretching 

vibration bands at 1239, 1093 and 1016 cm
−1

 . The polyester surface showed no significant 

peaks in the hydroxyl region of the carboxyl group (3000–3500 cm
−1

). Peaks appearing 
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between 1900-2000 cm
−1

 in polyester are assigned to residual anhydride groups. Esteric bonds 

for polyester was characterized by strong C=O symmetric stretching of carbonyl groups at 

1712 cm
−1

. The coupling interaction between the two equivalent carbon bonds of the 

carboxylate anion gave rise to an asymmetric stretching small band located between the 1504 

and the 1712 cm
-1

 band. (Parvinzadeh, 2011; Huang, 2012; Elnagar, 2014; Meslmani, 2014)  

Through direct comparison with the previous cited published studies, we could confirm 

that the constructs under study are composed of PET (polyethylene terephthalate). 

PET constitutes the majority of the polyester fibers produced and consumed globally. It 

consists of polymerized units of the monomer ethylene terephthalate, with repeating 

(C10H8O4) units (Figure 30). For manufacturing PET fibers, the main raw material is ethylene. 

It is oxidized to produce a glycol monomer dihydric alcohol which is further combined with 

another monomer, terephthalic acid, at a high temperature in vacuum, to polymerize. The 

resulting polymer is cooled and cut into small chips, which are melted and then extruded 

through a spinneret and the filaments are subsequently drawn into the desired polyester 

fiber. After the polyester fiber is created, it is made into a yarn, which consists of 

uninterrupted threads of textile fibers that are ready to be turned into fabrics. These polyester 

yarns have a wide range of diameters and staple lengths, and can be made basically as 

monofilament or multifilament yarn. (Pastore, 2000; Textile processes - Polyester 

Manufacturing)  

 
Figure 30. Molecular structure of PET. (Pastore, 2000) 

 

5.1.2. Scanning Electron Microscopy (SEM) 

Of the key components in tissue engineering, scaffold is the one that can be manipulated 

to the greatest extent.  

The desirable scaffold is a regeneration substrate, with an artificial architecture similar 

to the natural ECM, capable of retaining cells and guide their growth and tissue regeneration. 

This artificial ECM plays an important role in mimicking the in vivo milieu to allow cells to 

interact in their own micro-environments. Fibrous scaffolds with hierarchical structures can 

provide physical and spatial cues that are essential to mimic natural tissue growth. It has been 

shown that the fiber material, morphology of the scaffold (fiber diameter, fiber alignment, 

porosity, fabrication method), and the interactions between the fibers play critical roles in the 
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proper function of the engineered scaffolds. By varying the surface morphology and fiber 

diameter, cellular alignment and functions can be modulated. (Kun, 2009) 

In order to study the surface characteristics, specifically fiber morphology and 

organization, scanning electron microscopy images were taken of the four structures (Figures 

31, 32, 33 and 34). Since constructs A and B have two different face layers, SEM images of 

both faces were obtained for each. Table 6 depicts the estimated values of the fiber’s 

diameters and pore size, obtained for each structure.   

 

Table 6. Information obtained through the analysis of the SEM images, of the four structures under study. 

Structure Fiber type Fiber diameter 

(μm) 

Pore size  

(μm) 

Other specifications 

A 

Upper face Monofilament 

Multifilament 

57.3  

10.4 

i) 918.8w; 2220 l 

ii) 285  (w=l) 
- 

Lower face Monofilament 

Multifilament 

57.3  

15.5 

i) 350 (w=l) Distance between 

loops: ~165 μm 

B  

Upper face Monofilament 

Multifilament 

57.3 

15.5 

i) 1444 w; 2220 l  

ii) 235 (w=l) 
- 

Lower face Monofilament 

Multifilament 

57.3 

10.4 

i) 353.4 w; 468.6 l 

 

- 

C Multifilament 15.5 i) 85 w; 180 l - 

D Multifilament 9.5 

13.2 

i) 100 (w=l) -  

* w=width; l=length 

 

 

Figure 31. SEM image obtained of the 3D warp-knitted structure A.  The upper images correspond to one face, 

and the lower images to the other. 
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Figure 32. SEM image obtained of the 3D warp-knitted structure B.  The upper images correspond to one face, 

and the lower images to the other. 

 

 

Figure 33. SEM image obtained of the planar warp-knitted structure C. 

 

 

Figure 34. SEM image obtained of the planar warp-knitted structure D. 
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All matrices present very regular and well-controlled patterns, with well oriented fibers.  

Regarding structure A, the upper face consists of multifilament yarn, in which each 

filament has an average diameter of 10.4 μm, while the lower surface consists of 

multifilament yarn in which each filament has an average diameter of 15.5 μm. Like 

explained in the section “3.3.1.2.1. Manufacturing process of warp-knitted structures”, in 

warp knitted double face constructions, two different structures, an upper one and an inferior 

one, are connected by the spacer yarn that is generally a monofilament. In this structure, the 

spacer yarn has an average diameter of 57.3 μm, and it is common on both upper and lower 

faces. Regarding structure B, the upper face consists of multifilament yarn with an average 

diameter of 145 μm, and each filament has an average diameter of 15.5 μm, while the lower 

surface consists of multifilament yarn with an average diameter of 195 μm, in which each 

filament has an average diameter of 10.4 μm. The spacer yarn has an average diameter of 57.3 

μm, and it is common on both upper and lower faces. Both structures C and D consist on 

multifilament yarn. In structure C, each filament has an average diameter of 15.5 μm. In 

structure D, two different filaments were found, one with an average diameter of 9.5 μm, and 

the other of 13.2 μm. Comparing the structures based on the fiber type, it was concluded that 

the basis of all constructs is the multifilament yarn. However, each filament diameter differs 

slightly between structures. It was assumed that this is due to differences between lots or 

factory suppliers.  

Regarding pore shape and size, structure A presents two different types of pores in the 

upper face. One type is bigger, with an oval shape, measuring an average of 919 μm in width 

and 2220 μm in length, while the smaller type, with a circular shape, presents a mean 

diameter of 285 μm. The lower face is a more closed structure, presenting a circular shaped 

pore with a mean diameter of 350 μm. Similarly, the upper face of structure B also has two 

different types of pore, one bigger with an oval shape measuring 1444 μm in width and 2220 

μm in length, and the smaller one with a circular shape, measuring 235 μm in diameter. The 

lower face is also a more closed structure, presenting an oval shaped pore measuring an 

average of 350 μm in width and 470 μm in length. The planar structures C and D are very 

similar, however D is more closed than C. Despite the fact that structure C pores are not well 

defined, they present an average of 85 μm in width and 180 μm in length. Structure D is a 

more closed structure. Although a pore distribution pattern is not visible, some pores are 

detected, with a mean size of 100 μm in width and in length.  
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The microarchitecture of a scaffold is known to affect cell behaviors. A high surface 

area, adequate pore size and sufficiently high porosity are essential factors for cell attachment, 

migration, proliferation and differentiation. These factors also have an enhanced effect on the 

absorption of certain molecules (e.g. vitronectin, fibronectin), which are important for cell 

adhesion to the scaffold.  

It is well documented that cell responses to 2D and 3D environment are quite different. 

Normally, cells on 2D surfaces are limited to a planar and spread morphology that merely 

serves as support, and do not experience the more complex morphologies found in vivo. On 

the other hand, 3D scaffolds generally have a higher surface area that offers the possibility of 

achieving higher cell densities, support vascularization, which is fundamental for new tissue 

formation, and also resemble tissue shape, promoting cellular expansion and three-

dimensional tissue regeneration, thus resulting in the formation of a tendon more similar to 

the native tissue. Studies show that compared with 2D substrates, cells loaded within a 3D 

matrix display enhanced adhesion and biological activities. Other reports also observed that 

cells and fibroblasts are more likely to proliferate in 3D than 2D conditions. These were 

attributed to the 3D environment being similar to natural ECM in terms of structural 

dimension. (Kun, 2009)  

Fiber orientation and organization within a fibrous scaffold is also found to affect 

cellular behavior. Cells tend to orientate and elongate themselves along the alignment of the 

fibers, thus, fiber-based scaffolds should be aligned to closely mimic the aligned collagen 

fiber architecture of tendons. (Kun, 2009; Chainani, 2016) Also, oriented cells will deposit 

oriented ECM, and oriented ECM has a higher tensile strength than unoriented ECM (e.g. 

scar tissue). Aligned tissue does exhibit anisotropic properties (e.g. higher tensile strength in 

the direction of orientation), so the directions of alignment of the ECM and the scaffold 

should be the same for tendon tissue engineering applications. (Bashur, 2009) 

Fiber size also plays an important role in tissue-engineering applications, since it can 

also modulate the orientation and organization of cells. Cells have shown to respond to the 

surface morphologies in nano- and microscales, and are able to organize around and grow 

mostly aligned along the axis of small diameter fibers, which may be because of the larger 

cell–material contact surface area, in comparison with larger fibers. (Kun, 2009; Akbari, 2016) 

For the production of a scaffold, another choice lies in the use of monofilament (single 

filament of material) or multifilament (several filaments twisted or braided together) yarn. 

Studies show that multifilament scaffolds have enhanced mechanical properties, as they are 
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generally stronger, afford greater tensile strength, and have higher burst strength, pliability, 

flexibility, and better elastic recovery than monofilament scaffolds. These properties are likely 

a result of load sharing between the numerous filaments within the structure. Studies also 

suggest multifilament scaffolds to be superior in terms of their structural properties, providing 

greater surface area for cell attachment, possibility of smaller pores for infiltration by cells, 

and increased capillarity leading to increased absorption capacity, compared to monofilament 

scaffolds. (Edwards, 2012) 

Warp-knitted meshes are structures with a highly ordered arrangement of 

interconnected loops. (Wang, 2011)  Due to the arrangement of the fibers in these structures, 

they also mimic the pattern of the aligned collagen fibrils. Since this textile technique 

adequately mimics the ECM structure, on this parameter, it can be considered suitable for 

scaffold fabrication for tendon regeneration. The basis of all constructs under study is 

multifilament yarn, which, as mentioned, proves to be advantageous in both mechanical and 

biological properties. Also, the fiber diameter of the multifilaments used for all structures, 

which does not differ significantly among them, can be considered suitable for tissue-

engineering applications.  

The pore size also plays an important role in scaffold tissue-engineering. Previous 

studies have shown that cellular growth and attachment are largely dependent on both the size 

and density of the pores within a scaffold. (Stratton, 2016) The pore size of the knitted fabric 

should be large enough (~100μm) to allow cellular ingrowth while maintaining the 

mechanical strength of the construct under the applied stresses. (Akbari, 2016) Pore size has 

also been associated with the capability for vascularization. Studies indicate that the minimal 

pore dimensions for encouraging neovascularization is 0.8–8.0 μm. (Kun, 2009) The mean 

pore dimensions of the structures under study meet these criteria. Besides that, structures A 

and B have two different faces: the upper face of both structures has larger pores, while the 

lower face is more compact, with smaller pore dimensions. While larger pores favor cellular 

internalization, smaller pores can offer an adequate surface area for continuous cell growth 

and to support higher cell numbers. Thus, these two structures combine the advantages of 

both pore dimensions. To conclude this remark, cells residing in a fibrous scaffold are capable 

of amoeboid movement pushing the surrounding fibers aside and thus expanding pores within 

the scaffold. In this way, fibrous scaffolds offer cells the opportunity to optimally adjust the 

pore diameter and migrate into areas where some of the initial pores are relatively small. 

(Kun, 2009)  
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5.1.3. Porosity  

Porosity or void fraction, is a measure of the void spaces, and is a fraction of the volume 

of voids over the total volume. The volume of void spaces and the distribution of pore size are 

two important parameters that characterize the scaffold porosity. Table 7 shows the results 

obtained for the density and porosity testes. 

 

Table 7. Physical properties of the different warp-knitted structures. 

 A B C D 

Density (g/cm
3
) 1.38 1.38 1.38 1.38 

Thickness (cm) 0.28 0.22 0.04 0.04 

Cross-sectional area (cm
2
) 0.71 0.56 0.09 0.11 

Weight (g) 0.44 0.29 0.21 0.48 

Geometrical volume (cm
3
) 5.29 4.16 0.67 0.82 

Solid volume (cm
3
) 0.32 0.21 0.15 0.35 

Porosity (%) 93.99 94.92 77.57 57.47 

 

A porous architecture is essential for the scaffold to be able to assist and guide the 

regeneration of the new tissue. Like referenced early, an adequate pore size and sufficiently 

high porosity are essential factors for cell attachment, migration, proliferation and 

differentiation. A scaffold with a high porosity tends to have a large surface area for cellular 

attachment and formation of multiple focal adhesion points on the interconnected fibers. In 

addition, highly porous fibrous scaffolds allow an efficient exchange of cell nutrients, such as 

oxygen and cell growth factors, and metabolic waste between the adherent cells and the host 

bed. (Smith, 2015; Aibubu, 2016)  

Both structures A and B presented a high porosity (93.99% and 94.92%, respectively), 

structure C presented a relatively high porosity (77.57%), and finally structure D showed the 

lowest porosity compared with the previous (57.47%). 

Both 3D warp-knitted structures showed the highest porosity level, as it was expected, 

since they both have a middle layer composed only by the spacer yarn, and because they 

apparently have bigger and more pores in comparison with the other structures. Structure C 

also demonstrated a reasonable high porosity level, which was also perceptible by observing 

the SEM images. When analyzing SEM images, structure D appeared to be a more closed 

construct, with only a few detectable micropores, and without an apparent pore distribution 

pattern. Despite that, these results showed that this structure presents a medium porosity level. 

It is possible that these micropores are not intentional, but the result of empty spaces between 

the multifilament yarns when they are forming the loop. It is possible that not all the filaments 
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are completely aligned in the same manner. Some may be looser than others, generating some 

empty spaces between them.  

Summing up, for tissue-engineering scaffolds, the importance of 3D porous structures 

has been confirmed to allow cell infiltration, maximize the space for cell adhesion, ingrowth 

and reorganization, permit extracellular-matrix secretions, nutrients and oxygen exchange and 

diffusion of waste products out of the scaffold, and provide the necessary space for 

neovascularization in vivo, promoting the regeneration of a new tissue similar to the native 

one. Taking all the discussed topics into account, we can consider that in terms of 

architecture, structures A and B, the two 3D warp-knitted structures, are better for biological 

augmentation, although the two planar structures, C and D also meet the minimum 

requirements. 

 

5.2. Absorption tests 

5.2.1. Liquid Absorptive capacity test 

Water uptake can occur by the materials in terms of “absorbed water”, that means the 

amount of water absorbed from media. Considering textile structures, water uptake is one of 

the most important mechanisms occurring during water-yarn interaction. Water molecules 

diffuse into the amorphous regions of the yarn matrix and break inter-molecular hydrogen 

bonds. This allows an increase in the inter-molecular distance of the chains, which causes 

water uptake. Figure 35 shows the increase in weight (%) in specific times, for all structures 

under study. 

 

 
Figure 35. Relationship between the weight change of the two 3D warp-knitted structures A and B and the two 

planar warp-knitted structures C and D and the immersion time in water. 
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For all structures, there was an increase in weight, indicating some water uptake, in the 

first 60 seconds. After that time, it remained constant, which means that the equilibrium water 

uptake of the polymeric scaffolds specimens (when all the pores were assumed to be filled 

with water) was reached. The structures that reveal the highest increase in weight were 

structures A and B, with an increase of approximately 260% and 280%, respectively. 

Structure C suffered an increase in weight of about 165% and finally, structure D revealed the 

lowest increase, of about 140%. In the end, it was also verified that there wasn’t any soluble 

matter lost during these tests, it did not occur swelling (water retention) and there was no 

changes in the dimensions of the test specimens, for all structures.  

The rate of water uptake depends on various physical and chemical properties of 

scaffolds including hydrophilicity and surface area. Moreover, the amount of water absorbed 

is related to the porosity and the amount of available liquid water at the surface of the 

material. For this reason, porous material can uptake and store more water whereas the 

nonporous material can store a more limited amount of water. (Sultana, 2013) This was 

proved when comparing with the previous results, since the structures that have the highest 

porosity and pore size, namely the 3D structures analyzed, showed the highest water uptake 

while structure C, with smaller pore dimensions, and D, a dense structure, showed the lowest 

water absorptive capacity. Furthermore, the 3D structures have two different faces that 

participate in this response. 

When materials are aimed to be used in regenerative medicine, it is essential to study 

the fluid absorption capacity during a preliminary analysis of materials. The liquid absorptive 

capacity is responsible for the polymeric matrix expansion, which leads to an increase of the 

pore size, facilitating not only cell attachment but also cellular internalization, which is 

fundamental for improving tissue regeneration process. Furthermore, the large pores will also 

facilitate the diffusion of nutrients and waste along the structure, as it was explained earlier. 

However, if the amount of liquid uptake is too high, it can cause the loss of mechanical 

integrity and compressive stress to surrounding tissue. (Serra, 2015)  Concluding, as scaffolds 

should have fluid absorptive capacity and should not demonstrate a continuous absorptive 

behavior, considering the results obtained, the structures under study can be considered 

suitable for tissue-engineering applications.   
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5.2.2. Liquid Wicking rate test 

The moisture transfer behavior of textiles depends mainly on the capillary capability 

and moisture absorbency of yarns. Therefore, in order to optimize this functionality, it is 

necessary to investigate the wicking behavior. Liquid transfer mechanisms include water 

diffusion and capillary wicking, which are determined mainly by effective capillary pore 

distribution, pathways and surface tension. Wicking is the spontaneous flow of a liquid in a 

porous substance, driven by capillary forces. As capillary forces are caused by wetting, 

wicking is a result of spontaneous wetting in a capillary system. (Ávila, 2015) Wicking takes 

place only in wet structures or when the structures come into contact with water.  

Figure 36 show the vertical wicking results obtained for the four constructs under study.  

 

 
Figure 36. Relationship between the wicking behavior of the two 3D warp-knitted structures A and B and the 

two planar warp-knitted structures C and D over time. 

 

The rate of water rise through the capillaries was found to be higher for the initial 

period and thereafter it slows down gradually to reach a saturation level. In the first minute, 

the wicking height of structure C was higher than the wicking height of the structures A, B 

and D, which in turn, exhibited a similar behavior. After that, the wicking height of structure 

D was higher than the others, reaching an average final height of 10.6 cm. The second highest 

wicking height was reached by structure A, with an average of 10.1 cm, followed by structure 

C, with an average wicking height of 9.3 cm, and finally structure B, with an average of 8.6 

cm.   

A steady state was obtained for all structures at about 8 minutes within the test. This can 

be due to the overweight of water and the dominance of gravity effect as the water rose. In 

extreme cases, if swelling occurs, it can increase the liquid retention in the fibers at the 
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expense of the capillary liquid capacity. Swelling of the material can alter the pore structure 

and can cause closing off of capillaries, which in turn causes the reduction of fluid flow. 

(Ávila, 2015) 

The hydrophobicity of the fiber present in the structure greatly influence the wicking as 

hydrophobic fibers show less affinity for the water and increase the wicking rate. PET fiber is 

hydrophobic in nature and it shows no bonding with water and hence, higher wicking rates are 

observed for PET fabrics. (Kumar, 2014) 

Wicking behavior of fabrics also depends on several factors like type of fibers, 

structure, finish, pore size and their distribution, surface roughness etc. The geometrical 

configurations and topology of the inter-fiber pores significantly influence the wicking 

behavior. A small, uniformly distributed and interconnected pores in the fabric structure is 

found to be effective in faster wicking while larger pore size, geometrical irregularities, and 

poor connectivity of the pores within the structure show poor wicking performance. (Kumar, 

2014) The thickness of the scaffold also influences the wicking rate, since the greater the 

thickness, the more space is available, so the water has more space to be distributed. (Ávila, 

2015)  

As it was referenced earlier, multifilaments exhibit a high capillarity. The 2D structure 

D is composed basically of knitted multifilaments, all interconnected, exhibiting the lowest 

porosity and the simplest architecture of all constructs. Because of that, this structure 

demonstrated to be the one with the best wicking behavior. The difference between D and the 

other 2D structure C is not really significant, but is probably due to the fact that although D 

less defined pore distribution by the structure in comparison with C, it has smaller pores and a 

more dense multifilament yarn, so the number of fibers that contribute to the structural 

response in the capillary action is higher. Despite having large pores and a more irregular 

architecture in comparison with the 2D constructs, the 3D warp-knitted A also demonstrated a 

high wicking behavior, which can be explained by its high thickness. In comparison with the 

other 3D structure, which demonstrated the lowest wicking capacity, since both have similar 

architectures, the difference between them was probably due to the thickness factor, since the 

structure’s A thickness is higher than B’s.  

Wicking describes the ability of fabric to transport the liquid through its complex 

fibrous network. A high fluid transport capacity is an important characteristic for tissue-

engineering applications since cellular networks rely on interconnected pathways for nutrient 

transportation, cell signaling, and proliferation, mimicking the native extracellular matrix 
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(ECM) environment in structure. If a scaffold presents a high wicking behavior, it can 

significantly augment cell recruitment, infiltration, migration and proliferation and enhance 

the transport of nutrients, oxygen and metabolic waste and the movement of other important 

biomolecules along the structure, and the rate of angiogenesis and formation of functional 

vessels within the scaffold, essential for tissue regeneration. (Tabbaa, 2015) All constructs 

presented similar results and can be considered suitable for the desired application. 

 

5.3. Mechanical Characterization 

5.3.1. Tensile testing 

Tensile testing is one of the most fundamental tests for engineering, and provides 

valuable information about a material and its associated properties. These properties can be 

used for design and analysis of engineering structures, and for developing new materials that 

better suit a specified use. (Favilla, 2010) 

 

5.3.1.1. Dry tests 

In this section, it is reported variations in the tensile properties of the different structures 

under study (Table 8). The force- elongation typical curves obtained for each structure are 

presented in Figures 37, 38, 39 and 40. All four matrices required 10% to 35% and 35% to 

60% elongation, on the longitudinal and transversal directions respectively, until they began 

to carry substantial load. The mean thickness determined for structure A was 2.82 mm, 2.22 

mm for 3D structure B, 0.36 mm for planar structure C and 0.44 mm for planar structure D. 

 

Table 8. Measurements obtained from the tensile tests of the four warp-knitted structures under study. 

* Values are reported mean ± standard deviation; L: longitudinal direction; T: transversal direction. 

 

 Maximum 

Stress (MPa) 

Failure 

strain 

(mm/mm) 

Elastic 

Modulus 

(MPa) 

Failure load  

(N) 

Stiffness  

(N/mm) 

Toughness 

(J/mm
3
) 

 

A 

L 4.95 ± 0.48 0.95 ± 0.06 10.01 ± 0.41 139.72 ± 13.45 7.06 ± 0.29 1.43 ± 0.20 

T 2.19 ± 0.25 1.88 ± 0.13 2.27 ± 0.20 61.69 ± 6.92 1.60 ± 0.14 1.16 ± 0.15 

 

B 

L 2.03 ± 0.20 0.77 ± 0.13 4.65 ± 0.34 45.09± 4.42 2.58 ± 0.19 0.47 ± 0.07 

T 1.17 ± 0.13 0.91 ± 0.07 2.45 ± 0.22 25.87 ± 2.95 1.36 ± 0.12 0.34 ± 0.06 

 

C 

L 24.13 ± 1.43 1.29 ± 0.11 30.43 ± 2.54 85.65 ± 5.07 2.70 ± 0.23 12.79 ± 0.88 

T 25.60 ± 1.26 1.92 ± 0.12 20.70 ± 1.51 90.90 ± 4.48 1.84 ± 0.13 17.79 ± 2.68 

 

D 

L 63.17 ± 3.61 1.64 ± 0.09 59.72 ± 4.28 276.39 ± 15.80 6.53 ± 0.47 36.74 ± 4.75 

T 19.17 ± 1.30 1.24 ± 0.09 23.07 ± 1.52 83.87 ± 5.69 2.52 ± 0.17 8.74 ± 1.32 
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                                                (a)                                                                                    (b) 

Figure 37. (a) Force (N) / Elongation (mm) curve of the 3D warp-knitted structure A in the longitudinal 

direction; (b) Force (N) / Elongation (mm) curve of the 3D warp-knitted structure A in the transversal direction. 

 

 

 
                                                (a)                                                                                     (b) 

Figure 38. (a) Force (N) / Elongation (mm) curve of the 3D warp-knitted structure B in the longitudinal 

direction; (b) Force (N) / Elongation (mm) curve of the 3D warp-knitted structure B in the transversal direction. 
 

 

 
                                               (a)                                                                                     (b) 

Figure 39. (a) Force (N) / Elongation (mm) curve of the 2D warp-knitted structure C in the longitudinal 

direction; (b) Force (N) / Elongation (mm) curve of the 2D warp-knitted structure C in the transversal direction. 
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                                               (a)                                                                                     (b) 

Figure 40. (a) Force (N) / Elongation (mm) curve of the 2D warp-knitted structure D in the longitudinal 

direction; (b) Force (N) / Elongation (mm) curve of the 2D warp-knitted structure D in the transversal direction. 

 

The maximum stress values were statistically different between the four structures and 

each structure displayed different maximum stress values in both directions, except structure 

C (Figure 41). On the longitudinal direction, the 3D warp-knitted structure A had a mean 

maximum stress of 4.95 ± 0.48 MPa, while the 3D warp-knitted structure B had a mean 

maximum stress of 2.03 ± 0.20 MPa. Regarding the two planar warp-knitted constructs, 

structure C had a mean maximum stress of 24.13 ± 1.43 MPa while structure D had a mean 

maximum stress of 63.17 ± 3.61 MPa. On the transversal direction, the structure A had a 

mean maximum stress of 2.19 ± 0.25 MPa, while structure B registered a maximum stress of 

1.17 ± 0.13 MPa, structure C of 25.60 ± 1.26 MPa and structure D of 19.17 ± 1.30 MPa. In 

general, the maximum stress values were higher for the planar structures. The highest 

maximum stress values were measured for the 2D structure D while the 3D structure B 

registered the lowest.  

 
Figure 41. Maximum stress (MPa) values of the different structures, in both directions (longitudinal and 

transversal). 

 

Each structure displayed different elastic modulus values in both directions. Regarding 

the 3D warp-knitted constructs, structure B had a statistically lower mean elastic modulus 
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(4.65 ± 0.34 MPa) in the longitudinal direction compared with structure A (10.01 ± 0.41 

MPa). In the transversal direction, there were not statistical differences between these 

structures (2.27 ± 0.20 MPa for structure A and 2.45 ± 0.22 MPa for structure B). Of the 

planar warp-knits, structure D registered a statistically higher mean elastic modulus in the 

longitudinal direction (59.72 ± 4.28 MPa) in comparison with structure C (30.43 ± 2.54 MPa). 

In the transversal direction, there were not statistical differences between these structures 

(20.70 ± 1.51 MPa for structure C and 23.07 ± 1.52 for structure D). Again, the mean elastic 

modulus values were higher for the planar structures. The highest values were measured for 

the 2D structure D while the 3D structure B registered the lowest (Figure 42). 

 
Figure 42. Young’s modulus (MPa) values of the different structures, in both directions (longitudinal and 

transversal). 

 

Each structure displayed different failure strain values in both directions. The highest 

mean failure strain of 1.64 ± 0.09 in the longitudinal direction was measured for structure 

planar D, which was statistically greater than the failure strain of 1.29 ± 0.11 for the other 

planar structure C, 0.95 ± 0.06 for 3D structure A and lastly 0.77 ± 0.13 for 3D structure B. In 

the transversal direction, structure A and C displayed statistically similar values (1.88 ± 0.13 

for structure A and 1.92 ± 0.12 for structure C), while structure C registered a lower failure 

strain of 1.24 ± 0.09 and finally, 0.91 ± 0.07 for structure B (Figure 43). 

 
Figure 43. Failure strain values of the different structures, in both directions (longitudinal and transversal).  
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In the longitudinal direction, stiffness values of structure A (7.06 ± 0.29 N/mm) were 

statistically higher than those obtained for structure D (6.53 ± 0.47 N/mm), while structures B 

(2.58 ± 0.19 N/mm) and C (2.70 ± 0.23 N/mm) displayed statistically similar values. Stiffness 

values for the transversal direction were lower than for the longitudinal direction (Figure 44). 

 

 
Figure 44. Stiffness (N/mm) values of the different structures, in both directions (longitudinal and transversal). 

 

The highest toughness values were displayed by structure D (36.74 ± 4.75 J/mm3 in the 

longitudinal direction) and by structure C (17.79 ± 2.68 J/mm3 in the transversal direction). 

The two 3D warp-knitted structures A and B exhibit the lowest toughness values and 

presented statistically higher values in the longitudinal direction, in comparison with the 

transversal direction (Figure 45). 

 
Figure 45. Toughness (J/mm3) values of the different structures, as measured by failure in tension, in both 

directions (longitudinal and transversal).  
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5.3.1.2. Wet tests 

In this section, it is reported variations in the tensile properties of the different structures 

under wet conditions, only in the longitudinal direction (Table 9). The force- elongation 

typical curves obtained for each structure are presented in Figure 46. All four matrices 

required 10% to 35% elongation until they began to carry substantial load.  

 

Table 9. Measurements obtained from the wet tensile tests of the four warp-knitted structures under study. 

* Values are reported mean ± standard deviation 

 

 

 
                                              (a)                                                                                     (b) 

 

 
                                                (c)                                                                                     (d) 

Figure 46. (a) Force (N) / Elongation (mm) curve of the wet 3D warp-knitted structure A. (b) Force (N) / 

Elongation (mm) curves of the wet 3D warp-knitted structures B; (c) Force (N) / Elongation (mm) curve of the 

wet 2D warp-knitted structure C; (d) Force (N) / / Elongation (mm) curve of the wet 2D warp-knitted structure 

D. 

 Maximum 

Stress (MPa) 

Failure strain 

(mm/mm) 

Elastic Modulus 

(MPa) 

Failure load 

 (N) 

Stiffness  

(N/mm) 

Toughness 

(J/mm
3
) 

A 5.27 ± 0.36 0.98 ± 0.06 9.87 ± 0.44 148.76 ± 10.02 6.96 ± 0.31 1.60 ± 0.18 

B 1.79 ± 0.16 0.79 ± 0.06 3.77 ± 0.30 39.75 ± 3.56 2.09 ± 0.17 0.44 ± 0.07 

C 22.94 ± 1.23 1.41 ± 0.10 26.61 ± 1.74 81.43 ± 4.35 2.36 ± 0.16 12.42 ± 1.58 

D 60.21 ± 3.95 1.57 ± 0.07 63.83 ± 3.52 263.41 ± 17.27 6.98 ± 0.39 32.81 ± 3.98 
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The maximum stress values were statistically different between the four structures 

(Figure 47). The 3D warp-knitted structure A had a mean maximum stress of 5.27 ± 0.36 MPa 

while the 3D warp-knitted structure B had a mean maximum stress of 1.79 ± 0.16 MPa. 

Regarding the two planar warp-knitted constructs, structure C had a mean maximum stress of 

22.94 ± 1.23 MPa while structure D had a mean maximum stress of 60.21 ± 3.95 MPa. 

Similarly to the results of the dry tensile tests on the same direction, the maximum stress 

values were higher for the planar structures. The highest maximum stress value was measured 

for the 2D structure D while the 3D structure B registered the lowest.                                                   

 
Figure 47. Maximum stress (MPa) values of the different structures, under wet conditions. 

 

Regarding the 3D warp-knitted constructs, structure B had a statistically lower mean 

elastic modulus (3.77 ± 0.30 MPa) compared with structure A (9.87 ± 0.44 MPa). Of the 

planar warp-knits, structure D registered a statistically higher mean elastic modulus (63.83 ± 

3.52 MPa) in comparison with structure C (26.61 ± 1.74). Again, the mean tensile elastic 

values were higher for the planar structures. The highest values were measured for the 2D 

structure D while the 3D structure B registered the lowest (Figure 48). 

 
Figure 48. Young’s modulus (MPa) values of the different structures, under wet conditions. 



88 

 

The highest mean failure strain of 1.57 ± 0.07 was measured for structure planar D, 

which was statistically greater than the failure strain of 1.41 ± 0.10 for the other planar 

structure C, 0.98 ± 0.06 for 3D structure A and lastly 0.79 ± 0.06 for 3D structure B. (Figure 

49).   

Stiffness values were similar to those obtained previously. Structures A (6.96 ± 0.31 

N/mm) and D (6.98 ± 0.39 N/mm) were not statistically different. The lowest stiffness values 

were registered for structures B (2.09 ± 0.17 N/mm) and C (2.362 ± 0.155 N/mm). (Figure 

50). 

 

 
Figure 49. Failure strain values of the different structures, under wet conditions. 

 

 
Figure 50. Stiffness (N/mm) values of the different structures, under wet conditions. 

 

The highest toughness values were displayed by structure D (32.81 ± 3.98 J/mm3) and 

by structure C (12.42 ± 1.58 J/mm3). The two 3D warp-knitted structures A and B exhibit the 

lowest toughness properties, when comparing with the other two constructs. Similarly with 

what happened in the other measured parameters, there were not statistical differences 

detected when comparing the constructs in the two test conditions (Figure 51).    



89 

 

 
Figure 51. Toughness (J/mm3) values of the different structures, as measured by failure in tension, under wet 

conditions. 

 

To investigate the anisotropic behavior of the constructs, tensile tests were performed in 

the longitudinal (y-axis) and transverse (x-axis) directions of the knitted matrix (Figure 52). 

When analyzing the dry tensile results, comparing the mechanical properties values obtained 

for both directions, it was concluded that in general, mechanical properties were higher for the 

longitudinal direction than for the transversal. Also, when cut in the transversal direction, 

specimens suffered greater elongation under lower loads, in comparison with the other 

direction. For these reasons, only specimens cut in longitudinal direction were considered for 

the wet tensile tests.  

The decrease of the mechanical properties is associated with the anisotropic character of 

the knitted matrices, which have better mechanical properties in the longitudinal direction, the 

direction in which the fibers are arranged, compared with the transversal. This property is 

particularly interesting considering that most tissues have a high degree of anisotropy. The 

intrinsic properties of the fiber can also contribute to an increase in the anisotropy of the 

textile construct. If PET fibers are secreted with the longest axis aligned with the fiber axis, 

the strength along the fibers results from extended polymeric chains. This will contribute to 

the increased strength and stiffness of the knitted matrices along the longitudinal direction. 

Both dry and hydrated states were studied to determine the effect of the surrounding 

biological fluids on the mechanical properties of the constructs. Comparing the tensile tests 

results obtained for both states, it was concluded that there were no alterations of the tensile 

properties. This can be explained by the fact that, as it was reported earlier in the section 

“5.2.1. Liquid Absorptive capacity test”, the structures demonstrated “residual” water 

absorption capacity without suffering changes in dimensions.  

For this reason, it will be further discussed only the results obtained for the longitudinal 

direction, and considering the dry and wet tests as a whole.  
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Figure 52. Longitudinal (y-axis) and transverse (x-axis) directions of the knitted matrix. (Almeida, 2013) 

 

The mechanical behavior of knitted textile fabrics is dependent, not only on the yarn 

properties and fabric direction, but also on the geometrical structure of the fabric, i.e. knit 

loop structures (loop length, width and height), overall fiber volume fraction (density and 

tightness), 2D vs 3D structure, porosity, etc.  

In the obtained results, the mechanical properties of the planar “2D” warp-knitted 

structures were, in general, better than for the 3D warp-knitted structures (Figure 53). When 

analyzing the relationship between the thickness of the structures (higher for the 3D 

structures) and maximum stress and elastic modulus, it was concluded that these parameters 

were, in general, inversely correlated.  

 
      (a) 

 
(b) 

Figure 53. (a) Relationship between Maximum Stress (MPa) and thickness (mm); (b) Relationship between 

Elastic Modulus (MPa) and Thickness (mm). 
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However, these results were also influenced by the fact that the 3D warp-knitted 

structures possess higher pore size and porosity levels in comparison with the 2D structures, 

which are more dense and compacted (Figure 54). Extension of these structures involves a 

combination of bending, twisting, compressing and sliding of the yarns. In a looser structure 

there is a greater freedom of movement and hence the initial modulus is much lower. This 

was verified as structures A and B have lower modulus than structures C and D. In fact, the 

2D structure D and the 3D structure A are tighter that the 2D structure C and 3D structure B, 

respectively, and demonstrated better mechanical properties. This is due to the fact that 

structures C and B have bigger pore sizes and higher porosity levels than the structures D and 

A, respectively. Porosity and mechanical strength are inter-related parameters for fiber-based 

scaffolds. It has been shown that a decrease in the porosity of a fibrous scaffold is associated 

with an increase in mechanical strength, what is observable in the obtained results. (Kun, 

2009) For tissue engineering applications, a scaffold can neither be too porous (due to 

compromised mechanical strength) nor lack porosity significantly (due to lack of cellular 

ingress, vascularization, and signaling). This tradeoff is in general one of the fundamental 

concepts of tissue engineering and must always be taken into consideration during biomaterial 

fabrication. (Stratton, 2016) 

 
(a) 

 
(b)  

Figure 54. (a) Relationship between Maximum Stress (MPa) and Porosity (%); (b) Relationship between Elastic 

Modulus (MPa) and Porosity (%). 
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The stress–strain behavior of the four structures displayed the characteristic toe, linear, 

yield and failure regions that are typically found in stress-strain curves of tendons. The 

examination of the stress-strain characteristics showed a two-stage deformation process 

(Figure 55).  

 

 
Figure 55. Typical load-extension characteristic of a knitted fabric tested in the wale direction. Step 1: stretching 

of the curved yarns up to the critical stretch state (yarns are straightened and not elongated). Step 2: elongation 

of the straightened yarns up to the breaking point. (Camino, 2007) 

 

In a first stage, the deformation of the knitted fabric is mainly due to the straightening of 

the curved yarns. The yarns slip with friction in the interlacing regions, while the diameter of 

the yarn continuously decreases because of local compression effects. This process continues 

up to the “critical stretch state”, which is a hypothetical state of deformation. From the 

mechanical point of view, in this initial stage of deformation, the fabric behaves like a 

structure rather than a continuous material. The initial deformation due to slippage with 

friction of the fibers is ruled by Coulombs' law. This phenomenon depends on the friction 

coefficient and the normal force acting in the slippage direction between the fibers. At this 

point the fibers have not yet been deformed (the length of the fibers is not changed). In the 

second stage, the load in transferred directly to the yarn. Once the structure becomes blocked, 

the fibers begin to deform by the force applied (the length of the fibers increases according to 

Hooke's law). As the load increases, the cross-section of the fabric becomes more compact. 

Although a small structural effect of the fabric still exists, this may be ignored as it is less 

important in the deformation process. (Camino, 2007) 

In order to understand the effect of this behavior on the performance of the structures 

under study, cyclic tests were performed, as reported next. Cyclic tests provide a more 

accurate idea of how the structures will perform in in vivo, looking at how different loads will 

affect the product over its lifetime, as these structures are supposed to be used for an extended 

period of time.  
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5.3.1.3. Cyclic testing 

In this section, it is reported the results obtained from the cyclic tests, namely the Elastic 

Modulus (MPa), Stiffness (N/mm) and Toughness (J/mm
3
) variations under different loads 

(Table 10). We also report the increment in elongation (mm) between cycles, and permanent 

deformation (mm) and elastic recovery (mm) in each cycle (Table 11). The force-elongation 

typical curves obtained for each structure in both test conditions are presented in Figures 56, 

57, 58, and 59. The overlaps of the curves obtained in both test conditions, for each cyclic 

load, are depicted in Figures 60, 61, 62, and 63, for each structure.  

 

 
(a) 

 

 

     
(b) 

Figure 56. Force (N) / Elongation (mm) curves obtained from the cyclic tests for 3D warp-knitted structure A, in 

which in (a), as it is observable, the test was continuous, while in (b) the specimen length was readjusted at each 

cycle to maintain the initial length of 40 mm. 
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(a) 

 

 

 
(b) 

Figure 57. Force (N) / Elongation (mm) curves obtained from the cyclic tests for 3D warp-knitted structure B, in 

which in (a), as it is observable, the test was continuous, while in (b) the specimen length was readjusted at each 

cycle to maintain the initial length of 40 mm. 
 

 

 
(a) 
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(b) 

Figure 58. Force (N) / Elongation (mm) curves obtained from the cyclic tests for 2D warp-knitted structure C, in 

which in (a), as it is observable, the test was continuous, while in (b) the specimen length was readjusted at each 

cycle to maintain the initial length of 40 mm. 
 

 
(a) 

 

 

 

 
(b) 

Figure 59. Force (N) / Elongation (mm) curves obtained from the cyclic tests for 2D warp-knitted structure D, in 

which in (a), as it is observable, the test was continuous, while in (b) the specimen length was readjusted at each 

cycle to maintain the initial length of 40 mm. 
 



96 

 

 
                                           (a)                                                                                       (b) 

 

 
                                              (c)                                                                                         (d) 

 

 
                                              (e)                                                                                      (f) 

 

Figure 60. Force (N) / Elongation (mm) curves obtained for 3D warp- knitted structure A and their overlap, 

obtained for each test condition, in which the blue curve represents the test condition in which it was maintained 

the initial specimen length for all loads, the red curve represents the continuous test, and the green curve 

represents the overlap. Graphic (a) represents the curves obtained for 20N, (b) for 40N, (c) for 60N, (d) for 80N, 

(e) for 100 (N) and (f) for 120N. 
 

 
(a) 
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                                             (b)                                                                                        (c) 

 

Figure 61. Force (N) / Elongation (mm) curves obtained for 3D warp- knitted structure B, and their overlap, 

obtained for each test condition, in which the blue curve represents the test condition in which it was maintained 

the initial specimen length for all loads, the red curve represents the continuous test, and the green curve 

represents the overlap. Graphic (a) represents the curves obtained for 10N, (b) for 20N and (c) for 30N. 

 

 

 
(a) 

 

 
                                        (b)                                                                                        (c) 

 

Figure 62. Force (N) / Elongation (mm) curves obtained for 2D warp- knitted structure C, and their overlap, 

obtained for each test condition, in which the blue curve represents the test condition in which it was maintained 

the initial specimen length for all loads, the red curve represents the continuous test, and the green curve 

represents the overlap. Graphic (a) represents the curves obtained for 20N, (b) for 40N and (c) for 60N. 
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(a) 

 

 
                                                (b)                                                                                        (c) 

 

 
                                               (d)                                                                                        (e) 

Figure 63. Force (N) / Elongation (mm) curves obtained for 2D warp- knitted structure D, and their overlap, 

obtained for each test condition, in which the blue curve represents the test condition in which it was maintained 

the initial specimen length for all loads, the red curve represents the continuous test, and the green curve 

represents the overlap. Graphic (a) represents the curves obtained for 40N, (b) for 80N, (c) for 120N, (d) for 

160N and (e) for 200N. 
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Table 10. Measurements obtained from the cyclic tests of the four warp-knitted structures under study. 

 

Table 11. Measurements obtained from the cyclic tests of the four warp-knitted structures under study, regarding 

the structures deformation under different loads. 

 

The results obtained for each structure in both test conditions were similar, as it can be 

seen in figures 60 to 63, since when the curves were overlapped for each load, they practically 

matched.  

 

 

 Applied load (N) Elastic Modulus (MPa) Stiffness (N/mm) Toughness (J/mm
3
) 

 

 

A 

20 

40 

60 

80 

100 

120 

6.27 ± 0.11 

10.50 ± 0.20 

18.15 ± 0.82 

23.79 ± 2.17 

27.61 ± 3.66 

28.75 ± 2.54 

4.43 ± 0.07 

7.41 ± 0.14 

12.81 ± 0.58 

16.78 ± 1.53 

19.48 ± 2.58 

20.28 ± 1.80 

0.07 ± 0.01 

0.11 ± 0.01 

0.13 ± 0.01 

0.16 ± 0.03 

0.21 ± 0.06 

0.30 ± 0.09 

 

B 

10 

20 

30 

4.45 ± 0.31 

7.33 ± 0.56 

11.17 ± 1.14  

2.47 ± 0.17 

4.07 ± 0.32 

6.20 ± 0.64 

0.02 ± 0.01 

0.05 ± 0.01 

0.07 ± 0.01 

 

C 

20 

40 

60 

18.42 ± 2.14 

28.09 ± 5.29 

68.34 ± 12.71 

1.64 ± 0.19 

2.49 ± 0.47 

6.07 ± 1.13 

0.89 ± 0.06 

1.62 ± 0.14 

1.89 ± 0.57 

 

 

D 

40 

80 

120 

160 

200 

46.36 ± 0.11 

70.61 ± 5.27 

133.22 ± 15.47 

169.99 ± 1.00 

239.57 ± 36.67 

5.07 ± 0.01 

7.72 ± 0.58 

14.57 ± 1.69 

19.45 ± 1.32 

26.20 ± 4.23 

1.07 ± 0.14 

2.16 ± 0.21 

3.19 ± 0.03 

4.28 ± 0.20 

5.37 ± 0.01 

 Force 

(N) 

Difference in Elongation 

between the two curves 

(mm) 

Increment in 

elongation between 

cycles (mm) 

Permanent 

deformation (mm) 

Elastic 

recovery 

(mm) 

 

A 

20 

40 

60 

80 

100 

120 

- 

6.74 

10.92 

14.53 

16.48 

19.32 

- 

2.74 

2.05 

1.86 

2.09 

2.21 

12.10 

10.84 

9.53 

7.61 

7.49 

6.78 

5.17 

4.17 

3.41 

3.47 

3.69 

3.80 

B 10 

20 

30 

- 

9.54 

13.93 

- 

2.89 

2.48 

9.64 

6.69 

4.70 

2.99 

2.69 

2.77 

 

C 

20 

40 

60 

- 

15.12 

24.25 

- 

9.48 

5.70 

20.13 

13.24 

8.03 

5.00 

4.53 

4.27 

 

 

D 

40 

80 

120 

160 

200 

- 

8.02 

15.24 

20.65 

26.50 

- 

6.49 

5.69 

5.52 

5.57 

7.38 

10.31 

8.72 

8.10 

5.67 

2.32 

3.15 

3.20 

3.97 

3.74 
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With the tensile tests, it was verified that the constructs under study have great 

elasticity, as it is typical of a warp-knitted structure due to its conformation. Under load, these 

structures suffered large deformations. In cyclic testing, despite a visible elastic recovery after 

the unloading phase, the structures never fully regained their original shape, even under small 

loads, which means that they undergo permanent deformations. Also, in the continuous test 

condition, all structures suffered increasing deformations at each cycle. It was noted the 

fabrics laxity increased with increasing load, meaning that the permanent deformation was 

higher that the elastic recovery, and at each cycle, the fabric got more loose (Figure 64).  

When fabrics are exposed to constant loads, the overall deformation grows with the time of 

loading. When the load is removed, a part of the deformation disappears (residual elastic 

deformation), and a part remains as a permanent deformation that cannot be recovered. 

During the relaxation process, the loops change their form for a certain period until an 

equilibrium state with minimal energy is reached. The relaxation period and elastic recovery 

depend, above all, on the fiber material, density and construction of the knitted fabric. (Fatkić, 

2011)  

 

 
Figure 64. Relationship between load (N) and elongation (mm) for all the structures under study demonstrated a 

directly proportional relationship between the increase in load and the deformation suffered. The laxity of the 

structures increased throughout the test. 

 

As it was described earlier, all four matrices required a significant amount of elongation 

before they began to carry substantial load, which corresponds to the first step of the load-

elongation curve. This first portion represents the initial behavior of the loop structure 

changing shape to accommodate the load applied. When the maximum simple readjustment of 

shape has been made, sideways compression of the yarns in adjacent loops and bending into 

high curvatures cause the load to rise rapidly. Finally the load is transferred more directly to 
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tension along the yarn axis. (Hurd, 1953) Throughout the cycles, when the specimen was 

disassembled, it was found that the amount of necessary elongation before the structures 

began to carry substantial load decreased. Although a small structural effect of the fabric still 

exists, as it is noticeable in the initial region of each curve, at each cycle, the cross-section of 

the fabric becomes more compact, the structure becomes rigid as the mechanical response is 

basically taken only upon the yarns and they began to carry load almost immediately. (Hurd, 

1953)   

As it can be seen from the values listed in table 10, the elastic modulus and stiffness 

increased with increasing load, for all structures (Figure 65). The elastic modulus is defined as 

the resistance of the material to deformation. A higher modulus indicates greater resistance to 

deformation. Stiffness can be defined as the rigidity of an object, i.e. the extent to which it 

resists deformation in response to an applied force. With increasing loads, the structures 

became stiffer, lost some elasticity, and the resistance to deformation increased, which 

resulted in smaller elongations at each cycle (Figure 66). Comparing the values obtained from 

the first and the last cycle, structure A suffered an increase of ~170% in the elastic modulus 

and stiffness values, structure B suffered an increase of ~150%, structure C suffered an 

increase of ~143%, while structure D verified an increase of ~240%. In agreement with what 

happened in the described tensile tests and taking into account all the values obtained for each 

cycle, elastic modulus and stiffness values were higher for the planar structure D and lower 

for the 3D structure B. 

 

 
                                              (a)                                                                                       (b) 

Figure 65. (a) The elastic modulus (MPa) values increased throughout the cycles (with increasing load) for all 

structures. (b) The stiffness values (N/mm) increased throughout the cycles (with increasing load) for all 

structures. 
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Figure 66. For all structures, the initial behavior of the loop structure decreased throughout the cycles, as the 

mechanical response was basically taken upon the yarns, and as the structures became stiffer, they resisted 

deformation, resulting in smaller elongations with increasing loads. 

 

Also, these structures suffer a significant amount of hysteresis. This means that our 

polymer exhibits viscoelastic properties, i.e. involves both elastic and viscous components, 

which at normal loading and unloading rates leads to hysteresis. The unloading curve doesn’t 

follow the respective loading curve and that difference represents the amount of energy that is 

dissipated or lost during loading. The area enclosed by the loading and unloading paths is 

called the hysteresis loop, which represents the energy dissipated during the deformation and 

recovery phases. This area, and consequently the amount of energy dissipated, is dependent 

upon the rate of strain employed to deform the body. (Özkaya, 2017) 

For an elastic body, the energy supplied to deform the body (strain energy) is stored in 

the body as potential energy. This energy is available to return the body to its original 

(unstressed) size and shape once the applied stress is removed. In this case, the loading and 

unloading paths coincide, which indicates that there is no loss of energy during loading and 

unloading. For such materials, energy is dissipated after the plastic region is reached. 

Viscoelastic materials dissipate energy regardless of whether the strains or stresses are small 

or large. (Özkaya, 2017) This was visible in our test results. In all of our structures, the area of 

the hysteresis loop increased with the load applied, meaning that at each cycle, the amount of 

energy dissipated was higher, hence the fact that our structures suffered increasing 

deformations. The values obtained for these areas were higher for the planar structures, C and 

D, and lower for the 3D structures, A and B. As discussed, in our experiments there was a 

residual recovery, which means that not all the absorbed energy is dissipated and there is a 

small amount used for this small structural recovery. All structures had similar percentages of 

recoverable elongation.  
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5.3.1.4. Final remarks 

Reduced mechanical properties have been demonstrated in torn rotator cuff tendons, 

encouraging the augmentation of repairs with scaffolds to provide adequate mechanical 

support. (Chaudhury, 2012) The main challenge when designing scaffolds for tendon tissue 

engineering is to develop a structure that properly mimics the mechanical performance of the 

native tissue. (Morais, 2015) The scaffold should be capable of shielding the native tissue 

from stress generated during functional excise, providing additional mechanical support to 

allow the biologic repair to proceed without experiencing excessive and disruptive loads, until 

the regenerated tissue is strong enough to withstand the applied stresses along. Thus, the 

strength of the device should be similar to the tissue itself, therefore ensuring that the device 

will not fail under normal loads. The device should also have stiffness that allows for 

substantial load sharing, providing reinforcement and at the same time ensuring some load 

will be applied across the repair site, required for optimal biologic repair. (Chen, 2009; 

Ratcliffe, 2015)  

There is a need to understand the mechanical properties of repair grafts and compare 

how well they correlate with human rotator cuff tendons: if the scaffolds are too weak they 

may fail prematurely and if too strong they may prevent tissue in-growth due to stress-

shielding. (Chaudhury, 2012) This study shows that the mechanical properties of the 

structures vary significantly and also display wide variations compared with human rotator 

cuff tendons. By testing dumbbell-shaped specimens in this study, failure was encouraged at 

the neck of specimens rather than at the grip-patch interface, which meant that the material 

properties were less likely to be underestimated. (Chaudhury, 2012) 

Stress at failure has been reported as 11.5 ± 5, based on a study of 8 supraspinatus 

tendons, and as 16.5 ± 7.1 MPa, based on a study of 11 cadavers, whereas a lower estimate of 

8 MPa was also measured in other report. (Chaudhury, 2012) The two planar warp-knitted 

structures C and D have greater maximum stress values compared with a range of published 

values for human supraspinatus tendons. 

The ultimate load for human supraspinatus tendon strips has been previously reported at 

88 to 411N, according to the location, and the sum of the ultimate load of all strips, which is 

an estimation of the ultimate load of the whole tendon, averaged 800 N. However, the human 

supraspinatus tendon usually functions at only 25% to 30% of its ultimate tensile strength. 

(Chaudhury, 2012)  In light of this information, it can be consider that all structures 

demonstrate sufficient tensile strength, since all structures demonstrated to have an ultimate 
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load superior than 30% of the previously reported range for human rotator cuff strips.  The 

structure that exhibit the maximum load failure value was D (~260 N), which was more than 

30% of the estimated ultimate load of the whole tendon.  

A scaffold meant for rotator cuff repair should have stiffness that allows for substantial 

load sharing. The scaffold should be strong enough to shield the injured tissue from stress 

until the regenerated tissue is strong enough to withstand the applied stresses. Furthermore, 

cells receive mechanical feedback from the substrate to which they adhere. Current data 

demonstrate that substrate stiffness affects essential cell behavior. The cytoskeleton plays a 

crucial role in translating feedback from the substrate stiffness into cell behavior. The 

formation and maturation of focal adhesions between the cells and the substrate requires the 

application of mechanical forces to these adhesions. On a hard substrate, cells generate large 

forces which lead to the formation of mature focal adhesions and a highly organized 

cytoskeleton. In contrast, a soft substrate cannot provide enough resistance to counterbalance 

large, cell-generated forces. This cytoskeletal organization is important, since the cytoskeleton 

is involved in many signaling pathways that transfer mechanical feedback into chemical 

responses. Since substrate stiffness influences the cytoskeletal organization, it also affects cell 

morphology. Various studies indicated that stiffer substrates generally promote cell spreading, 

whereas soft substrates induce a more rounded cell shape. From the above, it is not surprising 

that these changes in cell morphology are accompanied by changes in cell behavior. Studies 

show that cells show increased viability, proliferation, motility, differentiation and ECM 

deposition on hard surfaces compared with soft substrates. (Breuls, 2008) Scaffolds for rotator 

cuff tendon repair should aim to approximate the stiffness (~ 200 N/mm) of human rotator 

cuff. (Chainani, 2016) In the obtained test results, stiffness values are far from the reference 

value. Scaffold global stiffness can also be modulated by properties including single fiber 

stiffness, fiber volume fraction. As it was visible in our cyclic tests results and as stated by 

Camino et al (Camino, 2007), to increase the stiffness of knitted fabrics, pre-tensioning 

techniques are required, although, in the obtained results, the final value was also not 

adequate.  

Elastic modulus values for human rotator cuff tendons as high as 50 to 170 MPa have 

been reported. (Chaudhury, 2012) Apart from the higher modulus values seen for structure D, 

the other structures have elastic modulus values lower than those reported for the tendon. As 

it was stated in our cyclic test report, there was also an increase in the elastic modulus values. 
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Apart from structure D, only structure C showed a potential adequate elastic modulus if pre-

tensioned.  

As it was cited, tendons typically do not experience loads approaching the failure region 

during normal daily activities. Instead, in physiological activity, most tendons exist in the toe 

and somewhat in the linear region. For this reason, scaffold devices should be designed with a 

short toe region to match rotator cuff properties. (Ratcliffe, 2015) Tensile tests demonstrated 

that the structures under study require a significant amount of elongation until they could 

carry significant loads. However, with cyclic tests, it was found that the amount of elongation 

necessary before the structures began to carry substantial load decreased significantly 

throughout the cycles. Pre-tensioning techniques would be adequate to solve this problem.  

Human tendon failure strain values have been reported between 1.11% and 4.87%. 

(Chaudhury, 2012)  The structures under study demonstrated significantly higher values: 

structure A demonstrated a failure strain of about 96.3%, structure B of 79%, structure C of 

141.4% and structure D of 156.6%. As it can be seen, in tensile tests our structures suffered 

large deformations before failure. Pre-tensioning techniques could potentially decrease some 

of this failure strain, as it was seen throughout the cyclic tests that with increasing stiffness, 

the structures resisted deformation which resulted in lower elongations for higher loads. 

However, it was noted that with increasing load, the fabric laxity also increased. After 

surgical repair, tendons are subjected to cyclic loads during healing and the subsequent 

rehabilitation. When applied for rotator cuff repair, as these types of structures suffered 

unrecoverable deformations when subjected to cyclic loads, they could become lax. 

Toughness can be defined as the ability of a material to absorb energy and plastically 

deform without fracturing, i.e., the amount of energy per unit volume that a material can 

absorb before rupturing. It can also be defined as a material’s resistance to fracture when 

stressed. Toughness requires a balance of strength and ductility and to be tough, a material 

should withstand both high stresses and high strains. (Larson, 2011) No published human 

rotator cuff tendons toughness values are available for comparison with our measured values.  

 

 

 



106 

 

5.3.2. Testing suture pull-through 

Tensile test results for the developed braids are shown in Table 12. The structure that 

presented a higher failure load was the structure made with 6 multifilaments, followed by the 

one of 4 and finally, the one that presented the smallest load in failure was the structure with 2 

multifilaments.  

Number 2 Ethibond is a braided surgical suture composed of polyethylene terephthalate 

(PET). It is considered the most commonly used suture in rotator cuff repair, and its 

maximum load to failure is reported to be between 124 – 134 N. (Guimarães, 2008; Najibi, 

2010) Since the one made of 4 multifilaments presented a value similar to that cited in the 

bibliography for the reference suture, it was chosen for the suture pull-through tests. Test 

results are reported in Table 13.  

 

Table 12. Failure load (N) obtained from the tensile tests performed on the three types of braids developed. 

Structure Failure Load (N) 

Suture Ethibond #2  124 – 134  

PET braid (2 multifilaments) 64.84 ± 3.97 

PET braid (4 multifilaments) 145.49 ± 4.20 

PET braid (6 multifilaments) 230.78 ± 16.14 

 

Table 13. Suture pull-through test results. 

 Structure  Suture retention load (N) Toughness (J/mm
3
) 

A 49.38 ± 4.23 0.23 ± 0.07 

B 45.97 ± 10.58 0.34 ± 0.08 

C 21.05 ± 2.87 1.04 ± 0.30 

D 59.49 ± 9.10 1.84 ± 0.47 

 

Suture pull-through data for toughness revealed a similar trend between the two 3D 

warp-knitted structures, and between the two 2D warp-knitted structures, but lower toughness 

values were mostly measured compared with toughness values derived from tensile testing to 

failure (Figure 67). Structures A and B had significant lower suture pull-trough toughness 

values than structures C and D. The largest maximum retention suture load was measured for 

structure D at 59.49 ± 9.10 N, which was greater than the lowest registered for structure C, 

with a suture retention load of 21.05 ± 2.87 N. Both 3D structures A and B displayed similar 

suture retention loads.  
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Figure 67. A comparison of the toughness (J/mm3) of the different structures, as measured by failure in tension 

and by suture pull-through. 

 

Suture retention strength is an additional feature that is critical to product function, as it 

is the link between the tendon, ligament, or bone and the device, and allows the device to 

function. The suture pull through strength should be high enough to allow the product to resist 

functional loading. Multiple sutures are usually used to attach the device in place and the 

accumulative stiffness and strength of the sutures should provide appropriate fixation. Since 

tendons normally function with up to 30% of tissue failure load, it therefore can be estimated 

that combined suture retention strength should be a minimum of 30% of the failure load of the 

tissue. (Ratcliffe, 2015) For rotator cuff this would approximate to a requirement of 100 – 250 

N per suture. (Ricchetti, 2012; Ratcliffe, 2015)  

The suture pull-through data provide a measure relevant to the clinical setting in vivo as 

devices are suture in place during the repair as well as in situ failure, which is a common 

mechanism for failure of rotator cuff tendon repairs. (Chaudhury, 2012) 

Most specimen toughness values were lower when sutures were pull-trough the 

structures compared with values measured from failure of the structure under tension alone. 

This indicates that the constructs are more likely to fail clinically by stress concentration 

surrounding suture pull-through than from complete material failure by direct tensile loading.  
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Chapter 6 

Conclusions 

 

Rotator cuff tendon injuries are frequent and are responsible for substantial morbidity in 

athletes, working and elder population. As our society continues to age and remain active, 

these conditions not only have an impact on peoples' quality of life and activities of daily 

living, but also represent significant burden on social, economic and health terms. Given these 

high costs, it is important to improve surgical outcomes so as to decrease the rate of 

postoperative re-tear and lower the prevalence of rotator cuff tears. However, the ideal 

solution for rotator cuff tendon repair has not been found yet.  

In this work, four textile constructs, two three-dimensional (3D) and two planar warp-

knitted structures, were evaluated as potential scaffolds for rotator cuff tendon repair. The 

material selected for the scaffold development was polyethylene terephthalate (PET), a 

material that is hydrophobic in nature. This research aimed to understand the impact of 

different architectures in the overall performance of the structures and how important 

parameters of the structures could be tailored to further improve their properties in order to 

develop an optimal scaffold for rotator cuff tendon repair. 

As it was visible in SEM images, all matrices presented very regular and well controlled 

patterns, with well oriented fibers. The basis of all constructs under study is multifilament 

yarn, which, as mentioned, proves to be advantageous. Also, the fiber diameter, mean pore 

size and porosity levels of all structures can be consider suitable for tissue-engineering 

applications. All structures demonstrated similar liquid absorptive capacity and wicking 

behavior. 

 Although three-dimensional architectures (as structures A and B) resemble the more 

complex morphologies found in vivo, it was concluded that the planar structures C and D 

meet the minimum requirements in terms of architecture for biological augmentation. Taking 

into account the previously described mechanical parameters, it was concluded that the planar 

warp-knitted structure D could potentially be the best to provide mechanical augmentation, 

for small and massive tears. This structure demonstrated mean values for failure load, stress at 

failure and elastic modulus that can be considered suitable for rotator cuff tendon repair. 
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Furthermore, this construct demonstrated a value for maximum suture retention load close to 

the required for rotator cuff repair. However, the obtained stiffness and failure strain values 

were not the best. Pre-tensioning techniques were concluded to be adequate to increase 

stiffness and lower the overall elongation of the structures. Thus, it was concluded that 

structure D meets the minimum requirements to serve as a scaffold for rotator cuff repair, 

although more tests should be performed to determine the ideal pre-tension level to be 

applied. 

Using the present knitting technology, it is possible to precisely adjust the architecture 

of the textile matrices by controlling the fiber size and orientation, pore size and geometry, 

pore interconnectivity and total porosity, thus, it is possible to control the resulting physical 

properties and cellular behavior of the engineered constructs. Future work should aim the 

optimization of the warp-knitted structure in order to improve biological and mechanical 

characteristics. The development of a 3D warp-knitted structure in which the two faces are 

based on the structure D under study should be evaluated. Furthermore, surface modification 

techniques should be applied on the final product to enhance cell-biomaterials interactions. 

The choice of a stronger and stiffer PET yarn, along with pre-tensioning techniques, could 

increase the stiffness of the matrix so that reference values could be matched.  
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