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Abstract 

Background and purpose: Rotator cuff tendon (RCT) injuries are difficult to manage as 

current strategies do not restore tissue functionality. Driven by this market demand, several 

devices have been developed during the last years, however, to develop a structure that 

properly mimics the mechanical performance of the native tissue remains a challenge. This 

way, in this work we study a set of design criteria for a synthetic graft development for RCT 

repair and reconstruction, in order to achieve a structure with an adequate mechanical 

performance to substitute the damaged tissue, and that can also act as a scaffold, allowing and 

guiding tissue ingrowth. 

Materials and Methods: Two three-dimensional (3D) and two planar (2D) warp-knitted 

structures were developed using polyethylene terephthalate (PET) yarn, and are characterized 

in terms of their morphology, absorption and wicking behavior, and mechanical properties.   

Results: The present warp-knitted structures mimic the non-linear mechanical behavior of the 

native tissue. A less porous planar structure was concluded to be the best to provide 

mechanical augmentation, as it demonstrated mechanical properties suitable for RCT repair. 

Pre-tensioning techniques were adequate to increase this type of textile's mechanical 

properties. Furthermore, the physical properties of this structure can allow and guide tissue 

ingrowth, demonstrating its potential to act also as a scaffold. 

Conclusions: As this is a relatively new field of application of knitting technologies, this 

work provides important information on how a warp-knitted structure should be tailored and 

treated post-production, in order to be used for RCT repair.  

 

1. Introduction 

The rotator cuff (RC) consists of four muscles (subscapularis, supraspinatus, 

infraspinatus and teres minor) that end in short, flat, broad tendons, which fuse with the 

articular capsule of the humerus. This functional anatomical unit is critical for normal 

shoulder movement and stability [1-3]. Rotator cuff tendon (RCT) injuries are frequent, and 

often result in pain, substantial tissue morbidity and disability, affecting mainly athletes, 
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active workers and the elder population [4,5]. As our society continues to age and remain 

active, these conditions not only have an impact on people’s quality of life and activities of 

daily living, but also represent significant economic burden [4,6]. Tendon injuries are difficult 

to manage and although spontaneous healing can occur, it cannot recapitulate the complex 

structure, composition, and organization of the native tissue, resulting in scar-like tissue with 

biochemical and mechanical properties inferior to those of the intact tissue [4,7-9]. 

Furthermore, standard surgical interventions often fail, as current strategies do not fully 

restore tissue functionality [4,9].  

Driven by this market demand, several biological and synthetic scaffolds have been 

developed during the last 15 years, some, usually in the form of patches, just to share 

mechanical loads with the native tissue, providing additional mechanical support to the 

original repair and others to fully replace the tendon, act as a vehicle for cells and gradually 

promote the native tissue regeneration [9-13]. However, the major challenge remains to 

develop a structure that properly mimics the mechanical performance of the native tissue 

[9,10,13,14]. Although the requirements of scaffolds are multifaceted and specific to the 

structure and function of the tissue of interest, ideal scaffolds should have good 

biocompatibility, highly porous and interconnected microstructures, and suitable mechanical 

support [9,15]. Textile manufacturing techniques have recently attracted great attention as 

biofabrication tools for engineering tissue constructs. Through suitable combinations of 

material, fiber type and manufacturing technique, fiber-based scaffolds can be engineered to 

obtain properties similar to the native tissue and to match critical scaffold criteria [16,17].  

In this work, it is proposed a knitting technology to fabricate a tendon graft, using a 

synthetic polymer, polyethylene terephthalate (PET). PET was chosen as it is used in the field 

of tendons and ligaments due to its mechanical properties, and because biodegradable 

materials available FDA approved do not have the mechanical performance needed for the 

envisaged application [9,18,19]. We studied a set of design criteria for a synthetic graft 

development for RCT repair and reconstruction, in order to achieve a structure with an 

adequate mechanical performance to substitute the damage tissue, and that can act also as a 

scaffold, allowing and guiding tissue ingrowth. For this, two three-dimensional (3D) and two 

planar (2D) warp-knitted structures were developed and characterized in order to understand 

the impact of certain design parameters in the overall performance of the structures, if these 

type of structures have potential to satisfy the necessary requirements for RCT repair, and 

how they could be tailored to further improve their properties. The knitted constructs obtained 
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are described below in terms of their morphology, absorption and wicking behavior, and 

mechanical properties. 

 

2. Materials and Methods 

2.1. Materials 

Two 3D (or spacer) warp-knitted structures (A and B) and two planar (2D or 

conventional) warp-knitted structures (C and D), made of multifilament PET yarn, were 

evaluated to determine their potential as scaffolds for RCT repair and reconstruction. The 3D 

fabrics were produced on a double needle-bar machine (LIBA, DG, Germany). They consist 

on warp-knitted double face constructions, composed by two different face layers, an upper 

one and an inferior one connected by a spacer yarn, in this case, a PET monofilament, that 

prevents the crushing of the structure. The 2D fabrics were produced on a single needle-bar 

machine (LIBA, Racop, Germany). The resulting structures are known as single face fabrics. 

PET yarns were purchased from Sarla Europe, LDA (Portugal).  

 

2.2. Morphological and surface characterization 

2.2.1. 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.  

 

2.2.2. Porosity 

To assess the total porosity of the knitted structures, five 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% of 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 the geometric volume (Vg) and the solid Volume (Vs) of the 

sample (Equation 1). 
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                                                                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. 

 

2.3. Absorption tests 

2.3.1. Liquid Absorptive capacity test 

Our testing protocol was based on the International Standard D570-98, Standard Test 

Method for “Water Absorption of Plastics”.  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, five 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). The 

increase in weight during immersion (Equation 4) was calculated in percentage. Any changes 

in appearance of the specimens were noted.  

                                 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡, % =
W−W0

W0
 × 100                       (Equation 4)                                     

Where W0  and W represent the specimens’ weight when dry (before immersion) and after 

specific immersion times, respectively. 

 

2.3.2. 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 touches the bottom of the fabric, the capillary forces are 

generated and this allows the liquid to rise against the gravity. Five specimens of each 

construct were tested, measuring 200 mm in length and 25 mm in width. The specimens were 
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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 clamped 

with a clip. 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.   

 

2.4. Mechanical Characterization 

2.4.1. Tensile testing 

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”. For each structure, eight specimens were cut on the longitudinal 

direction of the fabric, measuring 140 mm in length and 20 mm in width. Material testing 

dumbbell shapes were created so these 20 mm strips were 10 mm at their narrowest point. 

The grip-to-grip gauge length was 40 mm. As it was referenced, 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 mean thickness determined for 3D structure A was 2.8 mm, 2.2 

mm for 3D structure B and 0.4 mm for 2D structures C and D. 

Specimens were tested to failure in tension using a Shimadzu EZ-LX Long-Stroke 

Model tensile testing machine 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), 

Young’s modulus (MPa), breaking strain (%), stiffness (N/mm) and toughness (J/mm
3
) were 

accessed. Our specimen size matched mean values published for RCT dimensions [20], so the 

measured material properties of the constructs could be compared with published data of 

human RC. The Young’s 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.  

Tensile tests in wet conditions were also performed to determine if the mechanical 

strength of the constructs was affected. 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 in the International Standard ISO 13934-1. The remaining 

test conditions were the same as described above. 
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2.4.2. Cyclic tests 

Cyclic tests were performed to provide a more accurate idea of how the structures will 

perform in vivo, as these structures are under cyclic loads for extended periods of time. The 

cyclic test enables the estimation of the permanent deformation accumulation process during 

each loading cycle.  

Specimens of the four structures under study were tested and five specimens of each 

were considered. 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. All samples were tested under crescent 

loads, whereas the last load being applied was lower than the maximum failure load of each 

structure. Two types of tests were performed: first, all specimens were tested at each new 

cycle maintaining the accumulated deformation from the previous cycle; second, all 

specimens were tested after removing the accumulated deformation from the previous cycle, 

i.e. maintaining the initial test length of 40 mm.  Young’s modulus (MPa) and stiffness 

(N/mm) values were determined as described in “2.4.1. Tensile testing”. The deformation 

energy absorbed (J/mm
3
) was calculated as the area under the cyclic stress-strain loop of each 

sample. 

2.5. 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.  

 

3. Results  

3.1. Morphological and surface characterization 

3.1.1. Scanning Electronic Microscopy (SEM)  

In order to study the surface characteristics, specifically fiber morphology and 

organization and pore size, SEM images were taken of the four structures (Figure 1). Since 

constructs A and B are double face constructions, SEM images of both faces were obtained.  

All matrices present very regular and well-controlled patterns, with well oriented fibers. 

All structures were developed using multifilament PET yarns, with 132 ± 5 filaments per 

yarn, with an average diameter of each filament of 9.5 ± 0.5 μm and 15.0 ± 0.5 μm. This 

variation was due to differences between yarn lots. Furthermore, the 3D constructions also 
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have a PET monofilament, the spacer yarn that connects the two faces, with an average 

diameter of 56.5 ± 0.8 μm.  

Structures A and B present two different types of pores in the upper face layer: one with 

an oval shape, measuring an average of 919.8 ± 25.3 μm in width and 2220.0 ± 56.9 μm in 

length and 1450.4 ± 39.1 μm in width and 2220.0 ± 45.5 μm in length, and other circular 

shaped, with an average diameter of 284.5 ± 37.3 μm and 235.0 ± 25.5 μm, respectively. 

Their lower face layers are more closed, with structure A presenting a circular shaped pore 

with a mean diameter of 350.0 ± 27.1  μm and structure B an oval shaped pore measuring 

350.0 ± 34.2 μm in width and 470.2 ± 18.8 μm in length. Structure C presents a mean pore 

size of 85.0 ± 7.6 μm in width and 180.4 ± 21.1 μm in length. Structure D is a more closed 

structure, presenting a circular shaped pore with an average diameter of 100.0 ± 15.5 μm.  

 

 

  

Figure 1. SEM images obtained of the two 3D (A and B) and of the two 2D (C and D) warp-knitted structures 

under 40×, 150× and 500× magnification. 
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3.1.2. Porosity 

Figure 2 displays the porosity levels determined for all structures under study. Both 3D 

structures A and B presented a high porosity (94.0 ± 0.1% and 95.0 ± 0.1%, respectively), 2D 

structure C presented a relatively high porosity (77.5 ± 0.2%), and finally 2D structure D 

showed the lowest porosity compared with the previous (57.5 ± 1.2%). Both 3D warp-knitted 

structures showed the highest porosity level, as it was expected, not only because these 

structures have bigger pores in comparison with the planar ones, but also due to the empty 

spaces that emerge from the union of both faces. Structure C also demonstrated a reasonable 

high porosity level, which was also perceptible by observing the SEM images. Although 

structure D appeared to be a more closed construct, these results showed that this structure 

presents a medium porosity level.  

 

 
Figure 2. Porosity levels of  the 3D (A and B) and 2D (C and D) structures under study. Significant 

difference compared to A (#), B (Y), C (+), p < 0.0001. 

 

3.2. Absorption tests 

3.2.1. Liquid Absorptive capacity test 

Figure 3 shows the increase in weight (%) in specific times, for all structures under 

study. For all structures, there was an increase in weight, indicating water uptake, in the first 

60 seconds. After that time, it remained constant, which means that the equilibrium water 

uptake of the polymeric scaffold specimens (when all the pores were assumed to be filled 

with water) was reached. The structures that reveal the highest increase in weight were the 3D 

structures A and B, with an increase of 262.0 ± 18.6% and 282.0 ± 18.2%, respectively. 

Regarding the 2D constructs, structure C suffered an increase in weight of about 164.2 ± 7.2% 

and finally, structure D revealed the lowest increase, of about 138.1 ± 2.2%.  
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Figure 3. Relationship between the weight change of the two 3D warp-knitted structures (A and B) and the two 

2D warp-knitted structures (C and D) and the immersion time in water. Data are presented as mean ± SD. 

 

3.2.2. Liquid Wicking rate test 

Figure 4 shows the vertical wicking results obtained for the four constructs under study. 

The rate of water rise through the capillaries was found to be higher for the initial period and 

thereafter it slowed 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 ± 0.1 cm. The second highest wicking 

height was reached by structure A, with an average of 10.1 ± 0.4 cm, followed by structure C, 

with an average wicking height of 9.3 ± 0.4 cm, and finally structure B, with an average of 8.6 

± 0.1 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. 

 

 

Figure 4. Relationship between the wicking behavior of the two 3D warp-knitted structures (A and B) and the 

two 2D warp-knitted structures (C and D) over time. Data are presented as mean ± SD. 
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3.3. Mechanical Characterization 

3.3.1. Tensile testing 

The force-elongation and stress-strain typical curves obtained for each structure, in both 

dry and wet test conditions, are represented in Figure 5. The variations in the tensile 

properties of the different structures under study are reported in Table 1 and represented in 

Figure 6. 

 
(a) 

 
(b) 

 

Figure 5. Force (N) / Elongation (mm) and Stress (MPa) / Strain (%) representative curves of the 3D (A and B) 

and the 2D (C and D) warp-knitted structures under study, under (a) dry conditions and (b) wet conditions. 

 

Table 1. Estimated values of the mechanical parameters under study, of the 3D (A and B) and 2D (C and D) 

structures developed, under dry and wet conditions. Data are presented as mean ± SD. 

  Maximum Stress  

(MPa) 

Failure Strain 

(%) 

Young’s Modulus 

(MPa) 

Failure Load 

(N) 

Stiffness  

(N/mm) 

Toughness 

(J/mm
3
) 

 A Dry 4.95 ± 0.48 94.89 ± 6.00 10.01 ± 0.41 139.72 ± 13.45 7.06 ± 0.29 1.43 ± 0.20 

Wet 5.27 ± 0.36 97.68 ± 6.10 9.87 ± 0.44 148.76 ± 10.02 6.96 ± 0.31 1.60 ± 0.18 

B Dry 2.03 ± 0.20 77.02 ± 12.64 4.65 ± 0.34 45.09 ± 4.42 2.58 ± 0.19 0.47 ± 0.07 

Wet 1.79 ± 0.16 78.95 ± 5.70 3.97 ± 0.30 39.75 ± 3.56 2.29 ± 0.17 0.44 ± 0.07 

C Dry 24.13 ± 1.43 129.24 ± 10.69 30.43 ± 2.54 85.65 ± 5.07 2.70 ± 0.23 12.79 ± 0.88 

Wet 22.94 ± 1.23 131.36 ± 9.71 27.61 ± 1.74 81.43 ± 4.35 2.46 ± 0.16 12.42 ± 1.58 

D Dry 63.17 ± 3.61 163.65 ± 8.68 59.72 ± 4.28 276.39 ± 15.80 6.53 ± 0.47 36.74 ± 4.75 

Wet 60.21 ± 3.95 156.62 ± 7.05 63.83 ± 3.52 263.41 ± 17.27 6.98 ± 0.39 32.81 ± 3.98 
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As there were no significant statistical differences between the dry and wet tensile tests 

for all parameters under study, only dry conditions were considered for further tests. 

All four matrices required 10% to 35% elongation until they began to carry substantial 

load. In general, the maximum stress, failure strain, Young’s modulus, and toughness values, 

were higher for the 2D structures, in particular for structure D. Both 3D warp-knitted structure 

A and 2D warp-knitted structure D presented the highest failure load and stiffness values, in 

comparison with the others.  

 
                                                       (a)                                                                         (b) 

 
         (c)                                                                           (d)             

  
                                                   (e)                                                                             (f) 

Figure 6. Mechanical parameters under study of the 3D (A and B) and the 2D (C and D) constructs: (a) Failure 

load (N); (b) Maximum Stress (MPa); (c) Young’s Modulus (MPa); (d) Stiffness (N/mm); (e) Failure Strain (%); 

(f) Toughness (J/mm
3
). Significant difference compared to A (#), B (Y), C (+), with (*) p < 0.05, (**) p < 0.01 

and (***) p < 0.0001. 
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3.3.2. Cyclic tests 

In this section, it is reported the results obtained from the cyclic tests, namely the 

Young’s modulus (MPa), stiffness (N/mm) and deformation energy absorbed (J/mm
3
) 

variations under different loads (Table 2), for all structures. The force-elongation typical 

curves obtained for each structure, in both test conditions, are presented in Figure 7. 

For each parameter under study, there were no differences between the values measured 

in both test conditions, for each structure. As it is visible in Figure 7 (a), under cyclic loading, 

the structures never regained their original shape and despite a small recovery, they suffered 

increasing deformations at each cycle. In Figure 7 (b), it is visible that the initial portion of 

each curve decreased with increasing loads, meaning that at each cycle, the amount of 

necessary elongation until the structures began to carry substantial load decreased. As it can 

be seen from the values listed in Table 2, the Young’s modulus and stiffness values increased 

with increasing load, for all structures. Comparing the values obtained from the first and the 

last cycle, 3D structure A suffered an increase of ~170% in the Young’s modulus and 

stiffness values, 3D structure B suffered an increase of ~150%, 2D structure C suffered an 

increase of ~143%, while 2D structure D verified an increase of ~240%. In general, the area 

of the hysteresis loop also increased with the load applied.  

 

Table 2. Measurements obtained from the cyclic tests of the 3D (A and B) and the 2D (C and D) warp-knitted 

structures under study. Data are presented as mean ± SD. 

 Applied load  

(N) 

Young’s Modulus  

(MPa) 

Stiffness  

(N/mm) 

Deformation energy 

absorbed (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 
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 (a)                                                                        (b) 

Figure 7. Force (N) / Elongation (mm) representative curves obtained from the cyclic tests of the 3D (A and B) 

and 2D (C and D) structures under study, in which in (a) 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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4. Discussion 

Warp-knitted fabrics possess highly ordered loop structures arranged vertically, with 

uniform and regular pore sizes, enhanced porosity/volume and versatile mechanical 

properties, providing sufficient internal connective space for tissue ingrowth [15]. 

Furthermore, it can be manipulated by the surgeon, i.e., can be cut and adapted in size, 

without unravel, thus enabling the surgeon to adapt the scaffold to the patient needs, which 

overcomes this limitation of existing devices. For these reasons, this type of textile was 

chosen for the development of the synthetic graft for RCT repair and reconstruction. 

Our main goal was to develop a structure that properly mimics the mechanical 

performance of the native tissue. This way, the construct could not be too porous, or its 

mechanical strength could be compromised. As we wanted to test different pore dimensions, 

the 3D structures, A and B, were developed with two different faces, an upper one with larger 

pores, and a lower one more compact, to provide mechanical strength to the construct. The 

two 2D structures, C and D, were also developed with different pore dimensions, being 

structure D more compact than structure C. Also, multifilament yarn was chosen as the base 

filament for the structures development as studies show that multifilament scaffolds have 

enhanced mechanical properties, as they are generally stronger, afford greater tensile strength, 

and have better elastic recovery than monofilament scaffolds. These properties are likely a 

result of load sharing between the numerous filaments within the structure [21]. Due to the 

characteristics of the manufacturing process, it was used monofilament yarn for the 

connection of the two face layers in the 3D structures to ensure that the spacer yarn lied 

correctly inside the knitted fabric.  

Warp-knitted constructs, like the native tendons, exhibit anisotropic properties, i.e. 

higher mechanical properties in the direction in which the fibers are arranged, and it is in this 

direction that these fabrics are meant to be cut and implanted. For this reason, all tests, 

including tensile tests, were performed in the longitudinal direction of the knitted matrix.  

Due to PET’s level of hydrophobicity, the structures’ absorption capacity is related to 

porosity. Porous materials can uptake and store more water whereas nonporous materials can 

store a more limited amount of water, which was proved when comparing with the porosity 

results, since the structures that have the highest porosity, the 3D structures, showed the 

highest water uptake, while the 2D structures, with the lowest porosity, showed a lower water 

uptake capacity. However, besides the observed increase in weight of all structures, the 

mechanical properties did not change with wet conditions, which was expected due the level 

of hydrophobicity of the fiber present in the structures. This factor also greatly influences the 
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wicking behavior of the structures, as hydrophobic fibers show less affinity for the water, 

increasing the wicking rate. The use of multifilament yarn, along with small, uniformly 

distributed and interconnected pores in the fabric structure is found to be effective in faster 

wicking [22], as it was observed in the results. 

The mechanical properties obtained of the 2D warp-knitted structures were, in general, 

better than for the 3D warp-knitted structures. When analyzing the relationship between the 

thickness of the structures (higher for the 3D constructs) and mechanical properties, it was 

concluded that these parameters were, in general, inversely correlated. However, these results 

were also influenced by the fact that the 3D warp-knitted structures possess higher porosity 

levels in comparison with the 2D structures. 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 [23], what is 

observable in the obtained results. 

The mechanical properties of engineered tissue constructs should exhibit stress–strain 

responses comparable to the tissues they are intended to replace [24]. As it is observed in 

Figure 5, 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 [25]. 

In a first stage, the deformation of the knitted fabric is mainly due to the straightening of the 

yarns. This initial deformation is due to slippage with friction of the fibers in the interlacing 

regions, and it 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 permanently deformed. From the mechanical point of view, 

in this initial stage of deformation, the fabric behaves like a structure. 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). 

From the mechanical point of view, in this second stage of deformation, the fabric behaves 

like a continuous material. In order to understand the effect of this behavior on the 

performance of the structures under study, cyclic tests were performed.  

In cyclic testing, despite a visible elastic recovery after the unloading phase, the 

structures never regained their original shape, even under small loads, which means that they 

undergo permanent deformations. When the load was removed, a part of the deformation 

disappeared (residual elastic deformation), and a part remained as a permanent deformation 

that cannot be recovered. Also, as it is noticeable in Figure 7 (a), these structures suffered 
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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.  

Also, similarly with what is observed in tendons, these structures suffered a significant 

amount of hysteresis. This means that the 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 does not follow the respective loading curve and the 

area enclosed by the loading and unloading paths represents the energy dissipated during the 

deformation and recovery phases, which is not stored as potential energy and thus, it is not 

available to return the body to its original (unstressed) dimension once the applied stress is 

removed [26]. 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. However, as stated, there was a 

residual recovery, which means that not all the energy is dissipated and there is a small 

amount used for this small structural recovery.  

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. Also, it was noticeable that all four matrices required a 

significant amount of elongation until they began to carry substantial load, which corresponds 

to the initial behavior of the loop structure changing shape to accommodate the load applied. 

In cyclic testing, throughout the cycles, the structures became stiffer, lost some elasticity, 

meaning that the resistance to deformation increased, which resulted in smaller elongations at 

each cycle. As it is visible in Figure 7 (b), it was found that the initial structural behavior 

decreased with increasing loads. Although a small structural effect of the fabric still exists, as 

it is noticeable in the initial region of the last curve, at each cycle, the structures became more 

rigid, until a point that the mechanical response was basically taken only upon the yarns (they 

began to carry substantial load almost immediately). 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 tension along the yarn axis [27]. 

Aurora et al [14] proved that it is important to employ scaffolds with tendon-like 

properties to improve the biomechanics of rotator cuff repairs. Therefore, when developing a 

synthetic graft for tendon repair, it has to be taken into account that it should match the 

mechanical properties of the pre-damaged tissue for optimal function [28]. Tendons response 
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to load is non-linear and anisotropic, presenting a viscoelastic behavior, due to the viscous 

properties of the collagen fibers and ground substance [9, 28]. This way, through this analysis, 

we concluded that the highly ordered loop patterns of the warp-knitted structures indeed 

mimic the native tissue non-linear mechanical behavior. 

Reduced mechanical properties have been demonstrated in torn RCT, encouraging the 

augmentation of repairs with scaffolds to provide adequate mechanical support [7]. The 

scaffold should be capable of shielding the native tissue from stress generated during 

functional excise, providing mechanical support to allow the biologic repair to proceed 

without experiencing excessive and disruptive loads. 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 that some load will be applied across the repair 

site, required for optimal biologic repair [29,30]. 

Stress at failure has been reported as 11.5 ± 5 MPa, 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 [7]. The 2D 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, taking into 

account the human supraspinatus tendon usually functions at only 25% to 30% of its ultimate 

tensile strength [7], it can be consider that all structures demonstrate sufficient tensile 

strength, since all structures demonstrated to have an ultimate load superior than 30% of the 

previously reported range for human RCT strips. The structure that exhibit the maximum load 

failure value was D (~ 270 N), which was more than 30% of the estimated ultimate load of the 

whole tendon.  

Scaffolds for RCT repair should aim to approximate the Young’s modulus (50-170 

MPa) [7] and stiffness (~ 200 N/mm) of human RCT [10]. In the obtained test results, 

stiffness values are far from the reference value. However, as it was shown earlier, in cyclic 

testing, if the structure is pre-tensioned, both Young’s modulus and stiffness values increase. 

Given our cyclic tests results and as stated by Camino et al [25], to increase the stiffness of 

knitted fabrics, pre-tensioning techniques are required. Also, apart from the higher Young’s 

modulus values seen for structure D, only structure C showed a potential adequate Young’s 
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modulus if pre-tensioned. No published human RCT toughness values are available for 

comparison with our measured values. 

Human tendon failure strain values have been reported between 1.11% and 4.87% [7]. 

The structures under study demonstrated high failure strain values, with a considerable part of 

that deformation corresponding to the initial structural behavior. However, as it was stated 

during the report of cyclic testing, it was found that this initial deformation decreased 

significantly throughout the cycles. This is important as scaffold devices should be designed 

with a short initial toe region to match RC properties [30]. This way, pre-tensioning 

techniques were revealed to be adequate not only to decrease the structures’ prolonged toe 

region, but also because they could potentially decrease some of the reported failure strain.  

Indeed, structure D would be the best to provide mechanical augmentation, as it mimics 

both the non-linearity and the mechanical properties of the native tissue. These results, in 

concordance with the works of Aurora et al. and Sahoo et al. [31, 32], also indicate the 

importance of performing a laboratorial preconditioning of the developed structure before 

implantation. Furthermore, after surgical repair, tendons are subjected to cyclic loads during 

healing and the subsequent rehabilitation. This way, it is expected that the device’s 

mechanical performance will become more stabilized and repeatable after implantation.  

We also explored the possibility of the fibrous structures being used also as scaffolds, 

by providing physical and spatial cues to allow and guide tissue ingrowth. The fiber material, 

morphology of the scaffold (fiber type, diameter and alignment, pore size and total porosity), 

and the interactions between the fibers play critical roles in the proper function of the 

engineered scaffolds [23]. Cells tend to orientate and elongate themselves along the alignment 

of the fibers, depositing ECM components in that direction, so the directions of alignment of 

the ECM and the scaffold fibers should be the same [10,23]. Also, studies show that cells are 

able to organize around and grow mostly aligned along the axis of small diameter fibers, this 

way the type of filament used in the present structures provides a larger cell-material contact 

surface area [17,21,23]. Besides, the pore size of the knitted fabric should be at least ~ 100 

μm to allow cellular ingrowth [17], and between 100–150 μm to provide the necessary space 

for neovascularization in vivo is [33,34], criteria that all structures attended. The constructs’ 

high porosity level and adequate water uptake and wicking behavior would also facilitate not 

only cellular recruitment, internalization and migration, but the diffusion and transport of 

nutrients, oxygen and metabolic waste along the structure, and the rate of angiogenesis, thus 

improving the healing rate of the tissue [16, 35-37]. However, biological in vitro and in vivo 

characterization is required to validate these results. Due to PET’s level of hydrophobicity, 
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surface modification techniques can be applied to further enhance cell-biomaterial 

interactions, optimizing the intrinsic healing of the native tissue [38]. 

 

5. Conclusions 

In this work, we studied a set of design criteria for a synthetic graft development for 

RCT repair. We successfully achieved a structure that demonstrated an adequate mechanical 

performance to substitute the damaged tissue, which was our main goal. The physical 

properties of this structure can allow and guide tissue ingrowth, demonstrating its potential to 

act also as a scaffold.  

As this is a relatively new field of application of knitting technologies, this work 

provides important information on how a warp-knitted structure should be tailored and treated 

post-production to increase its properties, in order to be used as scaffold for RCT repair.  
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Figure Captions 

Figure 1. SEM images obtained of the two 3D (A and B) and of the two 2D (C and D) warp-

knitted structures under 40×, 150× and 500× magnification. 

Figure 2. Porosity levels of  the 3D (A and B) and 2D (C and D) structures under study. 

Significant difference compared to A (#), B (Y), C (+), p < 0.0001. 

Figure 3. Relationship between the weight change of the two 3D warp-knitted structures (A 

and B) and the two 2D warp-knitted structures (C and D) and the immersion time in water. 

Data are presented as mean ± SD. 

Figure 4. Relationship between the wicking behavior of the two 3D warp-knitted structures 

(A and B) and the two 2D warp-knitted structures (C and D) over time. Data are presented as 

mean ± SD. 

Figure 5. Force (N) / Elongation (mm) and Stress (MPa) / Strain (%) representative curves of 

the 3D (A and B) and the 2D (C and D) warp-knitted structures under study, under (a) dry 

conditions and (b) wet conditions. 

Figure 6. Mechanical parameters under study of the 3D (A and B) and the 2D (C and D) 

constructs: (a) Failure load (N); (b) Maximum Stress (MPa); (c) Young’s Modulus (MPa); (d) 

Stiffness (N/mm); (e) Failure Strain (%); (f) Toughness (J/mm
3
). Significant difference 

compared to A (#), B (Y), C (+), with (*) p < 0.05, (**) p < 0.01 and (***) p < 0.0001.   

Figure 7. Force (N) / Elongation (mm) representative curves obtained from the cyclic tests of 

the 3D (A and B) and 2D (C and D) structures under study, in which in (a) 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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Table Captions 

Table 1. Estimated values of the mechanical parameters under study, of the 3D (A and B) and 

2D (C and D) structures developed, under dry and wet conditions. Data are presented as mean 

± SD. 

Table 2. Measurements obtained from the cyclic tests of the 3D (A and B) and the 2D (C and 

D) warp-knitted structures under study. Data are presented as mean ± SD. 

 

Page 26 of 26AUTHOR SUBMITTED MANUSCRIPT - BPEX-101047.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


