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Abstract

Early motion is crucial for tendon healing and functional results after flexor tendon repair in the
fingers. Motion, however, causes stress in the repair site, which can result in failure of the repair.
A flexor tendon repair is made with fine calibre sutures, which sets exceptional requirements for
the suture materials used in flexor tendon repair. 

Nitinol (nickel-titanium alloy) is a shape memory alloy, which can exist in two temperature-
dependent forms, soft martensite and stiff austenite. It is possible to fabricate a nitinol wire that is
soft and pliable, yet has high tensile strength. It also has excellent biocompatibility. Therefore, it
is a potential candidate flexor tendon repair suture material. 

This study evaluates biomechanical aspects of martensite nitinol wire as a flexor tendon repair
suture material. The study hypothesis was that nitinol wire improves the strength of the repairs
compared with the repairs made with conventional suture materials. It was found that nitinol core
repairs and circumferential repairs performed significantly better when compared with repairs
made with commonly used braided polyester and polypropylene of equal calibre. 

To further optimise the performance of the nitinol wire in tendon surgery, two experimental
models were developed to study the suture-tendon interface. The aim was to prevent pull-out of
the suture loop so that surgeons could have full advantage of the tensile strength of the nitinol
suture. First, it was tested whether it is possible to improve the suture’s ability to grip the tendon
tissue by changing the suture type from monofilament to multifilament. Multifilament suture loops
reached higher pull-out strength when compared with round monofilament loops when a locking
loop was used. Subsequently, the grip of four different previously reported core repair loops was
tested. Based on their failure mechanism, two novel loops were developed. The novel loops
demonstrated superior ability to grip the tendon. The novel loops can be useful with high tensile
strength suture materials and in repairs, which are prone to suture pull-out. 

Keywords: biomechanical testing, flexor tendon repair, Nickel-titanium, nitinol, suture
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Tiivistelmä

Varhainen korjauksen jälkeinen aktiivinen kuntoutus on osoittautunut hyödylliseksi jänteen para-
nemiselle. Varhainen liike altistaa korjauksen kuormitukselle, joka voi johtaa korjauksen pettä-
miseen. Korjaukset tehdään ohuilla langoilla. Tämä asettaa erityisiä vaatimuksia jännekorjauk-
sessa käytettävälle ommelainemateriaalille. 

Nikkeli-titaani (nitinoli) on nk. muistimetalli. Sillä on kaksi lämpötilariippuvaista muotoa:
pehmeä martensiitti ja jäykkä austeniitti. Nitinolista voidaan valmistaa ohutta pehmeää ja taipui-
saa lankaa, jonka vetolujuus on suuri. Nitinolin siedettävyys jännekudoksessa on todettu hyväk-
si, minkä vuoksi se on lupaava materiaali käytettäväksi jännekorjauksissa. 

Tässä tutkimuksessa kokeiltiin martensiittisen nitinolilangan käyttöä jänteen ydinompeleena
ja pintaompeleena. Olettamuksena oli, että nitinolilangalla saadaan kestävämpiä korjauksia kuin
nykyään käytössä olevilla langoilla. Tulosten mukaan nitinolilangalla tehdyt korjaukset olivat
kestävämpiä, kun niitä verrattiin saman paksuiseen punottuun polyesteriin ja polypropyleeniin. 

Lisäksi kehitimme kaksi mallia, joiden tarkoituksena oli parantaa nitinolilankasilmukan pitoa
jännekudoksesta. Tarkoituksena oli löytää keinoja, joilla langan otetta jännekudoksesta voidaan
parantaa ja langan hyvät vetolujuusominaisuudet pääsevät oikeuksiinsa. Ensin muutimme langan
muotoa perinteisestä yksisäikeisestä pyöreästä monisäikeiseen muotoon. Monisäikeisen langan
läpileikkausvoima oli huomattavasti suurempi kuin yksisäikeisen pyöreän langan. Ero oli havait-
tavissa vain, kun käytettiin lukitsevaa silmukkaa. Tämän jälkeen testasimme neljän perinteisesti
käytetyn korjaustekniikan silmukan pitokykyä ja tulosten perusteella kehitimme kaksi uutta sil-
mukkaa. Työssä kehitetyt silmukat pitivät kiinni jänteestä huomattavasti paremmin kuin perin-
teiset silmukat. Työssä kehitetyillä silmukoilla voidaan optimoida vahvojen ommelainemateriaa-
lien suorituskyky jännekirurgiassa. 

Asiasanat: biomekaaninen testaus, koukistajajännekorjaus, muistimetalli, nikkeli-
titaani, nitinoli, ommelaine
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Abbreviations 

Af Austenite finish temperature 

As Austenite start temperature 

CSA Cross sectional area 

DIPJ Distal interphalangeal joint 

FDP Flexor digitorum profundus 

FDS Flexor digitorum superficialis 

FPL Flexor pollicis longus 

MCPJ Metacarpophalangeal joint 

Mf Martensite finish temperature 

Ms Martensite start temperature 

Md Highest temperature to strain-induced martensite 

N Newton 

PIPJ Proximal interphalangeal joint 

PMK Pennington modified Kessler 

2-PMK Double Pennington modified Kessler 

SLK Surface locking Kessler 
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1 Introduction 

The purpose of a finger flexor tendon is to transmit the tension created by the 

muscle to the finger bones to produce flexion in the finger joints. With the help of 

the tendon sheath and the pulley system, the tendon converts the linear tension 

into angular rotation of the finger joints. Injury to the flexor tendon disrupts this 

force transmission resulting in an inability to flex the finger. This causes 

weakness of pinch and grip, rendering the affected finger useless in most daily 

activities. 

The restoration of normal finger motion after flexor tendon injury has been a 

difficult challenge to overcome. Early active postoperative motion has been 

shown to be beneficial after repair (Cullen et al. 1989, Savage & Risitano. 1989, 

Small et al. 1989). Early motion, however, subjects the repair to repetitive stress, 

which can result in disruption of the repair (Ejeskar & Irstam 1981, Elliot et al. 
1994, Harris et al. 1999). In addition to stress resistance, the repair site has to be 

able to glide in a narrow tendon sheath. This sets exceptional requirements for the 

suture material used in flexor tendon repair. 

Nickel-Titanium (NiTi, nitinol) is a shape memory alloy. It has two different 

phases, soft martensite and stiff austenite. It can go through a reversible transition 

from the stiff austenite phase towards the soft martensite phase with decreasing 

temperature. Changing the composition of the nitinol wire modifies the transition 

temperature. It is therefore possible to fabricate wire that is soft and pliable at 

room and body temperature and still has high tensile strength. Moreover, the 

biocompatibility of nitinol wire has been shown to be excellent in tendon tissue 

(Kujala et al. 2004). This makes nitinol a promising suture candidate for flexor 

tendon repair. 

The initial strength of the repair depends not only on the suture material but 

also on the holding capacity of the suture loops. If the suture material is weaker 

than the grip of the suture loop on the tissue, repair fails by suture rupture. On the 

other hand, if the material strength exceeds the holding capacity of the loop, the 

suture pulls out. A modern flexor tendon repair is a combination of two separate 

repairs: a core and a circumferential repair. They both contribute to the tensile 

strength of the repair composite (Lotz et al. 1998). Therefore, to optimise the 

initial mechanical properties of the flexor tendon repair composite, one has to use 

a suture material with sufficient tensile strength and suture techniques (both core 

and circumferential repairs) that grip the tendon firmly. 
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In the present studies, martensite nitinol wire was biomechanically tested in 

flexor tendon core and circumferential repairs. Furthermore, a one-tendon end 

model was used to investigate how the nitinol suture’s grip of the flexor tendon 

could be optimised by 1) changing the suture type from monofilament to 

multifilament, and 2) developing novel loop configurations, with improved 

resistance to pull-out. 
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2 Review of the literature 

2.1 Functional anatomy and histology of flexor tendons 

2.1.1 Functional anatomy of flexor tendons 

The muscle bellies of the flexor digitorum profundum (FDP; profound = deep), 

flexor digitorum superficialis (FDS) and flexor pollicis longus (FPL) attach 

proximally to the medial humeral condyle, ulna, radius and interosseus membrane. 

The musculotendinous junctions lie in the distal forearm and the tendons then 

traverse the carpal tunnel along with the median nerve. The FDP tendons of the 

third to fifth fingers share a common muscle belly and have strong intertendinous 

connections in the carpal tunnel. Therefore, independent gliding of these FDPs 

cannot occur without some gliding in the adjacent FDP tendon. Consequently, 

impairment in the gliding of one FDP will affect flexion moment of the adjacent 

finger, too. This phenomenon is called the quadriga effect (Horton et al. 2007, 

Verdan 1960b). 

After the carpal tunnel, the tendons pass the palm dorsal to the superficial 

palmar vascular arch to enter the tendon sheath at the level of the distal 

metacarpal heads. Lumbrical muscles originate from the FDP tendons in the palm 

and the lumbrical tendons pass the volar to the deep metacarpal ligaments and 

radial to metacarpal heads to attach to the extensor system of the finger. Because 

the originating lumbricals attach to the FDP tendon, excess length after the repair 

to the FDP tendon can lead to paradoxical extension of the finger when the patient 

tries to flex the affected finger. The paradoxical extension occurs because the FDP 

glides proximally, thus pulling the lumbrical muscle belly proximally, causing 

extension. This phenomenon is named a “lumbrical plus” finger and can 

sometimes be seen after a severed or avulsed FDP tendon, an unduly long tendon 

graft or amputation through middle phalanx (Parkes 1971). 

At the distal metacarpal head level, the tendons enter the tendon sheath, with 

the FDP still lying deep in the FDS tendon. The FDP tendon then passes between 

the two slips of FDS at the level of the proximal phalanx. The two slips unite on 

the dorsal side of the FDP, creating a tunnel named chiasma of Camper or 

chiasma tendinorum. The FDS slips separate again and attach to the shaft of the 

middle phalanx. The FDP continues across the distal inter phalangeal joint (DIPJ) 

and attaches distally to the volar cortex of the distal phalanx. The primary 
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function of the FDP, therefore, is to flex the DIPJ but as it crosses the 

metacarpophalangeal joint (MCPJ) and the proximal interphalangeal joint (PIPJ) 

it can produce a full flexion of the finger alone. On the other hand, loss of FDP 

function only results in the loss of DIPJ flexion and the patient can still close the 

fingers to a fist by using the FDS muscles. The FDS is the primary flexor of the 

PIPJ but can also flex the MCPJ. Loss of FDS function is not crucial as long as 

the FDP can still flex the finger. 

 

Fig. 1.  Anatomy of flexor extrinsic flexor muscles of the hand and classification of the 

injury zones. 

The FPL passes between the thenar muscles to enter the tendon sheath just 

proximal to the thumb MCPJ. The distal attachment of the FPL is on the volar 

cortex of the distal phalanx. It therefore acts as the only flexor of the thumb 

interphalangeal (IP) joint and the secondary flexor of the MCPJ. 

Verdan (1960) divided the hand in five zones in which flexor injuries can take 

place. This classification system is still widely used when evaluating and 

reporting the results of flexor tendon surgery (Fig. 1) (Verdan 1960a). 

2.1.2 The pulley system 

The tendon sheath starts at the level of the head of the metacarpal. In the thumb 

and little finger the synovial sheath of the palm and carpal tunnel communicate 
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with the tendon sheath of the finger and occasionally with each other. This is not 

important when tendon injuries are concerned. However, infections of the finger 

tendon sheath can spread through this route from finger to forearm or from little 

finger to thumb and vice versa. In the second to fifth fingers, the tendon sheath 

has five annular thicker parts volarly, which are called annular pulleys. The 

phalangeal bones and volar plates of the PIPJ and DIPJ form the dorsal part of the 

fibro-osseous tunnel. The annular 1 (A1) pulley is just proximal to the MCPJ and 

the A2 covers the proximal 2/3 of the proximal phalanx. The A3 pulley lies at the 

PIPJ level and the A4 pulley at the middle phalanx level. The A5 pulley covers 

the level of the DIPJ. In between the A2 and A3 pulleys is the C1 pulley, which is 

a structure that can shorten and lengthen easily during finger flexion and 

extension. Similarly, there is a C2 pulley in between the A3 and A4 pulleys and a 

C3 pulley in between the A4 and A5 pulleys (Doyle 1988) (Fig. 2). In addition to 

the classical pulley system, Manske and Lesker described the palmar aponeurosis 

pulley, which is a fibrous band forming a tunnel just proximal to the A1 pulley 

(Manske & Lesker 1983). 

Fig. 2. Anatomy of the pulley system of fingers 2–4 and the thumb. PA = palmar 

aponeurosis pulley. 
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2.1.3 Innervation and vascularity of the finger flexors 

The finger flexor muscles receive their innervation through the median and ulnar 

nerves. The median nerve supplies all of the FDS muscles as well as the FDPs to 

the second and third fingers and the FPL. The ulnar nerve supplies the fourth and 

fifth FDPs. 

The FDS and FDP muscle bellies receive their vascular supply through radial, 

ulnar and anterior interosseus arteries. In the distal forearm, carpal tunnel and 

palm tendons are surrounded by vascular paratenon, from which the artery 

branches enter the tendons. In the fingers, the arteries enter the tendons through 

the vincula brevis and the vincula longus. However, according to radio tracing 

studies, diffusion seems to be the dominant source of the nutrition of the tendon 

(Manske & Lesker 1982, Manske & Lesker 1985). The synovial fluid is produced 

by the tendon sheath and the paratenon, and the fluid carries the nutrients to the 

tendon cells. 

2.1.4 Histology 

A thin layer of oriented synovial cells, collagen fibres, blood vessels and nerves 

called epitenon surrounds the tendon. Recently, Taylor et al. studied the function 

and histology of the epitenon and found that there is a cell retentive layer on the 

surface of the tendon. This layer prevents cell migration and adhesion formation 

(Taylor et al. 2011). The epitenon is continuous with the endotenon, which 

divides the tendon into fascicles. Fascicles consist of fibrils, which can further be 

divided into subfibrils and subfibrils further into microfibrils. The fibrils consist 

of parallel collagen fibres, mainly type I collagen, which constitutes about 95% of 

the collagen present in the tendon and 70–80% of the dry weight of the tendon. A 

little less than 5% of the total collagen mass is type III collagen. Collagen fibres 

are embedded in the ground substance, which is a mixture of proteoglycans and 

glycoproteins. Water makes up to between 60 and 80% of the ground substance. 

The ground substance is a medium for diffusion of nutrients to the tendon cells. 

(O'Brien 2005) 

Fibroblasts are the most dominant cells in the tendon matrix. The internal 

cells are called tenoblasts and tenocytes. There are also immature mesenchymal 

cells in the perivascular area, which are considered to be the source for new 

tenoblasts responsible for intrinsic healing of the tendon (Gelberman et al. 1983, 

O'Brien 2005). 
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The tendon sheath consists of fibrous parts and membranous synovial 

components, which are responsible for the production of synovial fluid. The 

synovial parts are richly vascularised. The friction surfaces, however, are devoid 

of vascular structures and contain chondrocyte-like cells (Lundborg & Myrhage 

1977). The synovial fluid nourishes those areas through diffusion. Because of 

their histological structure, Lundborg and Myrhage considered the pulley gliding 

surface to be analogous with the joint surfaces (Lundborg & Myrhage 1977). 

2.2 Biomechanics of flexion of the fingers 

The flexion of the finger is a complex biomechanical action, which involves the 

tension created by the muscle belly to be transmitted from proximal forearm to 

the fingers. Linear tension is converted to angular rotation of the finger joints with 

the help of the pulley system. The flexion of the fingers requires synchronous 

action of the wrist extensor muscles to stabilise the wrist. Otherwise, the tension 

of the muscles would flex the wrist and the excursion of the flexor muscles would 

be lost. This imbalance is typically seen in radial nerve palsy. 

When the tension created by the muscle exceeds the resistance caused by the 

paratenon, tendon sheath, other soft tissues and joint surfaces, the digital joints 

start to flex. For the flexion to become a useful function, the tension of the muscle 

has to be precisely controlled. This is achieved through afferent sensory input 

from the muscle itself as well as from the skin and joints (Clark et al. 1986, 

Cordo et al. 2011). 

2.2.1 The tensile properties of the flexor tendons and the pulley 
system 

The tensile strength of the flexor tendons is mainly attributed to its collagen rich 

structure. The stiffness of the flexor tendon was measured to be 35.9 N/mm (Lotz 
et al. 1998). The tensile strength of the tendon itself was estimated to be 620–

1180 N. The strength of the tendon bone junction of the FDP is reported to be 560 

N, making it the weakest link in the flexor system (Pring et al. 1985). Therefore, 

the closed ruptures occur most commonly in the distal junction of the FDP (Leddy 

& Packer 1977). 

Manske and Lesker measured the breaking strength of independent pulleys. 

The A1 pulley had the greatest strength, reaching a mean of 31.6 N, while the A3 

pulley was the weakest of the annular pulleys, reaching a mean of 7.1 N breaking 
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strength. The cruciform pulleys are notably weaker, reflecting the differences in 

their function (Manske & Lesker. 1977). Closed pulley injuries are uncommon 

and occur mostly in special circumstances, typically in climbers (Kubiak et al. 
2006, Schoffl & Jungert. 2006). 

2.2.2 Forces subjected to the flexor tendons 

Schuind et al. measured tensions of the index finger FDP and the FPL in vivo 

during carpal tunnel operation. Less than 1 N tension was measured during 

passive flexion-extension of the thumb and index finger. A mean of 19 N tension 

in the FDP and 1 N in FDS was measured during active flexion of the DIPJ. 

During active PIPJ flexion, the tension was concentrated in the FDS, which 

reached a mean of 9 N force, while the tension in the FDP was only 1 N. Highest 

forces were measured from the index finger FDP tendon during index-thumb tip 

pinch; a mean of 83 N. A grasp resulted in 40 N tension in the FDP and 6 N in the 

FDS. (Schuind et al. 1992) 

Kursa et al. studied the effect of wrist position on tension in the FDP and 

FDS during active flexion and extension of index finger. They noted that 30° of 

wrist flexion did not alter the tension in the FDP but paradoxically increased the 

tension in the FDS. The tension was similar regardless of whether the finger was 

moving towards flexion or extension. (Kursa et al. 2006) 

In addition to tensional forces, the volar portion of the tendon is subjected to 

compression forces during flexion. An increase in the compression forces during 

the flexion increases the frictional forces, which are about 0.1 N in a healthy 

tendon inside an intact tendon sheath and finger in the extended position (Coert et 
al. 1995). However, digital oedema and other postoperative changes affect the 

gliding forces. Cao and Tang (2006) showed in an experiment with chickens that 

the resistance to flexion peaked at day 5, reaching 10 N, 2.5 times the resistance 

measured in day 1. It has been estimated that the frictional forces reach a value of 

approximately 6 N after tendon repair in a human hand. This is the minimum 

tension that needs to be exceeded to produce gliding of the repaired tendon 

(Amadio 2005). 

2.2.3 Excursion of the flexor tendons 

The excursion of the tendon can be defined as the distance the tendon slides along 

its path during its function. The fibre length of the muscle to which the tendon is 
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attached limits the potential excursion of a tendon. According to the fibre lengths, 

the potential excursion of the FDP is between 62 and 68 mm and the FDS 

between 70 and 73 mm (Brand et al. 1981). Making a normal fist from fully 

extended fingers (wrist held in neutral) requires a mean of 24 mm gliding in the 

FDS, a mean of 32 mm in the FDP and a mean of 27 mm in the FPL. Flexing both 

wrist and the fingers form full extension to full flexion can require almost 90 mm 

of excursion. (Korstanje et al. 2010, McGrouther & Ahmed. 1981, Panchal et al. 
1997, Soeters et al. 2004, Tanaka et al. 2005, Wehbe & Hunter. 1985a, Wehbe & 

Hunter. 1985b). This lack of potential excursion explains the difficulty of making 

a tight fist when wrist is held fully flexed. 

Sufficient gliding of the flexor tendons is important because it prevents 

adhesion formation after repair (Gelberman et al. 1983). Therefore, rehabilitation 

programmes focus on producing an adequate amount of gliding in the tendons 

with respect to the fibro-osseous tunnel as well as with respect to each other 

(differential gliding). McGrouther and Ahmed measured an equal degree of 

excursion of both FDP and FDS during flexion in the PIPJ in cadaver hands. They 

noted that differential gliding requires DIPJ flexion. They measured 1 mm of 

differential gliding of the FDP for every 10 degrees of flexion of the DIPJ. It is of 

note that they also observed that MCPJ flexion did not produce any notable 

gliding of the FDP or FDS (McGrouther & Ahmed 1981). Wehbe and Hunter 

measured that maximal differential gliding occurred when a hook position was 

made (MCPJ extended, PIPJ and DIPJ fully flexed) (Wehbe & Hunter 1985b). 

Therefore, including DIPJ flexion as in the hook position should be useful in 

rehabilitation after injuries in the region of Campers chiasma. From the clinical 

perspective, another important and constant finding in in vivo studies has been 

that active flexion produces more excursion when compared with passive flexion 

(Korstanje et al. 2010, Panchal et al. 1997, Soeters et al. 2004). This is probably 

due to tendon buckling that occurs during passive flexion (Horii et al. 1992, 

Korstanje et al. 2010) (Fig. 3). Although the amount of excursion does not 

necessarily mean fewer adhesions, it is reasonable to assume that a greater 

amount of excursion is one of the reasons why active motion protocols seem to 

yield better functional results after flexor tendon repair compared to passive 

motion rehabilitation protocols (Cullen et al. 1989, Small et al. 1989). Recently, 

the excursions have also been measured in vivo with doppler ultrasonography and 

ultrasound tracking methods. Both methods show an increase in the excursion 

during active motion when compared with passive motion. The excursions 
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measured in ultrasonographic studies correspond with the measurements carried 

out with cadavers (Korstanje et al. 2010, McGrouther & Ahmed 1981). 

Fig. 3. Tendon buckling occurs during passive flexion. This impairs the gliding of the 

repair and is the reason for greater gliding distances measured during active motion. 

For the tendon to start gliding instead of buckling, the tension of the muscle needs to 

overcome the sum of all the resistance forces. This force is estimated to be around 6N 

in the human hand after the repair (Amadio 2005). 

2.2.4 The function of the pulley system 

The pulleys are condensations of fibrous tissues in strategic locations in the flexor 

tendon sheath. The annular pulleys form rigid bands, which keep the tendon close 

to the axis of rotation of the finger joints and prevent the tendon from bow 

stringing during flexion (Doyle 1988). Therefore, the flexor tendon’s moment arm 

to the joint remains short when the joint flexion angle increases (Fig. 4). 

Consequently, less excursion of the muscle is needed for the same amount of 

flexion in the finger. The pulley system also provides a gliding surface for the 

tendon. 
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Fig. 4. The mechanical advantage provided by the pulley system. The pulley keeps the 

moment arm (arrows) short, which results in greater efficiency of the flexion (i.e. more 

angular rotation for every mm of excursion). Loss of pulleys result in an increase in 

the moment arm. This improves the moment of the tendon but impairs the efficiency 

of flexion. 

The function of the pulley system has been studied extensively. Results from the 

cadaver studies have emphasised the importance of the A2 and A4 pulleys (Doyle 

1988, Doyle 1988, Peterson et al. 1986). Rispler et al. (1989) found that a three-

pulley system (A2-A3-A4) was significantly more efficient when compared with 

a two-pulley system (A2-A4). According to their measurements, the loss of the 

A4 pulley resulted in a greater loss of efficiency of flexion than loss of the A2 

pulley. On the other hand, loss of the A3 or A5 pulleys did not have a significant 

effect on the flexion efficiency (Rispler et al. 1996). The outcome in all these 

studies, however, was the work of flexion or efficiency of flexion, which might 

not be the most important factor contributing to the clinical outcome after the 

surgery. More importantly, the measurements were performed with intact flexor 

tendons. Theoretically, it would be ideal to have intact pulleys after repair. 

However, based on biomechanical and in vivo animal models, it has been 

suggested that after repair, gliding may be a more important factor to consider 

than an intact pulley system (Cao & Tang 2009, Tang et al. 2001, Tang 2007, 

Zhao et al. 2004). Recently, it was also shown in a cadaver model that repair of 

the tendon resulted in a significant increase of work of flexion as well as force 

needed for flexion. The partial or complete release of the A4 pulley after the 

repair actually decreased both the work of flexion and the force needed for 
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flexion (Franko et al. 2011). In addition, several authors have reported regular 

pulley release during the primary repair without any notable clinical adverse 

effect (Kwai Ben & Elliot 1998, Savage & Risitano 1989, Tang 2007). 

In conclusion, although the integrity of the pulley system is important for the 

efficiency of flexion in a non-injured hand, the current evidence does not support 

the old dogma that sacrificing A2 or A4 during the flexor tendon repair should be 

avoided. When it is reasonable to doubt that the repair is catching at the edge or 

under the pulley, any pulley can be released. However, pulleys should be 

preserved as long as they do not restrict the gliding of the tendon. Further 

randomised clinical trials are needed to identify the correct strategy for pulley 

preservation to optimise the outcomes of flexor tendon repairs. 

2.3 Tendon healing 

Before the era of primary repair of the flexor tendon in zone 2, it was believed 

that tendons had only extrinsic healing capacity. The consensus was that the 

healing could only occur through extrinsic fibroblasts derived from the tendon 

sheath, ingrowth of fibrous tissue and consequent adhesion formation. Therefore, 

secondary tendon grafting was advocated over primary repair. The concept of 

intrasynovial intrinsic healing was discovered after it became apparent that 

primary repair and early postoperative mobilisation could result in tendon healing 

without adhesions (Lundborg & Rank. 1978). Early motion has been shown to 

facilitate intrinsic healing but the biochemical mechanisms of this remain 

incompletely understood (Boyer 2005). The tendon healing follows the principles 

of general wound healing and can be divided into three phases: inflammatory 

phase, proliferation phase and maturation phase. 

Immediately after injury, the haemostasis is achieved and macrophages and 

neutrophiles migrate to the injury area. The depletion of injured collagen is 

started and possible foreign pathogens are destroyed. Growth factors such as 

vascular endothelial growth factor (VEGF) and platelet derived growth factor are 

produced, leading to the onset of proliferation phase. The inflammatory phase 

occurs 48–72 hours after the repair (Gelberman et al. 1983, Gelberman et al. 1985, 

Manske et al. 1984, Manske 1988). During this phase, the integrity of the repaired 

tendon is completely dependent on the suture. 

The proliferation phase lasts until about 4 weeks past the injury. In the 

proliferation phase the fibroblasts proliferate and form a net of collagen between 

the repaired tendon ends. Other extracellular glycoproteins are also produced. 



29 

There seems to be an increased amount of type III collagen production but not 

collagen I (Oshiro et al. 2003). This leads to a gradual accrual of tensile strength 

of the repair. Early motion seems to enhance the strengthening of the tendon and 

active motion may be even more efficient in promoting strengthening of the repair 

site (Aoki et al. 1997, Gelberman et al. 1981, Gelberman et al. 1982, Gelberman 
et al. 1991b, Hitchcock et al. 1987). The angiogenesis occurs in the proliferation 

phase (Gelberman et al. 1991a). 

Finally, during the maturation (or remodelling) phase, the collagen and 

fibroblasts are reorganised longitudinally and the tensile strength of the repair 

further increases. Maturation of the repair lasts until about 20 weeks from the 

injury. The repaired tendon achieves near normal strength by the end of the 

maturation (Oshiro et al. 2003, Strickland 2000). 

Although the research in extrinsic and intrinsic healing of the tendon has 

significantly improved our understanding, biological enhancement of the healing 

process has not been possible to the extent of clinical application. It remains, 

however, an attractive concept because the development of repair techniques and 

suture materials has reached the sufficient level for active motion protocols. 

2.4 Flexor tendon repair 

2.4.1 History of flexor tendon repair 

The tendon was first considered to be part of the nervous system, with the 

“neuron” exiting the muscle. Galen distinguished the tendon from a nerve but still 

stated that pricking the tendon will lead to twitching and convulsions. Despite that, 

he had sutured a tendon in the leg of a gladiator. The Muslim physician Avicenna 

is regarded as the first to advise suture of an injured tendon. Although some 

surgeons in Europe adopted Avicenna’s concepts, it was only after the 

experiments of Gratz in 1682 and Von Hallen in 1752 that the advising against 

tendon repair started to appear. They both observed that injury or irritation to the 

tendon in animals did not lead to convulsion. (Manske 2005) 

Dr John Hunter is credited for the first experimental study on tendon healing. 

He reported that a repaired canine Achilles tendon healed through callus 

formation. It was not until the 1920s that the focus shifted towards intrasynovial 

tendons. Bunnell wrote his first article about tendon surgery in 1918 (Bunnell 

1918). Later, he named the synovial sheath “no-man’s-land”, because repair in 
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this area led to adhesions and poor outcomes. Bunnell had served in the First 

World War in an army hospital in France and became familiar with the term then. 

Bunnell advised caution when repairing tendons within the synovial sheath. The 

predominant concept was secondary tendon grafting in flexor tendon injuries in 

no-man’s-land(Manske 2005). 

In the 1950s and 60s, a few reports of primary repair in no-man’s-landwere 

published. Finally, the report of Kleinert and Kutz in 1967 led the general concept 

to favour primary repair and early passive mobilisation with rubber band traction 

and a splint (Kleinert et al. 1967). It has to be noted, however, that the first 

reaction in the realm of hand surgery was of great disbelief (Newmeyer & 

Manske 2004). Following their report (Kleinert et al. 1967), the previous concept 

of extrinsic intrasynovial tendon healing had to be re-evaluated. Consequently, the 

concept of intrinsic healing was established. In the 1980s and 90s, the focus of 

research was on flexor tendon healing and nutrition. Multistrand repair techniques 

were also developed and active motion protocols introduced (Cullen et al. 1989, 

Manske 2005, Savage & Risitano 1989, Strickland 2000). Within the last decade, 

progress has been made in tendon suture materials. New high tensile strength 

sutures have been tested in flexor tendon repair (Lawrence & Davis 2005, Miller 
et al. 2007, Moneim et al. 2002, Waitayawinyu et al. 2008). 

2.4.2 Biomechanical testing of tendon repairs 

The term “biomechanics” originates from ancient Greek and translates as the 

mechanics of life. Biomechanical research focuses on anatomy and the function 

of biological systems. In flexor tendon research, the focus of biomechanical 

research has been on optimising mechanical performance for early phases of 

rehabilitation and for the biological healing process. Therefore, the most 

important aspects have been to study tensile properties as well as gliding 

characteristics of the repairs (Amadio 2005, Strickland 2000). To comprehend the 

differences in the biomechanical properties of various tendon repairs, one needs 

to understand the testing methodology. 

The tensile strength of the repairs has traditionally been studied in a linear 

model or in situ in a curvilinear model. After the repair, the tendon is usually 

subjected to increased loads by a tensile testing machine, which can record the 

deformation as well as the corresponding load. The load is exerted either by static 

rate of pull with increasing load (static or quasi-static loading) or by cyclic (or 

dynamic) loading to mimic the physiological loading. Static testing in a linear 
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model allows for the direct comparison of stiffness, yield force, gapping forces, 

and ultimate force of the repairs. Cyclic testing mimics the physiological 

conditions but it does not allow direct comparison of the biomechanical properties 

of the repairs. Cyclic testing is used for fatigue testing. After cyclic loading, the 

ultimate strength of the repair can still be tested in a linear testing model, unless it 

has failed completely in the cyclic testing (Goodman & Choueka 2005, Pruitt et al. 
1991, Sanders et al. 1997). 

Fig. 5. Testing protocol in a quasi-static linear testing model. The tendon is mounted 

vertically between the clamps in the tensile testing machine. The clamp with the load 

sensor is distracted with a constant speed. A computer records the load as well as the 

deformation acquired from the load sensor. The testing can be recorded with a video 

camera for further evaluation of the failure (gapping and mode of failure analysis). 

In quasi-static testing, the specimen is mounted between the clamps in the tensile 

testing machine. One clamp remains stationary while the other clamp containing 

the load sensor is distracted at a constant rate, e.g. 20mm/min (Fig. 5). Every 

specimen is subjected to a single loading until failure, and a load-deformation 

curve is recorded. The load-deformation curve can be divided into three regions, 

namely the toe region, the linear (elastic) region and the failure (plastic) region 
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(Fig. 6). The linear region presents the elastic phase where the repair composite is 

still intact and most of the deformation is reversible. The slope of the linear 

region is used to define the stiffness (N/mm). Stiffness represents the repair’s 

ability to resist elongation during the elastic deformation. When the elastic strain 

reaches its limits, plastic changes start to take place. This point is referred as the 

yield point and in repair composite this occurs when the circumferential repair 

starts to fail. After that, the repair is no longer intact and gaps of several 

millimetres can develop before the core repair tightens fully and the repair 

reaches its ultimate strength (Goodman & Choueka 2005, Lotz et al. 1998, 

Viinikainen et al. 2004). If the core and the circumferential repairs tighten 

synchronously, or the core suture material is weak, the yield point can also be the 

ultimate point. In a curvilinear model the loading is completed similarly but in 
situ; i.e. the tendon repair is still in place inside the tendon sheath. 

Fig. 6. A typical load-deformation curve. The stiffness (N/mm) of the repair is defined 

from the linear part of the curve (straight line). In the linear part the composite is still 

intact and the deformation is dominantly elastic (reversible). The yield point (A) is the 

point where dominantly plastic (irreversible) deformation starts. In repair composite, 

this is the point where the circumferential repairs starts to fail and gapping 

commences. The ultimate point (B) is the highest force recorded. 

The gliding characteristics are usually assessed by measuring the gliding 

resistance (N) or work of flexion (J). When the gliding resistance is measured, the 
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tendon is pulled under one or several pulleys and the friction force is measured 

(Amadio 2005). The work of flexion is measured by pulling the tendons in situ 

while simultaneously measuring the energy needed for full flexion of the finger. 

This is thought to represent the physiological resistance during flexion (Tanaka et 
al. 2003). Maximal force needed for flexion has also been measured in situ 

(Franko et al. 2011). 

2.4.3 Core repair 

A modern flexor tendon repair is a composite comprising a core (usually a 

multistrand repair), and a running circumferential repair. The core repair consists 

of loops that grasp the tendon at both tendon ends and straight parts that cross the 

repair site. The straight parts of the repair crossing the repair site are called 

strands. They connect the loops and hold the tendon ends together. Depending on 

the number of strands crossing the repair site, the repair is called either a two-

strand or a multistrand (> two strands) repair. If the core repair is performed with 

a normal suture, there are two strands of suture for each grasp of the tendon. If, 

however, the core repair is performed with a loop suture (two threads attached to 

one needle), there are four strands of suture for each grasp of the tendon. Each 

grasp is usually a loop or several connected loops that grasp the tendon (Fig. 7). 

The configuration of the loop can be either locking or grasping. The division 

between locking and grasping loops is made on the basis of the suture’s three-

dimensional arrangement with respect to the tendon fibrils (Fig. 8). 

 



 34

Fig. 7. A four-strand cross-stitch repair. In a four-strand repair the suture grasps the 

tendon tissue with two loops both sides of the repair (A). In a hypothetical load of 60N, 

each strand would carry a load of 15 N and each grasp a load of 30 N. The weakest 

link fails first when the repair is loaded to failure. A repair composite also has a 

running circumferential repair (simple running), which approximates and smoothens 

the tendon ends and resist gapping (B). 

Core repair is commonly performed with a non-absorbable multifilament suture 

with various techniques (loop configurations). It can be placed before or after the 

circumferential repair. The core repair counts for the greater part of the ultimate 

tensile strength of the repair. The main purpose of the core repair is simply to 

secure the tendon ends (together with the circumferential repair) until the healing 

process has secured a sufficient tensile strength for the repair. 
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Fig. 8. Traditional concept of a locking and a grasping loop. The difference depends 

on the three-dimensional configuration of the suture loop and tendon fibrils. A locking 

loop tightens around the fibrils when the suture is under tension, whereas the 

grasping loop unwinds. Therefore, a locking loop grips the tendon better when 

compared with a grasping loop. 

Suture materials in the core suture 

Trail has proposed the ideal properties for suture materials used in flexor tendon 

repair: high tensile strength; minimal tissue response; easily knotted, with 

minimal loss of strength after knotting; inextensible to prevent gapping; easy to 

use; absorbable but maintaining its strength in early phases of healing (Trail et al. 
1989). Pulvertaft recommended stainless steel because of its high tensile strength 

(Pulvertaft 1965). However, synthetic materials replaced steel wire because of its 

tendency for kinking (Trail et al. 1989). Today, the most commonly used 

materials are braided polyester nylon and polypropylene (Healy et al. 2007, Trail 
et al. 1989). Their problem is tensile strength, which causes suture rupture and is 



 36

the obvious reason why multistrand repair techniques were developed. New high 

tensile strength suture material, high molecular weight polyethylene with braided 

polyester jacket (FiberWire®) has been recently tested in flexor tendon repair and 

show superior tensile properties when compared with conventional materials 

(Lawrence & Davis 2005, Miller et al. 2007, Waitayawinyu et al. 2008). 

Furthermore, Moneim et al. (2002) tested nitinol shape memory alloy sutures for 

flexor tendon repair (Moneim et al. 2002). Absorbable sutures have also been 

introduced for flexor tendon core repair but have not yet achieved wide clinical 

use (Viinikainen et al. 2007, Wada et al. 2001, Wada et al. 2002). 

Suture calibre 

The United States Pharmacopeia (USP) standards are commonly used to measure 

and present the suture calibre. Smaller than size 0 sutures are presented so that 

when the number before the 0 increases, the calibre of the suture diminishes. 4-0 

and 3-0 (USP) calibres are most commonly used for flexor tendon core repair 

(Healy et al. 2007). The effect of the suture calibre has been addressed in a few 

biomechanical studies. Taras et al. (2001) reported a relationship between the 

suture calibre and the strength of the repair. They showed that with 5-0 and 4-0 

suture, the repair technique (loop configuration) did not affect the strength of the 

repair. This owed to the mode of failure, which was suture rupture. Conversely, 

when the mode of failure was predominantly suture pull-out (3-0 and 2-0 sutures) 

the repair technique affected the strength of the repair (Taras et al. 2001). It can 

therefore be concluded that with high strength sutures, the suture’s ability to grip 

the tendon is critical. A few other studies have also found that increased suture 

diameter in the core repair increases the tensile strength of the repair (Alavanja et 
al. 2005, Hatanaka & Manske 2000). 

Number of strands 

Conventionally, core repairs had only two suture strands crossing the repair site. 

Savage first acknowledged the rationale for having more than a two-strand repair. 

He observed almost three times higher tensile strength in six-strand repairs when 

compared with a two-strand repair. He suggested that the repair is dependent on 

the strength of the suture material and the suture-tendon interface. Therefore, by 

adding more strands and consequently more loops that grasp the tendon, one 

could have a repair that resists loading better than conventional two-strand repairs 
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(Savage 1985). He also published a clinical series with 32 patients who were 

allowed to start immediate active controlled motion after the repair and had only 

one ruptured tendon (Savage & Risitano 1989). Later, several other multistrand 

techniques were reported up to eight-strand repairs. Some of them used the 

configuration of conventional two-strand repair loops like double Kessler and 

Strickland repair, whereas some incorporated new loop configuration, such as 

cruciate repair (McLarney et al. 1999, Robertson & al-Qattan 1992). Furthermore, 

several authors reported the use of loop suture to increase the number of strands 

(Dinopoulos et al. 2000, Gill et al. 1999, Lee 1990, Tang et al. 1994). 

The effect of having multiple strands crossing the repair site has been higher 

tensile strength and better resistance to gapping. Generally, four-strand repairs are 

approximately twice as strong when compared with two-strand repairs. Six-strand 

repairs do not usually reach three times higher strength because the force 

distribution between the strands is not equal (Trail et al. 1992). When two-strand 

repairs are performed with 4-0 braided polyester, the repairs can carry a load of 

approximately 20-30 N in linear testing (Aoki et al. 1994, Gordon et al. 1999, Lee. 

1990, McLarney et al. 1999, Silfverskiold & Andersson 1993, Smith & Evans. 

2001) although up to 50 N ultimate force has been reported (Hatanaka & Manske 

2000). Four-strand repair with circumferential repair performed with 4-0 

polyester carries approximately 40 to 66 N, depending on the technique and the 

circumferential repair technique (Lawrence & Davis. 2005, McLarney et al. 1999, 

Shaieb & Singer. 1997, Slade et al. 2001, Smith & Evans. 2001). However, the 

gapping starts at lower loads and this may lead to repair gapping and triggering 

and ultimately failure of the repair (Viinikainen et al. 2004, Zhao et al. 2004). 

Therefore, four-strand repair performed with 4-0 suture still leaves a narrow safe 

zone (the zone between the force in active flexion and yield force of the repair) 

for active mobilisation (Amadio 2005). Incorporating six-strand repair can widen 

the safe zone. On the other hand, use of 3-0 suture in four-strand increases the 

strength of the repair and does not require any additional tendon handling 

(Hatanaka & Manske 2000, Taras et al. 2001). 

Loop configuration 

The three-dimensional arrangement of the suture loop outlines the suture’s ability 

to grip the tendon. The loop configuration can be defined as grasping or locking 

(Figure 8). Pennington (1979) first demonstrated the differences between a 

grasping loop and a locking loop (Pennington 1979). The theory was later 
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elaborated by Hotokezaka and Manske, who showed how the locking loop 

tightens around the fibrils. The locking loop, therefore, needed to cut through the 

fibrils or unwind to fail. On the other hand, the grasping loops fail by the loop 

sliding and pulling out without tendon disruption (Hotokezaka & Manske 1997). 

Several studies have shown that a locking loop grips the tendon better (Hatanaka 

& Manske 2000, Hotokezaka & Manske 1997, Wada et al. 2000). However, this 

benefit can be minimal if the suture breaks before the loop pulls out (Wu & Tang 

2011, Xie & Tang. 2005). In this situation, the suture tensile strength and the 

number of suture strands define the strength of the repair and the loop 

configuration is of secondary importance. With the new high tensile strength 

suture materials, the loop configuration seems to have a greater effect on the 

strength of the repair (Miller et al. 2007, Waitayawinyu et al. 2008). Since there 

have been no reported adverse effects in using locking loops, and the locking 

configuration of the loops that are generally used does not require any additional 

handling of the tendon or effort from the surgeon, the use of locking configuration 

can be recommended over grasping loops with any suture material. 

There have been several descriptions of different core repair techniques (Fig. 

9). Currently, there is no strong evidence that any of the different repair 

techniques would yield better clinical outcomes. Although differences between 

the techniques in the initial strength undoubtedly exist, the effect is masked by the 

failure occurring because of the suture rupture. In addition, the clinical outcome is 

attributable to multiple different factors starting from the injury type repair and 

including several other aspects like postoperative rehabilitation and patient co-

operation (Tang 2005). 
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Fig. 9. Commonly used core repair techniques. A = two-strand Pennington modified 

Kessler; B = four-strand Pennington modified Kessler; C = four-strand cruciate; D = 

four-strand cross-stitch; E = four-strand Savage; F = double Tsuge; G = six-strand 

Lim-Tsai; H = four-strand Tang. Loops A to E are performed with normal suture and 

loops F to H with loop suture. 
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The cross sectional area (CSA) of the suture loop also affects the strength of the 

core repair. Hatanaka and Manske showed that an increase in the CSA of the loop 

from 10% to 50% (a proportion of the CSA of the tendon) increased the ultimate 

strength of the Pennington type locking loop. Dona et al. showed that for the 

cruciate loop the optimal loop CSA was 50% (Dona et al. 2004). In addition, 

dorsal placement of the suture loop has been shown to increase the strength of the 

repair in a curvilinear model (tensile tested in situ inside the tendon sheath) (Aoki 
et al. 1995, Komanduri et al. 1996). 

The location and number of knots also affect the initial strength of the repair. 

Placing the knot outside the repair and not between the cut ends improves the 

strength of the repair because the load does not concentrate on the knot, which is 

the weakest link in the suture. Fewer knots also mean higher tensile strength for 

the same reasons (Aoki et al. 1995). The knot placement is important only 

initially, and during healing the difference disappears. It has to be remembered 

that the tendon needs to glide in a narrow tendon sheath and placing the knots 

outside the repair can interfere with the gliding. Therefore, knot placement needs 

to be considered individually, weighing the gliding properties and strength of the 

repair. It is probably advisable to use an outside knot location when the gliding is 

not a problem. 

Core suture purchase length also affects the strength of the repair. Greater 

purchase length increases the holding capacity of the suture loop until 0.7–1 cm 

purchase, after which increasing the purchase probably does not have a significant 

effect on the strength (Cao et al. 2006, Tang et al. 2005). It is not known, however, 

if the purchase length affects the healing of the tendon. 

2.4.4 Circumferential (peripheral) repair 

The circumferential repair is usually placed after the core suture but can also be 

placed partially before and partially after the core (epitenon first technique) 

(Sanders. 1992). It was first considered as a tidy-up suture but its mechanical 

advantages have later been acknowledged (Diao et al. 1996, Lister et al. 1977, 

Lotz et al. 1998). The circumferential repair accounts for the integrity of the 

repair composite and can carry substantial loads before it starts to fail (Lotz et al. 
1998). Under increasing load, the circumferential repair starts to fail first and the 

gapping of the repair commences. The point where the circumferential repair 

starts to fail is considered the yield point of the intact repair composite 
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(Viinikainen et al. 2004). Therefore, a reliable circumferential suture is crucial for 

the repair composite. 

Suture materials in the circumferential repair 

Circumferential repair is usually performed with a monofilament non-absorbable 

suture of 5-0 or 6-0 calibre. Polypropylene and nylon are commonly used 

materials (Dona et al. 2003, Healy et al. 2007, Kim et al. 1996, Kubota et al. 
1996, Merrell et al. 2003). Polyvinylidene fluoride has also been tested and it 

improved the mechanical properties of circumferential repairs when compared 

with polypropylene (Wada et al. 2001). 

Configuration of the circumferential repair 

The configuration of the circumferential repair has been shown to affect tensile 

strength significantly. Kubota et al. (1996) studied the mechanical properties of 

six different circumferential repair techniques with human cadaver tendons and 

observed a relationship between the number of suture passes and the strength of 

the repair. The technique also affected the strength; the Lin locking repair being 

the strongest of the methods followed by cross-stitch Halsted, Lembert, simple 

over-and-over, and simple locking repair. However, the Lin locking technique 

increased the gliding resistance when compared with the other techniques. 

Accordingly, it was concluded that cross-stitch Halsted repair is a high tensile 

strength and low friction circumferential repair (Kubota et al. 1996). Dona et al. 
further modified the cross-stitch suture by making every mattress loop lock with 

the adjacent loop. This further improved the gap resistance and ultimate strength 

of the repair (Dona et al. 2003). Depth and purchase also affect the tensile 

properties of the circumferential repair (Diao et al. 1996, Merrell et al. 2003). 

Sirotakova and Elliot showed that incorporation of strong circumferential suture 

decreased the failure rate of their FPL repairs (Sirotakova & Elliot. 2004). It can 

be concluded that a strong circumferential suture technique is beneficial to the 

mechanical strength of the repair composite, but vigorous evidence of different 

techniques benefits in clinical use is still lacking. 
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2.4.5 Gliding characteristics of the repairs 

Gliding of the repair site is of paramount importance because without motion the 

flexor tendon will heal but with an unacceptable range of motion due to the 

adhesions. The tension of the muscle needs to exceed the sum of opposing forces 

in order for the tendon to start moving. The opposing forces include friction of the 

tendon, stiffness of the joint and other soft tissues resistance. However, if the 

tension exceeds the yield force of the repair, the repair starts gapping. This 

interval between the force to produce motion and the force where the gapping 

starts has been named the “safe zone” (Amadio 2005). To produce motion without 

high tension, the tendon needs to have low friction between the tendon sheath. 

High friction can cause unnecessary adverse loading of the repair site during the 

rehabilitation phase. In addition, high friction can be a source for adhesion 

formation (Zhao et al. 2001). 

In a normal unaffected tendon, the resistance is measured to be low, about 0.1 

to 0.27 N (An et al. 1993, Uchiyama et al. 1995, Zhao et al. 2001). Repair of the 

tendon naturally increases the resistance. A simple circumferential running suture 

can increase the work of flexion by 6% and more complex techniques by up to 

36% (Kubota et al. 1996). Adding core suture further increases the resistance and 

this increase depends on the repair technique. The resistance of a modified two-

strand Kessler repair with simple running circumferential repair can be up to 0.81 

N. Techniques that have increased the amount of suture material in the surface of 

the tendon or exposed knots can have over 1 N resistance. A greater suture calibre 

also increases the gliding resistance (Momose et al. 2000). However, the 

differences in the friction forces are relatively small when compared with the 

ultimate strength of modern multistrand repairs. The difference of a fraction of a 

Newton in the gliding resistance is probably negligible because the multistrand 

repairs have a wide safe zone. The gap between the tendon ends is potentially 

more harmful and a 3 mm gap has shown to increase the resistance by up to 26 N 

(Zhao et al. 2004). Therefore, it seems appropriate to assume that the adequate 

mechanical strength is more important than friction when weighing the potential 

benefits and disadvantages of low friction and high tensile strength repair 

techniques. 



43 

2.4.6 Failure of the repair 

Yield force 

Yield force is commonly used in mechanical tensile testing to present the point 

where the irreversible elongation of the material begins. In biomechanical testing 

the yield force of a flexor tendon repair composite can be considered the point, 

where the disruption of the circumferential suture begins and the repair is no 

longer intact (Viinikainen et al. 2004). After the yield point, the gapping of the 

repair starts and this can be both biomechanically and biologically 

disadvantageous (Gelberman et al. 1999, Zhao et al. 2004). It can therefore be 

more important to consider the yield force rather than ultimate force when 

comparing different repair methods. 

Gapping 

Although the impact of small gaps has not been well established, it is generally 

agreed that gapping is not beneficial for healing and should be avoided. Gapping 

of the repair starts when the circumferential suture starts to fail. Gaps of up to 

several millimetres can develop before the repair achieves its ultimate force 

(Viinikainen et al. 2004). Gapping can cause the repair to catch on the pulley edge 

and result in adhesions and poor clinical results (Gelberman et al. 1999, Seradge. 

1983, Zhao et al. 2004). In an animal model, gaps of more than 3 mm were 

detrimental to the mechanical strengthening of the tendon (Gelberman et al. 1999). 

On the hand, Silfverskiold and May measured the gap formation in vivo with 

metal markers and did not find significant correlation between the clinical 

outcomes in their patients (Silfverskiold & May 1993). 

Mode of failure 

The strength of the flexor tendon repair depends mainly on three factors: 1) the 

tendon; 2) the tensile strength of the suture and knot holding; and 3) the ability of 

the suture loop to grip the tendon. When the repair is subjected to load beyond its 

tensile capacity, the weakest link of the repair fails. The tensile strength of the 

tendon is around 1000 N and therefore 20 to 50 times higher than the tensile 

strength of a multistrand repairs. Consequently, it is the repair that is the weakest 

link. If the tensile strength of the suture material is inferior to the loop’s ability to 
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grip the tendon, suture ruptures. Conversely, if the suture is able to carry the load, 

the loop pulls out from the tendon. 

The failure of the repair composite starts with disruption of the 

circumferential repair (Lotz et al. 1998, Viinikainen et al. 2004). In a simple 

running suture, the circumferential repair fails by suture pull-out when 5-0 and 6-

0 polypropylene suture is used. After the circumferential repair fails, the load is 

transferred gradually to the core repair, which reaches its limits when the suture 

fails or the loop pulls out from the tendon. With 4-0 polyester or polypropylene 

suture, the mode of failure is consistently suture rupture, which usually occurs in 

the knot. When 3-0 polyester suture is used, the repair fails due to suture rupture 

or pull-out. With stronger sutures such as nitinol wire or FiberWire, the pull-out 

becomes more dominant owing to the strength of the material (Miller et al. 2007, 

Moneim et al. 2002). Therefore, the repair technique (i.e. loop configuration) is 

not that important with 4-0 suture but becomes more important factor when strong 

suture material or greater suture calibre is used. 

2.4.7 Clinical results of flexor tendon repair 

Normal finger function after a flexor tendon repair remains a challenge, despite 

the extensive amount of research on tendon healing and repair biomechanics. The 

potential complications of flexor tendon repair are rupture, adhesions, joint 

stiffness, infection, and complex regional pain syndrome (Tang. 2005). A recent 

meta-analysis found a reoperation rate of 6%. Pooled data showed a rupture rate 

of 4% but up to 17% has been reported in the thumb (Dy et al. 2012, Sirotakova 

& Elliot 1999). Moreover, another 4% of the patients develop adhesions, and 

stiffness of the joints probably occurs in most patients (Dy et al. 2012, Tang 

2005). A good functional result after a flexor tendon injury can be achieved by 

avoiding these problems. This means finding a balance between overly aggressive 

(ruptured repair) and overly cautious (stiff finger) rehabilitation. An excellent 

result requires reliable repairs; an appropriate rehabilitation programme as well as 

a co-operative patient (Tang 2005). 

The results are usually graded according to the Strickland and Glogovac 

criteria, the Buck-Gramcko method, or the TAM method. Generally, 80–90% of 

the patients achieve good or excellent results (Cullen et al. 1989, Kitsis et al. 
1998, Osada et al. 2006, Pribaz et al. 1989, Savage & Risitano 1989, Small et al. 
1989, Tang 2005, Yii et al. 1998). When FDP repairs are assessed, the methods 

can be criticised due to their emphasis on the MCPJ and PIPJ range of motion. It 
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may be more appropriate to assess only DIPJ motion when FDP is repaired 

because the disruption of a sole FDP does not affect the PIPJ or MCPJ range of 

motion. Similar results have been reported with paediatric patients (Grobbelaar & 

Hudson 1994, Nietosvaara et al. 2007). 

2.5 Nitinol 

Nitinol is the commercial name for a specific type of Nickel-Titanium alloy. Its 

shape memory effect was first discovered in the 1960s in the US Naval Ordnance 

Laboratory, from where its name originates (Nickel-Titanium Naval Ordnance 

Laboratory) (Buehler & Wang F.E. 1967). It was first introduced for medical 

implant in the 1970s, but its widespread use in thermoelastic stents began in the 

mid-1990s. It is a unique implant material because of its shape memory effect and 

super elastic properties. It is nowadays used widely in vascular and urinary tract 

stents as well as in orthopaedic and neurosurgery (Barras & Myers 2000, Chun et 
al. 2010, Clark 2004, Gil & Planell 1998, Hoh et al. 2009, Mehta & Dasgupta 

1999, Shabalovskaya 1996, Stoeckel et al. 2004). 

2.5.1 Shape memory property 

Nitinol can exist in two different temperature-dependent forms, which are called 

martensite (low temperature) and austenite (high temperature). The forms, also 

known as phases, differ from each other due to the organisation of the crystal 

structure in the atomic level. The lower temperature phase martensite is soft and 

ductile while the austenite phase is as hard as titanium. The crystal structure can 

go through a reversible transition from martensite towards austenite with 

increasing temperature. The temperature at which the martensite begins to change 

to austenite is called austenite start (As), and the temperature where it is 

completely changed to austenite is called austenite finish (Af). When the austenite 

phase is cooled it transforms back to martensite form. The temperature at which 

the transition towards martensite starts is called martensite start (Ms). The 

temperature at which it is completely transformed to martensite is called 

martensite finish (Mf). Martensite to austenite transformation takes place at a 

slightly higher temperature than the temperature at which austenite transforms to 

martensite. This difference between the transition temperatures is called 

hysteresis (Fig. 10). Changing the composition of the alloy can modulate the 
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temperature range where the transition takes place (Buehler & Wang FE 1967, 

Funakubo & Kennedy 1987). 

Fig. 10. Reversible temperature-dependent phase shift of nitinol. Below the Mf 

temperature, nitinol is completely in martensite form. Martensite variants start to shift 

to austenite above the As temperature and they are completely austenite above the 

the Af temperature. Md temperature is the highest temperature, where austenite will 

convert to martensite under stress (superelasticity). Austenite starts to convert to 

martensite when the temperature drops below Ms and is completely in martensite 

form at Mf temperature. The difference between the austenite and martensite shift 

temperatures is called hysteresis. 

The transition between the martensite and austenite phase takes place at the 

atomic level through changes in the crystal structure. When nitinol is completely 

martensite (below Mf), a total of 24 crystallographically equivalent habit planes 

are present at the atomic level. When the material is heated above As, the 

martensite lattice variants start to convert to only one austenite orientation. All the 

martensite variants have converted in the Af temperature. The mechanism by 

which single martensite variants deform is called twinning and it can be described 

as a mirror symmetry displacement of atom across a particular atom plane, the 

twinning plane. Because the austenite crystal structure is very symmetrical, and 

displacement of individual atoms in the lattice during the transformation can be 

predicted, nitinol implants can be made to change their shape at a macroscopic 

level during the transformation. This is called the shape memory effect. 

Programming of the shape memory effect is achieved through metallurgical 

processing. 
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Austenite nitinol can also change to martensite under stress. This 

phenomenon is called stress-induced martensite deformation. This can be 

observed at temperatures higher than Ms up to a certain temperature, which is 

called Md. Above Md nitinol behaves like normal metals. When austenite nitinol is 

under stress, the austenite variants start to convert to martensite, which leads to 

deformation at the macroscopic level (Fig. 11). The martensite variants convert 

back to austenite form when the stress is released, and the original shape is 

restored. This phenomenon allows up to 8% of strain and is called superelasticity. 

If more than 8% of strain is produced, nitinol starts to behave like normal steel 

and an irreversible slip starts to take place in the lattice structure (Fig. 11). Both 

superelasticity and shape memory effect are deployed in medical implants 

(Funakubo & Kennedy 1987, Shabalovskaya 1996). 

 

Fig. 11. Superelasticity of austenite nitinol. In stainless steel the deformation occurs 

through is irreversible slip. However, austenite nitinol converts to stress-induced 

martensite variants under strain. This allows 8% reversible strain after which the 

lattice is completely twinned. 

2.5.2 Biocompatibility 

Biocompatibility relates to the capability of an implant to perform with 

appropriate host reaction in a specific application (Williams et al. 1992). Titanium 

is well tolerated by local tissues (Linder et al. 1988, Pfeiffer et al. 1994, Putters et 
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al. 1992). However, nitinol contains 54–54.2 weight-% of nickel, which is known 

to be a cytotoxic causing tissue irritation, necrosis and toxic reactions (Gerber & 

Perren SM 1980, Putters et al. 1992). The surface of nitinol is covered mostly 

with titanium oxides, making its corrosion resistance high (Endo et al. 1994, 

Shabalovskaya. 1996). Nitinol implants have been shown to be well tolerated by 

different tissues and are nowadays used in several medical implants and 

applications (Kapanen et al. 2002, Kujala et al. 2003, Muhonen et al. 2009, 

Ryhanen et al. 1998). Kujala et al. implanted martensite nitinol wire in a rabbit’s 

Achilles tendon and observed no toxic or inflammatory reaction (Kujala et al. 
2004). Therefore, it appears that the biocompatibility of nitinol wire is appropriate 

for use in tendon repairs. 

2.5.3 Nitinol as a suture material 

Moneim et al. were the first to suggest the use of nitinol as a suture material 

(Moneim et al. 2002). They compared flexor tendon repairs made with nitinol 

wire or braided polyester in an ex vivo model. They found that repairs made with 

nitinol wire performed better in tensile testing. They used a composition of nitinol, 

which was martensite during the repair but transformed to austenite at body 

temperature, at which the testing was performed. They postulated that the shift 

could be beneficial due to the transformation from soft martensite to stiff 

austenite form and hence, better grip on the loop of the tendon. They did not, 

however, test how the repairs performed when the suture material was in 

martensite form. Therefore, the benefit of having a composition that transforms 

between room temperature and body temperature was purely speculative. Later, 

Lamprakis et al. tested nitinol suture for meniscal repairs, again in an ex vivo 

biomechanical model. Nitinol suture demonstrated superior tensile strength when 

compared to braided polyester and nylon. However, repairs did not achieve 

superior repair strength when compared with braided polyester repairs 

(Lamprakis et al. 2009). Kujala et al. implanted nitinol sutures in a rabbit’s 

Achilles tendon and concluded that the material did not lose its tensile strength 

within 12 weeks of implantation (Kujala et al. 2004). To date, there are no clinical 

studies of nitinol sutures. Moreover, there are currently no commercially 

produced nitinol sutures available. 
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3 Aims of the study 

The aims of the present series of experiments were to test the performance of 

martensite nitinol wire as a suture material for flexor tendon repair and optimise 

nitinol suture’s grip on the flexor tendon tissue. 

 

In details, the aims were 

1. To test the hypothesis that martensite nitinol suture performs better in the 

core repair of the flexor tendon repair composite when compared with 

commonly used braided polyester suture. 

2. To test the hypothesis that martensite nitinol suture performs better in the 

flexor tendon circumferential repair when compared with commonly used 

polypropylene suture. 

3. To study whether it is possible to improve the grip of the nitinol core loop by 

changing the suture type from conventional round monofilament to round 

multifilament or flat multifilament suture. 

4. To study how the three-dimensional configuration of the loop affects the core 

loop’s ability to grip the tendon when nitinol suture is used. 

5. To develop new core loops to improve the grip of the suture to benefit the 

tensile properties of new suture materials. 
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4 Materials and methods 

Table 1. Materials and methods used in the present studies. 

Study Nitinol suture 

calibre 

Control suture Tendon 

material 

N Loop configurations Testing protocol 

I 150 μm 

200 μm 

4-0 braided 

polyester 

Porcine flexor 50 Pennington modified 

Kessler (PMK) 

Double Pennintong 

modified Kessler  

Quasti-static 

20mm/min 

II 100 μm 6-0 

polypropylene 

Porcine flexor  40 Simple running 

Interlocking mattress 

Quasi-static 

20 mm/min 

III 200 μm 

4 x 100 μm 

4 x flat (35μm x 

445 μm) 

None Human 

cadaveric FDP 

fingers 2-4 

Zone 2 

60 Simple grasping 

Cross-stitch 

Quasi-static 

pull-out 

20 mm/min 

one tendon end 

model 

IV 200 μm None Human 

cadaveric FDP 

fingers 2-4 

Zone 2 

60 Conventional 

Cruciate, PMK, cross-

stitch, Lim-Tsai 

Experimental 

SLK, clover 

Quasi-static 

pull-out 

20 mm/min 

one tendon end 

model 

4.1 Tendon materials 

The flexor tendons for studies I and II were obtained from fresh frozen porcine 

fore trotters. The trotters were thawed at room temperature. The tendons were 

dissected out just before use and kept moist during repair and testing. The 

transection was made in the middle part of the tendon that runs inside the tendon 

sheath. 

For studies III and IV, flexor digitorum profundus tendons were obtained 

from the second to fourth fingers of cadaver hands. The hands were thawed at 

room temperature. The tendons were dissected out just before use and kept moist 

with 0.9% saline during testing. In study III, each tendon received three different 

loops, which were all placed in zone 2 of the tendon. In study IV, every FDP was 

cut in half in the middle of zone 2 and both halves were used as separate non-

paired specimens. 
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4.2 Suture materials 

The nitinol sutures in all studies were commercial industrial-graded martensite 

nitinol wire (Af temperature 90 °C). All the nitinol sutures were therefore in the 

soft martensite phase during the suture placement and testing. The calibres of the 

used monofilament sutures were 100 μm (study II and III), 150 μm (study I), and 

200 μm (studies I, III and IV). The calibre of the nitinol suture was checked 

optically with a light microscope with a calibrated measuring scale. In study III, 

four round 100 μm nitinol wires were loosely spun together and attached to one 

needle to form a multifilament (4 x 100 μm) suture. In addition, four flat nitinol 

wires (35 μm x 445μm) were attached to one needle to form a flat multifilament 

suture. 

The core repairs in control groups in study I were performed with 4-0 braided 

polyester (Ethibond®, Johnson & Johnson, New Jersey, USA). The 

circumferential repair was performed with 6-0 polypropylene (Prolene, Johnson 

& Johnson, San Angelo, USA) in both control and study groups. 6-0 

polypropylene (Prolene, Johnson & Johnson, San Angelo, USA) was also used in 

study II for circumferential repair in the control group. 

4.3 Repair and loop configurations 

In study I, Pennington modified locking Kessler (PMK) and double Pennington 

modified Kessler (2-PMK) techniques were used for the core repair. In the control 

group, a PMK core repair was performed with 4-0 braided polyester. In the 

experimental groups, PMK or 2-PMK core repair was performed with either 150 

μm or 200 μm nitinol wire; thus four experimental groups were formed (Fig. 12). 

Each group had 10 specimens. The core loop purchase was 10 mm in PMK 

repairs. In the 2-PMK repairs, the purchase of the first loop was 10 mm and the 

purchase of the second loop was 7 mm. There was one knot in both techniques 

and the knot was placed between the tendon ends (i.e. inside the repair site). The 

circumferential repair was performed with a simple running technique. Every 

circumferential repair was standardized to have 12 loops with 2 mm long and 2 

mm deep purchase. 
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Fig. 12.  Repair techniques in study I. The tendon was repaired using the Pennington 

modified Kessler (PMK) or double Pennington modified Kessler (2-PMK) technique. 

Repairs also had a simple running circumferential repair (see also Fig. 13). 

Study II compared circumferential repairs. The techniques were simple running 

and interlocking mattress (IHM) repair. In the control groups, the circumferential 

repairs (simple running or IHM) were performed with 6-0 polypropylene. In the 

two experimental groups, the repairs (simple running or IHM) were performed 

with 100 μm nitinol wire (Fig. 13). Every group contained 10 specimens, thus 40 

tendons were used in the study. The purchase on both sides of the repair site was 2 

mm long and 2 mm deep in a simple running technique. In IHM repairs, the 

purchase was 2 mm long and deep but in transverse orientation. Every loop 

interlocked with the adjacent loop. 
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Fig. 13. Circumferential repair techniques in study II. In the IHM repairs, every loop 

was locked with the adjacent loop. 

 

Fig. 14. Loop Configurations in study III.  
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In study III, the core suture loops were either cross-stitch or simple grasping loops 

(Fig. 14). As only the grip of the core suture loop was of interest no 

circumferential repair was used. There were three different suture materials: 1) 

200 μm round monofilament nitinol suture, 2) round multifilament suture (4 x 

100μm round sutures in one needle), and 3) flat multifilament (4 x 35 μm x 445 

μm flat ribbons in one needle). To minimise the possible inconsistency in the 

tendon material, every tendon received three loops (either simple grasping or 

cross-stitch); one with each of the three suture materials. After the loop’s pull-out 

strength was tested, the section where the loop lied was cut off and a similar loop 

(same loop configuration) with a different suture was inserted into an unused part 

of the tendon and tensile tested. Consequently, a similar loop (same loop 

configuration) with the third suture material was placed and tensile tested. The 

study protocol is presented in Fig. 15. Each suture material was used for both of 

the loop configuration. Therefore, six groups were formed, with each group 

consisting of 10 specimens. 

Fig. 15. Study III protocol. Every tendon specimen received three loops (either cross-

locking, depicted here or simple grasping; not depicted), one loop with each of the 

suture materials. After the pull-out test, the used part of the tendon was removed and 

a similar loop with different material was inserted. The order in which the loops were 

placed was randomised for each tendon. 
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In study IV, four different previously described and two novel loop configurations 

without circumferential repair were tested. The conventional loops were: 1) 

cruciate (Wada et al. 2000); 2) Pennington modified Kessler (Pennington 1979); 3) 

a cross-stitch loop (Barrie et al. 2000); and 4) Lim-Tsai loop (Lim & Tsai 1996). 

Based on their behaviour under tension, two experimental loops were developed 

to resist pull-out better: 5) clover loop; and 6) surface locking Kessler (SLK). The 

3D configurations of the loops are presented in Fig. 16. Similar to study III, only 

one core repair loop was inserted and its pull-out strength measured. No 

circumferential repair was therefore used. Each group consisted of 10 specimens, 

thus a total of 60 tendon halves were used. 
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Fig. 16. Loops in study IV. 1) Cruciate; 2) Pennington modified Kessler; 3) cross-stitch; 

4) Lim-Tsai; 5) surface locking Kessler; 6) clover loop. The left column shows the 

loops before testing and the right column under tension. 
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4.4 Tensile testing of the suture materials 

The tensile testing of the suture material in studies I and II was performed with a 

tensile testing machine (Instron 5544, Instron Ltd., High Wycombe, UK). The 

sutures were mounted straight between two clamps, which were initially placed 

40mm from each other. The testing was performed in a quasi-static manner; i.e. 

the other clamp remained stationary and the clamp with the load sensor was 

distracted with a constant speed of 80 mm/min. A load-deformation curve was 

produced for each specimen. Stiffness and ultimate load was determined. Stiffness 

(N/mm) of the suture was defined as the slope of the linear region of the load-

deformation curve. 

4.5 Biomechanical tensile testing of the suture-tendon composite 

The repairs in studies I and II were tensile tested with a tensile testing machine 

(Instron 5544, Instron Ltd., High Wycombe, UK). After the repair, the specimen 

was mounted vertically between rough surfaced clamps in the tensile testing 

machine. The distance between the clamps was set initially at 40 mm and the 

repair was placed exactly halfway between the clamps. Each specimen was 

distracted at a constant rate of 20 mm/min and the load-deformation curve was 

produced. To record the details of gap formation for later analysis, each test was 

recorded with a video camera (Panasonic NV-GS50EG, Matsushita Electric 

Industrial Co Ltd, Osaka, Japan) at a rate of 25 frames/second. To synchronise the 

camera, the tensile testing machine gave a light signal as the cross head started to 

move. The gap formation was later analysed frame by frame from the video. The 

time from the start of the tensile test to each of the gap events was used to 

determine the corresponding load. The force to produce each gap was defined as 

the highest force recorded before the gap appeared. Gap force values for 1, 2, and 

3 mm gapping were defined. The slope of the middle third of the linear region of 

the load-deformation curve was defined as the stiffness of the repair (N/mm). The 

yield point was defined as the point of divergence of the offset line from the load-

deformation curve. Yield force (N), ultimate force (N), and mode of repair failure 

were recorded for each specimen. 

In studies III and IV there was a single core suture loop that was inserted into 

the tendon end. The tendon was attached to one clamp of the testing machine and 

the suture ends exiting the cut end were attached to the other clamp containing the 

load sensor. The tendon suture composite was then distracted at a constant rate of 
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20 mm/min until the loop pulled out or the suture ruptured. The stiffness of the 

repair was defined from the linear part of the load-deformation curve and the 

ultimate force was defined as the maximal load measured during the pull-out test. 

The mode of failure (suture pull-out or suture rupture) was observed. In study IV 

the failure of the loop was visually observed to identify how the suture loop 

tightened around the tendon fibrils and pulled out. 

4.6 Statistical methods 

In study I, nitinol repairs were compared with corresponding braided polyester 

repairs to study the effect of the suture material. The nitinol repairs (PMK and 2-

PMK) were compared with each other to find out the effect of repair technique 

within the same material. Analysis of variance (ANOVA) with Tukey’s post hoc 

correction for multiple comparisons was used when comparing the groups. Two-

tailed p-values were reported. A p-value of less than 0.05 was considered 

significant. 

In study II, nitinol repairs were compared with the corresponding 

polypropylene repairs. Student’s t-test was used to determine the statistical 

difference between pairs of data and p<0.05 was considered significant. 

In study III, every tendon received three loops with similar configuration but 

with different material. Therefore, a repeated measurements analysis of variance 

(R-ANOVA) was utilised when comparing the different sutures within the same 

suture loop configuration. Monofilament cross-stitch loops were compared with 

the two multifilament cross-stitch loops to find the differences between the 

different sutures. Cross-stitch loops were then compared with simple grasping 

loops within the same material by using ANOVA and Student’s T-test. P<0.05 was 

considered to indicate significant difference between the groups. 

In study IV, six different loops were compared using ANOVA with Tukey’s 

post hoc correction for multiple comparisons. P<0.05 was considered to indicate 

significant difference between the groups. 
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5 Results 

5.1 Comparison of the biomechanical properties of nitinol and 

braided polyester core repairs (I) 

5.1.1 Material testing 

Both 150µm and 200µm nitinol sutures achieved significantly higher stiffness and 

ultimate strength when compared with 4-0 braided polyester sutures (p<0.001) 

(Table 2). 

Table 2.  Stiffness (N/mm) and ultimate strength (N) of the suture materials. Values are 

given as mean (SD). 

Material Stiffness  Ultimate force 

4-0 braided polyester 4.02 (0.12) 22.3 (0.50) 

150μm nitinol 7.4 (0.09)* 26.0 (0.09)* 

200μm nitinol 11.4 (0.11)* 46.5 (0.15)* 

*p<0.001 when compared with 4-0 braided polyester 

5.1.2 Nitinol vs. braided polyester 

PMK repairs performed with 200µm nitinol suture reached significantly higher 

stiffness, yield force, gapping forces, ultimate force compared to those with 4-0 

braided polyester (p<0.01; p<0.01; p<0.05; p<0.001 respectively). PMK repairs 

performed with 150µm nitinol reached higher ultimate force when compared with 

braided polyester repairs (p<0.001) (Tables 3 and 4). 

5.1.3 Effect of technique (PMK vs. 2-PMK) and calibre (150μm vs. 
200μm) of nitinol suture 

Doubling the repair strands resulted in a significant increase in all the measured 

parameters. 2-PMK nitinol repairs reached higher stiffness, yield force, gapping 

forces and ultimate force when compared with PMK nitinol repairs (p<0.01; 

p<0.05; p<0.001; p<0.001 respectively). This was significant for both 150µm and 

200µm nitinol sutures. 

Greater suture calibre increased stiffness and ultimate force of the repairs. 

PMK repairs performed with 200µm nitinol reached higher stiffness and ultimate 
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strength when compared with PMK repair performed with 150µm nitinol 

(p<0.001 and p=0.007 respectively) (Table 3). 

Table 3.  Stiffness (N/mm), yield force (N) and ultimate force (N) of different repairs. 

Values are given as mean (SD). 

Repair Stiffness Yield force Ultimate force 

PMK 4-0 braided polyester  7.40 (0.79) 28.3 (5.06) 31.9 (3.76) 

PMK 150μm nitinol 6.73 (0.63) 31.5 (6.39) 53.4 (13.7)* 

PMK 200μm nitinol 9.06 (1.22)* 38.1 (9.00)* 68.7 (8.02)* ** 

2-PMK 150μm nitinol 9.93 (0.87)*** 49.6 (8.60)*** 70.3 (5.34)*** 

2-PMK 200μm nitinol 10.71 (1.41)*** 57.9 (21.5)*** 109.0 (10.25)*** 

*p<0.05 when compared with corresponding technique with braided polyester. ** p<0.05 when compared 

with the 150 μm nitinol repairs. ***p<0.05 when compared with PMK repair with corresponding material. 

Table 4.  Gap forces (N) of different repairs. The values are given as mean (SD). 

Repair 1 mm gap 2 mm gap 3 mm gap 

PMK 4-0 braided polyester 30.4 (4.2) 30.6 (3.6) 31.2 (3.2) 

PMK 150μm nitinol 34.3 (6.5) 35.9 (6.6) 36.5 (7.0) 

PMK 200μm nitinol 40.6 (9.7)* 42.6 (9.6)* 46.3 (12.7)* 

2-PMK 150μm nitinol 50.6 (9.5)** 56.1 (9.0)** 59.2 (8.0)** 

2-PMK 200μm nitinol 56.8 (18.9)** 63.5 (17.4)** 74.6 (21.9)** 

*p<0.05 when compared with corresponding technique with braided polyester. **p<0.05 when compared 

with PMK repair with corresponding nitinol calibre. 

5.2 Comparison of the biomechanical properties of nitinol and 
polypropylene circumferential sutures (II) 

5.2.1 Nitinol vs. polypropylene 

IHM circumferential repair performed with 100μm nitinol reached higher 

stiffness, yield force, gap forces and ultimate force when compared with IHM 

repairs made with 6-0 polypropylene (PP) (p<0.001). Simple running repairs 

performed with 100μm nitinol reached higher yield force, gapping forces and 

ultimate force when compared with simple running PP repairs (p<0.01) (Tables 5 

and 6). 
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Table 5.  Stiffness (N/mm), yield force (N) and ultimate force (N) of different repairs. 

Data is given as mean (SD). 

Repair Stiffness Yield force Ultimate force 

Simple running 6-0 PP 5.3 (1.36) 18.5 (4.85) 19.6 (4.44) 

Simple running 100μm nitinol 7.3 (2.14) 31.1 (9.0)* 31.4 (9.25)* 

IHM 6-0 PP 6.1 (1.46) 35.5 (7.08) 37.1 (6.8) 

IHM 100μm nitinol 9.6 (2.03)* 50.4 (9.06)* 54.8 (7.6)* 

*p<0.01 when compared with the corresponding polypropylene (PP) repair. 

Table 6.  Gap forces (N) of different repairs. Data is given as mean (SD). 

Repair 1mm gap 2mm gap  3mm gap 

Simple running 6-0 PP 18.7 (4.8) 19.6 (4.4) 19.6 (4.4) 

Simple running 100μm nitinol 31.2 (8.8)* 31.4 (9.2)* 31.4 (9.2)* 

IHM 6-0 PP 19.5 (7.6) 28.9 (7.4) 34.4 (7.0) 

IHM 100μm nitinol 38.8 (8.9)* 50.1 (7.0)* 53.8 (7.9)* 

* p<0.01 when compared with the corresponding polypropylene (PP) repair. 

5.2.2 Mode of failure 

All the nitinol repairs failed at suture pull-out irrespective of the technique. 8/10 

simple running polypropylene repairs failed at suture pull-out. All the IHM 

polypropylene repairs failed at suture rupture. 

5.3 Pull-out strength of a monofilament and multifilament nitinol 

cross-stitch and simple grasping core loop (III) 

Cross-stitch loops performed with the multifilament nitinol sutures achieved a 

higher pull-out strength when compared with monofilament nitinol suture 

(p<0.01). The suture did not have any significant effect in pull-out strength in 

simple grasping loops (Table 7). 

Table 7. The pull-out strength (N) of different loops. The values are given as mean (SD). 

Loop Ultimate pull-out strength 

Monofilament grasping 26.6 (7.3) 

Round multifilament grasping 30.5 (10.8) 

Flat multifilament grasping 27.3 (10.9) 

Monofilament locking 36.5 (7.1) 

Round multifilament locking 49.4 (11.7)* 

Flat multifilament locking 50.1 (6.9)* 

* p<0.01 when compared with the corresponding monofilament loop 
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5.4 Pull-out strength and mode of failure of six different nitinol 
core suture loops (IV) 

5.4.1 Pull-out strength and stiffness 

The experimental loops developed for the study (SLK and the clover loop) 

reached a higher ultimate pull-out strength when compared with the conventional 

loops (locked cruciate, PMK, cross-stitch loop, and Lim-Tsai loop) (p<0.001). 

The locked cruciate loop failed at lower loads than any of the other loops 

(p<0.001). SLK loop reached highest stiffness and was significantly stiffer when 

compared with the cruciate (p<0.001) and Lim-Tsai loop (p=0.002). The clover 

loop was significantly stiffer when compared with the cruciate loop (p<0.001) 

(Table 8). 

Table 8. Stiffness (N/mm) and ultimate pull-out strength (N) of different loops. Cruciate, 

PMK, cross-stitch and Lim-Tsai loops are referred to as conventional loops and SLK 

and clover as experimental loops. Values are given as mean (SD). 

Loop Stiffness Ultimate pull-out strength 

Conventional loops   

Cruciate 3.7 (1.12)* 20.1 (4.40)** 

PMK 7.1 (2.86) 39.1 (6.44) 

Cross-stitch 7.4 (1.97) 39.2 (7.84) 

Lim-Tsai 5.3 (3.1) 36.2 (8.21) 

Experimental loops   

SLK 9.6 (2.39) 56.9 (9.03)*** 

Clover 7.6 (1.96) 56.9 (5.88)*** 

*p<0.001 when compared with the experimental loops. **p<0.001 when compared with all the other loops. 

*** p<0.001 when compared with the conventional loops 

5.4.2 Mode of failure 

The failure of the loop occurred because of pull-out or suture rupture. 7/10 of 

SLK loops and 6/10 clover loops failed at suture rupture but not at suture pull-out, 

i.e. the loop holding capacity of the loop exceeded the material strength. The 

locked cruciate loop, Pennington modified Kessler loop, cross-stitch loop and 

Lim-Tsai loop failed consistently at pull-out. 
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6 Discussion 

6.1 Use of nitinol suture in flexor tendon core and circumferential 

repairs 

The results of studies I and II showed that both the core and circumferential flexor 

tendon repairs performed with nitinol suture have superior biomechanical 

properties when compared with conventionally used braided polyester and 

polypropylene sutures. Therefore, from a mechanical point of view nitinol is an 

attractive candidate for suture material in flexor tendon repairs. The mechanical 

advantage can be attributed to the superior tensile strength and stiffness of the 

nitinol as a suture. Trail (1989) suggested that the ideal suture for flexor tendon 

repair should have the following properties: high tensile strength; minimal tissue 

response; easily knotted, minimal loss of strength after knotting; inextensible to 

prevent gapping; easy to use; and absorbable but maintaining it strength in early 

phases of healing (Trail et al. 1989). Based on the present studies, nitinol suture 

seems to fulfil the proposed criteria except for not being absorbable. 

Earlier, Pulvertaft recommended stainless steel for flexor tendon repair 

because of its high tensile strength (Pulvertaft. 1965). However, synthetic 

materials replaced steel because of its propensity for kinking (Trail et al. 1989). 

Nitinol can be fabricated to be soft and pliable and yet have high tensile strength. 

It also resists kinking better than stainless steel (Kapila & Sachdeva. 1989). The 

nitinol sutures in this study were in soft and pliable martensite form. It performed 

better than conventional sutures and, in addition, equally well when compared 

with the results from previous study, which utilised the phase shift to stiff 

austenite. It can be concluded that the superior biomechanical performance is not 

dependent on the phase shift as speculated by Moneim et al. (Moneim et al. 2002) 

and a high Af (martensite) wire can be used as suture material. Moreover, we did 

not observe any slippage of knots. It therefore appears that knotting will not limit 

clinical use. The stiffness of the suture, however, reduces the handling properties 

and this warrants further study. Braided or multifilament suture would probably 

be more pliable and easier to handle. Making the suture a multifilament form 

suture seems to improve the suture’s ability to grip the tendon, as was seen in 

study III. 

Studies I and II were performed with porcine flexor tendons. Smith et al. 
reported that the results obtained with porcine tendons are similar to results from 
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human tendons (Smith et al. 2005). However, their study was performed with 4-0 

calibre suture and the mode of failure was suture rupture. Therefore, one could 

argue that the results merely reflect the strength of the suture material rather than 

the possible effect of different tendons. Recently, Havulinna et al. compared 

porcine flexor tendons with human cadaver tendons with 3-0 suture and they 

concluded that flexor tendons obtained from porcine hind leg first ray 

corresponded best with the human tendons (Havulinna et al. 2011). In this study 

(study IV), one 200 μm PMK loop pulled out from the human tendon in the mean 

load of 39N, which would give approximately 80N ultimate grip to 2PMK repairs. 

In study I, 2PMK nitinol repairs failed in the mean of 109 N. Although the 

discrepancy can partly be attributed to the circumferential repair, porcine fore 

trotter flexor tendons probably overestimate the tensile strength of the repair 

when high tensile strength suture is used. 

In study I, the nitinol suture calibre was chosen to match the lower and upper 

limit of 4-0 suture. Both 150μm and 200μm nitinol repairs achieved higher 

ultimate force when compared with the braided polyester. The differences 

between the groups in the ultimate force match the differences in the suture 

tensile strength. This is plausible because suture rupture was the predominant 

mode of failure in all groups. However, the yield forces of the PMK repairs were 

almost similar. This is logical because at the yield point the circumferential repair 

carries most of the load and the core repair is not fully tightened (Lotz et al. 1998). 

The contribution of the core repair to the yield force is not so important and the 

difference was significant only between 200μm nitinol and braided polyester. 

Similarly, suture calibre within nitinol groups affected the ultimate force but not 

the yield force. This prompted the author to study whether it is possible to 

enhance the circumferential repair strength by using nitinol instead of commonly 

used polypropylene. In study II, the calibre of nitinol suture was matched with 6-0 

polypropylene and a significant increase in the yield force and ultimate force of 

the circumferential repairs was observed. 

The clinical relevance of the improved tensile properties of nitinol core 

sutures is illustrated in Fig. 17. 2-PMK (four-strand) nitinol repairs reached a 

mean ultimate force of 109 N (200 μm) and 72 N (150 μm) before failure when 

polypropylene circumferential repair was added. All the four-strand nitinol repairs 

would have carried the loads present in active flexion. On the contrary, several 

braided polyester repairs would have failed. Only one of the four-strand nitinol 

repairs started gapping in loads that are present during active unresisted flexion. 

Moreover, study II showed that using nitinol wire could enhance the tensile 
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strength of the circumferential repair. A simple over-and-over nitinol repair could 

carry about 10 N more than polypropylene repair and the difference was more 

notable in the in locking (IHM) technique. A 4-strand repair composite made 

solely with nitinol sutures of the above-mentioned calibres would therefore easily 

carry the loads that are present in active postoperative protocols. The strength of 

two- and four-strand repairs in study I correspond well with the studies made with 

other high strength suture materials (Lawrence & Davis 2005, Miller et al. 2007, 

Waitayawinyu et al. 2008). It can be estimated, therefore, that with high tensile 

strength materials such as nitinol, four-strand repairs with strong circumferential 

repair should have a wide safe zone for early active motion rehabilitation 

protocols. 
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Fig. 17. The existing biomechanical data on tendon repairs in study I put into clinical 

context. To elicit finger flexion (gliding of the tendon inside the tendon sheath), the 

repair has to withhold a force above the gliding resistance (6N). The shaded area 

depicts the "rupture zone", the estimated force subjected to the tendon repair in active 

finger flexion in vivo. The boxes and crosses represent the results of existing 

biomechanical experiments (yield and ultimate force of each tested specimen, 

respectively) on the strength of various tendon repair constructs.  Any yield force (box) 

residing in the rupture zone means that the integrity of the circumferential repair is 

compromised. Similarly, any ultimate force (cross) residing in the rupture zone 

corresponds with a situation where the integrity of the entire repair is compromised, 

subjecting the entire construct to complete failure, and accordingly, a need for 

revision surgery. 

The results in the circumferential repair (study II) are interesting. Although the 

predominant mode of failure in simple running repairs was pull-out with both 

materials, nitinol still outperformed polypropylene. The difference is probably 

attributed to the stiffness of the material. The stiffer nitinol wire does not fold as 

tightly in the loop as the more pliable polypropylene does. Therefore, the loop is a 

little loose and it slides and shares the load better. Therefore, peak loads are 

distributed to adjacent loops and failure occurs at higher loads. This could be 

observed in the load-deformation curves: polypropylene repairs failed more loop 
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by loop, which could be observed as small, sharp consecutive falls in the load-

deformation curve. Nitinol repairs seemed to fail more synchronously (Fig. 18). 

Furthermore, as seen in Fig. 19, nitinol circumferential repairs could carry loads 

that are present in active flexion of the fingers without any contribution from a 

core suture. 

Fig. 18. Material stiffness has an impact on the pull-out characteristics. Nitinol repairs 

failed more synchronously whereas polypropylene repairs failed more loop by loop. 

This can be seen as small consecutive drops in the load-deformation curve of 

polypropylene repairs. 
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Fig. 19. The existing biomechanical data on tendon repairs in study II put into clinical 

context. To elicit finger flexion (gliding of the tendon inside the tendon sheath), the 

repair has to withhold a force above the gliding resistance (6N). The shaded area 

depicts the "rupture zone", the estimated force subjected on the tendon repair in 

active finger flexion in vivo. The boxes and crosses represent the results of existing 

biomechanical experiments (yield and ultimate force of each tested specimen 

respectively) on the strength of various tendon repair constructs.  Any yield force (box) 

residing in the rupture zone means that the circumferential repair starts gapping. 

Similarly, any ultimate force (cross) residing in the rupture zone corresponds with a 

rupture of the repair. Repairs in study II did not have a core suture. 

From the results of studies I and II, it can be concluded that martensite nitinol 

wire is a mechanically promising candidate for flexor tendon surgery. Repairs 

made with nitinol suture have superior tensile properties when compared with 

repairs made with conventionally used synthetic materials. In the author’s opinion, 

handling was within reasonable limits but it should be improved before wider 

clinical use; this could probably be achieved by making a braided suture. The 

memory effect is not needed for the performance in the suture application. High 

tensile strength and pliability of martensite wire are the most important properties. 
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According to results, the appropriate calibre of martensite nitinol wire is between 

150μm and 200μm for the core and 100μm for circumferential repair (Figs 17 and 

19). A minimum of four-strand repair is needed for active rehabilitation protocols. 

In future it would interesting to study whether a multifilament suture would 

have improved handling properties because it has superior grip on the tendon, as 

seen in study III. Multifilament suture would also allow for the combination of 

superelasticity and stiffness of austenite, as well as pliability of martensite wire. 

6.2 Improvement of the pull-out strength of nitinol suture 

New stronger suture materials such as nitinol and FiberWire (Arthrex, Naples, 

United States) have demonstrated superior material strength when compared with 

conventional suture materials (Kujala et al. 2004, Lawrence & Davis. 2005, 

Moneim et al. 2002). Pull-out has been a common mode of failure with these new 

materials (Miller et al. 2007, Moneim et al. 2002). When the tensile strength of 

the suture material exceeds the holding capacity of the loop, the suture pulls 

through the tendon. If this occurs below or in the same load in which the suture 

ruptures, the benefit of having a high tensile strength suture is lost. Therefore, a 

loop that has a sturdy grip on the tendon and gives the little slack would be 

optimal for materials that pull out rather than break. When suture material is so 

strong that it pulls out, the configuration of the loops becomes the weakest link 

and a relevant factor. Conversely, if the suture is weaker compared to the pull-out 

strength of the loop, the suture is the weakest link in the repair. The relationship 

between the pull-out strengths of the different loops and tensile strengths of the 

different suture materials is illustrated in Fig. 20. 
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Fig. 20. The relationship between pull-out strengths of the loops in study IV and 

tensile strength of different suture loops (knotted two-strand loop). If the loop pull-out 

occurs at a higher load compared with the tensile strength of the suture loop, suture 

is the weakest link and fails. In this situation (as most of the loops would with 4-0 

braided polyester), improved pull-out strength of the loop is irrelevant. Conversely, if 

the loop pulls out at lower loads compared to the tensile strength of the suture loop, 

the loop becomes the weakest link and fails. In this situation, further improvement of 

the suture tensile strength would be futile. Theoretically, optimal suture strength for 

each loop is the upper end of the range of the pull-out strength of each configuration. 

Studies III and IV were designed to study whether the pull-out strength of nitinol 

suture loop can be improved by changing the suture type to multifilament suture 

or by changing the three-dimensional configuration of the loop. The multifilament 

suture (both round and flat) pulled out at a significantly higher load when 

compared with the monofilament suture of equal calibre when a locking loop 

configuration was used. With a grasping loop, the grip was equal between the 

monofilament and the multifilament sutures. Furthermore, results in study IV 

showed that the pull-out strength is strongly dependent on the configuration of the 

loop when the mode of failure is suture pull-out. The SLK and the clover loops, 

which were developed for this study, could resist the pull-out better when 

compared with the previously described loops. The differences between the 
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different locking loops have so far been elusive, because the mode of failure has 

commonly been suture rupture (Lawrence & Davis 2005, Tang et al. 1999, Wada 
et al. 2000, Xie & Tang. 2005, Xie et al. 2005). 

Pennington first distinguished the difference between locking and grasping 

configurations. He described how the relationship between the transverse part and 

longitudinal part of the loop determine whether the loop locks around the fibrils 

or just grasps the fibrils (Pennington. 1979). Hotokezaka and Manske further 

studied the differences between grasping and locking loops. They described how 

the locking loop needs to cut through the fibrils or unwind in order to fail 

(Hotokezaka & Manske 1997) (Fig. 8). Based on their models, two new loops 

were developed to resist the pull-out better to fully benefit the tensile properties 

of the nitinol suture. The clover loop consists of a Pennington modified Kessler 

(PMK) loop with an additional anchoring loop, which directs the tension to the 

opposite directions in the lateral loops. Therefore, lateral loops truly lock during 

loading, whereas in the conventional loop configurations the tension is directed in 

the same direction (Fig. 21). Furthermore, the additional anchoring loop adds to 

the pull-out resistance. This contradicts the previous findings of Hotokezaka and 

Manske, who found that the additional loops do not improve the holding capacity 

of the loop. This inconsistency can be explained by the mode of failure in their 

study, which was consistently suture rupture (Hotokezaka & Manske 1997). 

The surface locking Kessler (SLK) loop was developed to resist the 

unwinding of the loop, which occurred with PMK loops during tensile testing. An 

SLK loop is a mirror image of a PMK loop in respect of the tendon surface. The 

SLK loop’s ability to resist unwinding is attributed to the transverse limb of the 

loop, which runs on the surface of the tendon (Fig. 16). The SLK loop does not 

unwind like the PMK loop and the grip becomes so strong that the whole tendon 

fails unless the suture ruptures first (Fig. 20). In fact, suture rupture occurred in 

most of the tested specimens in the junction of the suture strands. Accordingly, 

further improvement of the loop is unnecessary as long as stronger suture 

materials are developed. A single SLK or clover loop could hold 57N, which is 

sufficient for active mobilisation protocol and approximately 50% more when 

compared with the conventional loops. SLK loop was also stiffest loop, which 

means that it tightens fast and gives no slack. This is an important property 

because a tight core loop can better assist the circumferential repair when it is still 

intact. 
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Fig. 21. The direction of the tension is important for the grip of the loop. In the clover 

loop, the tension is directed in opposite directions and therefore the loop truly 

tightens around the fibrils (left). In cross-stitch and Lim-Tsai loops, the tension is 

directed in the same direction. Therefore, the loop does not cut through the fibrils but 

unwinds and drags out (right). 

Fig. 22. Unwinding of tendon fibrils inside a PMK loop. In an SLK loop, the transverse 

part runs across the surface of the tendon. This prevents unwinding of the loop and 

makes the grip of the loop very strong. 
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In study IV, the loop configurations were chosen to represent the basic loop 

configurations in modern multistrand techniques. The testing protocol was 

designed to eliminate the confounding factors like peripheral suture and the 

number of knots and strands. Human cadaver tendons were used to avoid any 

possible inconsistency between human and animal tendons. Although we visually 

observed the failure of the loops, we were not able to assess the changes 

occurring inside the tendon. Therefore, the proposed failing mechanisms are 

speculative. It is also acknowledged that the linear part of the load-deformation 

curve needs to be defined visually. This subjects the stiffness and yield point 

definition to a certain amount of inaccuracy and variance. The reproducibility and 

accuracy of visual definition is not known and can be a source of some variability. 

The other limitations of all the present studies are the same as those in most of the 

biomechanical ex vivo studies performed in a linear model: this kind of study 

cannot address any of the biological changes that occur during healing in vivo and 

the loops may perform differently when loaded cyclically or in curvilinear mode. 

In addition, the drawback of certain loop configurations may be the increased 

frictional forces because of the increased amount of suture exposed on the surface. 

It remains unclear whether the frictional properties of the repairs are clinically 

relevant. 

To the author’s knowledge, the present studies are among the very first 

reports that actually focus on the pull-out tendency of the suture loop from tendon 

tissue. Studies III and IV could evaluate the tendon-suture interface because of the 

high tensile strength of the nitinol suture. It has to be noted that study IV was not 

designed to compare repair techniques, but only the suture loop’s ability to grip 

the tendon. Therefore, the results cannot be directly extrapolated to multistrand 

flexor tendon repair, in which the tension is transferred to several strands between 

the core and the circumferential repair. Whether the superior grip can be 

transferred to the additional strength of the multistrand repairs or enhanced 

clinical results warrants further study. Furthermore, although the results were 

obtained with nitinol wire, the differences should be apparent with any suture 

material with a higher tensile strength, such as new polyblend sutures. As long as 

the suture is not the weakest link of the repair, the configuration of the loop is 

important. Previously, the different holding capacities of various locking 

configurations were demonstrated with FiberWire (Croog et al. 2007). 

Previous studies have shown that increased suture diameter (i.e. greater 

volume and greater contact area with the tendon) results in stronger repair, even 

when suture rupture is not the mode of failure (Alavanja et al. 2005, Hatanaka & 
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Manske. 2000). In this study the suture volumes of the round monofilament loop 

and multifilament loop were equivalent. Nevertheless, cross-locking multistrand 

suture loops reached significantly higher pull-out strength compared to 

monofilament loops. The increased holding capacity is therefore primarily due to 

the increased surface area between the suture and the tendon. Under load, the 

freely unfolding multistrand suture spreads side by side, thus increasing the 

contact area. Therefore, the load is distributed across a greater area and the pull-

out resistance of the loop occurs at higher loads (Fig. 23). Increased holding 

capacity was not present when a grasping loop was utilised. This reflects the 

differences between the way a locking loop and a grasping loop behave under 

tension and has been demonstrated previously (Hotokezaka & Manske 1997, 

Pennington 1979). Furthermore, Viinikainen et al. showed how a triple-bound 

suture had a greater load to failure when compared with freely folding sutures 

(Viinikainen et al. 2007). This finding also supports the rationale for increasing 

the contact area between the tendon and the suture to improve the grip of the 

suture. The filaments used in study III were not bound as in their protocol. 

Weaving the nitinol sutures together as they did might further improve the grip 

from the tendon. 

Fig. 23. The contact area between in the suture-tendon interface increases when a 

round multifilament suture or flat multifilament suture is used. This increases the pull-

out strength of the loop. The sizes of the sutures in the picture are proportionally 

matched to the suture calibres used in the study. 
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In attempting to place the findings of studies III and IV into a wider clinical 

context, the greatest significance of the experiments is probably the principle of 

how loop configuration affects the capacity of the suture to grip the tissue. The 

principles proposed here could also be expanded to other surgical fields with 

problems related to pull-out of the suture. Furthermore, by defining the upper and 

lower bounds of suture pull-out strength of any surgical repair technique, the 

optimal tensile strength of the suture can be defined. The suture should be so 

strong that it will not rupture before the loop starts to pull out. On the other hand, 

further improvement of tensile strength of the suture (for example greater suture 

calibre) is futile unless the pull-out strength of each technique can be improved. 

In this series of experiments, the results showed that it was possible to improve 

the ability of the core loop to grip the tendon, and this can further improve the 

performance of nitinol suture in flexor tendon repair. The optimal combination for 

the grip of the suture seems to be a multifilament suture and a loop that 

implements the same principles as the SLK or the clover loops during loading. 

Loop techniques developed in this study can be particularly useful in repairs that 

are made to tissues that are prone to pull-out, such as repairs in the 

musculotendinous junction or muscle area. 
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7 Conclusions 

The following conclusion can be made based on the results of this study 

1. Flexor tendon core repairs made with nitinol suture have higher tensile 

strength and resist gapping better when compared with commonly used 

braided polyester. This is attributed to the tensile properties of nitinol suture. 

From the mechanical point of view, nitinol suture is a suitable candidate for 

flexor tendon repair. 

2. Circumferential repairs made with nitinol suture perform better in tensile 

testing when compared with repairs made with polypropylene suture of equal 

calibre. Improved performance is due to the high tensile strength, and on the 

other hand, stiffness of the suture, which results in a more synchronous 

loading pattern between the loops. 

3. Round and flat multifilament nitinol sutures have a better grip on the tendon 

when compared with round monofilament suture. Multifilament suture can 

therefore resist pull-out better. Better grip occurs only in locking loop 

configuration and is attributed to the greater contact area in the tendon suture 

interface. 

4. The grip of the core loop is strongly dependent on the three-dimensional 

configuration of the loop when nitinol suture is used. 

5. Novel loop configurations (SLK and clover loop) resist pull-out significantly 

better when compared with commonly used cruciate, PMK, Lim-Tsai and 

cross-stitch loops. The use of the SLK and clover loop configurations allows 

the surgeon to take full advantage of the strength of high tensile strength 

suture materials. 
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