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FINITE ELEMENT MODELING AND EXPERIMENTAL CHARACTERIZATION OF KNOT
CONFIGURATION EFFECT ON THE MECHANICAL PERFORMANCE OF SURGICAL
SUTURE

Arz Y. Qwam Alden, Ph.D.

Western Michigan University, 2018

Tendon injuries in orthopedic surgery and sports medicine are escalating; hence there is
great interest in improving tendon repair. The integrity of tendon repair depends in part on a
combination of suture material, suture size and knot configuration. Recent studies have indicated
the failure of surgical knots as a failure mode during surgical repair. Further, there is still no
consensus on the ideal (best/safest) surgical knot techniques. Also, this failure mode is related to
stress concentrations, which cannot be easily established with traditional tensile testing. Most
researchers have focused on the measurement and comparison of the gross structural response of
non-knotted and knotted suture, without direct investigation of the governing mechanics.
Therefore, the purpose of this study is to develop a finite element approach to analyze the
mechanical behavior of surgical sutures. Also, this analysis is necessary to differentiate the

responses of several knot configurations and be validated against experiments.

To achieve this purpose, experiments and finite element models are performed to analyze
the mechanical behavior of two types of sutures: monofilament and multifilament. Fixtures are

experimentally designed to test (non-knotted/ knotted) sutures under tensile load until failure. The



knotted sutures are included single, two and three throws-knots. Non-knotted suture and a single
throw-knot are modeled and analyzed. Finite element model and experimental results are presented
using as-manufactured multifilament surgical suture: core and jacket. The experimental results
indicate suture mechanical behavior is influenced by increasing number of throws; this effect is
highly dependent on the suture constituents. The presence of a knot reduces failure load; thus
rupture occurs consistently at the knot region. The finite element models predict maximum stress
regions; the regions are correlated with experimental failures. This study also investigates the shear
lag phenomenon of partially failed multifilament suture by analyzing the stress distribution under

static and cyclic loading. Furthermore, a valid design for testing the knotless anchors is reported.
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CHAPTER I

INTRODUCTION

Medical costs of damaged tendon treatment are increasing due to the recovery time,
increasing sports participation, and increasing human population and their ages [1-4]. Basic
considerations for repairing tendon may include the following: the selection of appropriate suture
material, the suture diameter, the knot configuration, the length of the cut ends [5], and the

surgeons’ skills [6], [7]. A defect in any of these factors can contribute to the failure of repair.

Clinically, surgical suture is used to hold body tissue together after having been severed
by an injury, incision or surgery. Suturing and knot tying is the most common surgical repair of
tendon and other soft tissue injuries [8]. The modes of failure for surgical repair can be classified
into tissue failure, knot failure, suture failure, and slippage of the knot [9],[10]. The strength of
tendon repair depends on the coefficient of friction between the suture material and the tendon
(i.e., the holding capacity of the suture within the tendon); the strength of the knot; the strength of
the suture material itself (i.e., monofilament or multifilament); and the tendon properties [11]. The
suture diameter, suturing technique, and knot configuration determines the suture performance in

wound closure in terms of the strength and security of the knot and handling characteristics [11].

Patient outcomes regarding suturing quality can be affected by the human factors such as
tendon quality and surgeons’ ability about repair quality. Surgeons can exert control only over
knot failure, breakage and/or slippage, depending on the choice of suture material, suture size, and

knot configuration. Measurement and comparison of the strength of knotted suture are problematic



because there is no universal test method (neither in vivo nor ex vivo) [7]. At the same time, there
IS no universal agreement in the literature on the ideal surgical knot techniques. However,
measures of performance such as the stress distribution of the knot cannot be established using

traditional tensile testing.

1.1 Background

1.1.1 Tendon

In anatomical terminology, a tendon is dense connective tissue that connects muscle to the
bone [12]. The essential function of a tendon is to transmit the mechanical force produced by the
muscle to the bone. Tendon failures are prevalent and problematic, particularly among young
people and athletes and frequently occurs during exercise activities, as well as during the execution
of simple everyday activities [4]. Tendons usually fail by tearing away from the bone and/or

rupturing within the tendon structure themselves [1], [12].

Tendons are classified into three hierarchical regions: primary, secondary and tertiary
bundles, Figure 1 [13]. The collagen-rich tissues are considered an important component of tendon
function, especially in strength transmission and stability to a joint [14]-[16]. Collagen behavior
is anisotropic as it has unequal mechanical properties in different directions when it is loaded.
When tendon is subjected to a uniaxial tensile test along the fiber direction from an unloaded state,
the stiffness starts low and then increases; this effect occurs due to reducing the crimp angle of the
collagen fibers at rest. The stress-strain curve of a tendon is non-linear and can be classified into

four main regions as portrayed in Figure 2 [12].



Primary Secondary
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Figure 1: Diagram shows the hierarchy of tendon [13]
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Figure 2: Typical stress-strain for tendon [12]

1.1.2 Surgical suture techniques

Surgical suture is a medical device used clinically to hold the tissue together after they have
been severed by injury, incision or surgery. It can be used in nearly every part of the body,

internally and externally. Sutures have been developed throughout history, and they are classified



by: (1) Spontaneous degradation (absorbable/non-absorbable), (2) Composition
(natural/synthetic), and (3) Structure (monofilament/multifilament). The typical performance of
suture material is based on their distinct physical properties, handling characteristics, and
biological properties. Therefore, suture materials are a prime consideration for surgeons, especially

as they select appropriate suturing techniques for wound closure.

Suturing has been the most common form of repairing tendon injury [17], although other
methods of repair are available [17], [18]. Immediately after a tendon repair, the suture material
and suture technique are the sole contributors to the repair strength [19]. Suture failure may happen
by either knot untying, slippage, or knot breaking [8], [20], [21]. The knot slippage is one of the
contributors to the failed tissue approximation [21]. Approximation in medical definition is, in
surgery, bringing tissue edges into desired apposition for suturing [22]. To achieve proper healing,
the tissue edges should be approximated with a minimal trauma to eliminate the gap and attain the
best approximation. The space between the wound ends is called a gap [18]. The existence of the
gap causes a decrease in the strength of the wounded tendon and the risk of infection [8]. Besides,
the sutures must be loose enough to avoid discomfort and pain during recovery, ischemia, and
tissue necrosis during tissue healing [8], [19]. Knot slippage can be prevented by using more
throws than throws that are necessary for knot security [23]. A throw indicates to a particular step
or layer used to make a knot, and a knot is made out of two or more throws in succession [23]. But
these additional throws are time-consuming and add more suture material to the injury [6], [24].
Thereby, those additional throws decrease the resistance of tendon to infection [6], [24]. The
amount of knot slippage is affected by a diversity of parameters, e.g. coefficient of friction of the
suture material, suture diameter, knot configuration, length of the cut ears, and moisture [24]. The

surgeon must tie a safe knot, with every suture utilizing the least number of throws [6].
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In addition to using knots in surgical stitching patterns, they are also used in many
applications such as climbing, fishing, sailing, and tying shoes [18], [25], [26]. The knot
configuration can be arranged by the spatial relationship between the loop and the knot ears, where
ears are the suture ends [6]. There are many factors contributing to the overall integrity of a knot,
such as suture material, suture diameter, and knot configuration: including number of throws in
each knot [6], [27]. Seemingly small changes in knot configuration can produce knots with
significantly different apparent mechanical properties for the surgical construct. Under tension, the
strength of the knot is significantly affected by knot configuration, complex contact, and large
elongation [28], [29]. Several test methods have been used to measure the tensile strength of a

knotted suture. The most commonly used methods are (e.g. “ear”, “loop”, “cut-loop”, and “cut-

loop and ear”) are detailed by [29], [30].

Figure 3 illustrates the general relationship between different suturing techniques and
strength, gapping resistance, complexity, handling and gliding resistance [31]. In fact, the possible
disadvantages of knots are a theoretical risk of tissue irritation, potential postoperative joint
clicking from large knots and surgeons knot-tying skill [32]. A surgeon must be well practiced in
tying knots on models before doing so on patients to obtain reliable, reproducible knots every time

[33].

Suture Anchors useful fixation devices for fixing tendon to bone. Suture anchors may be
made of metal or biodegradable material that have two sutures each attached to them. The suture
anchors are inserted in bone and the sutures are then used to sew the tendons to bone
arthroscopically. There are many suture anchors on the market, each with slightly different
characteristics and indications. Anchors can be knotted or knotless [34]. The knotted anchor has

two sutures, allowing for more points of tissue fixation with a single anchor. These sutures also
5



provide a greater degree of control over tissue tension [34]. The knotless suture anchor has a short
loop of suture secured to the tail end of the anchor [35]. One of the advantages of using knotless

anchors is the possibility of reducing surgical time [34].
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Figure 3: General relationship between different suturing techniques and strength, gapping
resistance, complexity, handling and gliding resistance [11]

1.1.3 Composite materials and shear-lag

Composite materials are the material system that consists of two or more phases on a
macroscopic scale. One of the most important constituents is called fibers which are used for
reinforcement of the matrix material. The properties of a composite material depend on the

properties of the constituents, geometry, and the orientation of the reinforcement.

In a recent review, composite materials have received considerable attention in the field of
materials research because of lighter weight, the high specific modulus, good wear resistance, high
specific strength, and high fatigue [36],[37]. Predicting failure of composite structures remains

challenging due to the complex internal structure of fiber reinforced composites and complex



interactions between fiber and matrix as well as the difficult experimental validation [38], [39].
The applications of composite materials are many such as aerospace, biomedical, and industry

[40].

FiberWire suture is a long fiber composite structure comprised of a multifilament core
surrounded by a braided jacket. Shear lag is a well-known concept in composite materials and used
to analyze stress transfer problems in regions of changing normal stress such as at fracture points
or geometric discontinuities. Shear lag is partially dependent on the relative stiffness of the
connection versus the direction of the application of the load. Computer modeling is one of the
methods used to solve the shear-lag model because of the complexity of the matrix constitutive
behavior [41]. There are four common methods that describe load sharing by determining how to
stress redistributed when fiber breaks. The methods are: 1. very local load sharing, 2. local load

sharing, 3. global load sharing, and 4. equal load sharing [38].

1.1.4 Finite element method (FEM)

FEM is a numerical method used to perform finite element analysis (FEA) of any given
physical phenomenon [42]. FEM is now widely used to solve typical problem areas of interest
include structural analysis, fluid flow, heat transfer, and multi-physics problems. The analyses in
engineering are performed to assess designs and to obtain insight into and ideally to predict natural
phenomena [43]. The main objective of FEM is to divide the domain of the problem into a
collection of subdomains and represent the subdomains by an assembly of simpler finite sized
elements [42]. It may be challenging for physicians to traverse the wide array of suture materials
and techniques without appropriate support. So, several numerical approaches are used in an

orthopedic biomechanics analysis. One of these approaches is FEA. FEA can be used in
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biomechanics to identify the governing mechanics of surgical technique of suture repairs based
upon suture properties and knot configuration. FEA promise to provide an understanding of
stresses and strains within the suture knot and a further insight into their complex distribution. FE

model of a knot can show the effects on internal forces when adding or subtracting a throw.

1.2 Significance of the research

According to the National Institute of Health, soft tissue injuries remain a persistent clinical
challenge. Annually, an estimated 30 million cases of human tendon and ligament injuries take
place worldwide [1], [2], [4]. In the U.S. alone, the medical services expenditure is estimated at
US$30 billion per year [1], [2], [4]. Surgical intervention of tendon injuries is considered a
widespread repair technique to restore normal tendon length and tension, thereby achieving
optimal function [2]-[4], [6]. However, this repair process may not be without complications such
as failure to restore the functional properties of repaired tendon. Failure of functional recovery is
often associated with prolonged disabilities and/or chronic pain that require long and expensive
treatments and a painful rehabilitation period [1], [3], [4]. Nevertheless, there is still a lack of
universal agreement on the ideal suturing technique of tendon repair [44][45]. Tensile testing of
the repaired tendon has been used to assess the efficacy of surgical knot tying techniques [46]. The
configuration of a knot alters the biomechanics of the suture, the tendon, and their interface. The
effect of knot configuration on the repair strength has not been well quantified. Therefore,
improving the knot technique may have a significant impact on enhancing the functional

regeneration of repaired tendon [3].

Suturing and tying knots are challenging and highly dexterous tasks in surgery [47].

Sutures and knots are in common use for surgical repair of tendon and other soft tissue injuries for



millennia, dating back to sutures used in ancient Egypt from 3000 to 1600 BC [17], [48], [49].
Failure of surgical knots is one of the failure modes during surgical repair [10], [46]. This failure
mode is related to stress concentrations which cannot be easily established with physical testing.
Multiple biomechanical studies and reports have attempted to identify the best surgical technique,
for multifilament and/or monofilament sutures [6], [24], [58], [50]-[57]. Those studies identified
the techniques based on suture properties, technical modifications, and repair configurations. The
measurement and comparison of the gross structural response of non-knotted and knotted suture
were reported in several prior studies [6], [11], [54]-[61], [17], [24], [46], [47], [50]-[53],
however, they evaluate or compare without direct investigation of the governing mechanics.
Several prior biomechanical studies assess the mechanical properties of FiberWire suture [6], [11],
[54]-[63], [17], [64], [24], [46], [47], [50]-[53]. Most of these studies evaluate material properties
of specific suture knots [6], [65], or comparison of one type of suture versus another [24], [53],
[60]-[63]. Little has been reported about the constituents of the suture, the core and jacket
separately, nor their impact on the knot strength and failure mechanisms. However, there are still

concerns about the tying of Fiberwire suture and required knots for obtaining a secure repair [66].

Further, FiberWire (core-jacket) suture subject to tensile stress can undergo extensive core
cracking normal to the jacket, while the jacket remains intact. Suture fails for various reasons, e.g.,
mechanical trauma in use can result in a discontinuity in the suture material [27]. The "shear-lag"
phenomenon is frequently used to describe the interplay between axial and shear stress around
fracture points or geometric discontinuities and provides ongoing load transfer after the initial
compromise of a structure. Many researchers have recognized that understanding the mechanical
behavior of composites needs to understand the internal stress distribution [33, 34]. Despite, the

approach remains limited by the ability to represent the mechanism of load transfer between suture
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constituents [17]. However, it is not easy to determine precisely the internal stress distribution of
FiberWire suture due to the complexity of interactions between its constituent. Yet, traditional

tensile testing alone cannot fully describe the mechanics of the driving shear-lag phenomenon.

Finite element (FE) model of a knot can show the effects on internal forces when adding
or subtracting a throw. However, it is a significant challenge due to the complex contact, friction,
and large displacements of the model. Moreover, FE model provides a useful tool to describe the
shear-lag phenomenon of suture failure by examining the distribution of normal and shear stresses
distribution along a broken and intact core reinforcing jacket, of a FiberWire suture. Further, there
exists a paucity of literature on the use of FE models describing the biomechanics of surgical knots
and the effect of knot configuration on the failure mechanism of surgical sutures and of tendon
[11]. To date, nothing has been reported in the modeling of non-knotted and/or knotted FiberWire

suture.

The outcomes of this dissertation describe a model that can represent the initial failure
process leading to knot breakage and mechanics of load transfer in the surgical sutures. The
difference between non-knotted and knotted suture specimens may provide useful information on
which to base a choice for knot stability and strength. In the future, the results may provide a
framework for optimally choosing the suture and knot types for tendon repairs. Further, the
outcomes of this study may assist the orthopedic surgeon to improve the reconstruction quality of
wounded tendons. In addition, this research help enhances engineers’ and surgeons’ knowledge of

factors influencing knot performance.
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1.3 Objective and structure of the dissertation

This dissertation investigates the impact of throws number on the mechanics of sutures and
their effects on the suture strength. The long-term goal of this research is to apply knot modeling
techniques to establish the biomechanics of the suture to bicep tendon interface. FEM and
experiments are performed for these investigations. Figure 4 shows the graphical representation of

the research approach.

The chapters of this dissertation are organized as follows. After an introduction in Chapter
1, the main concepts of the tendon, sutures, suturing, knot, shear lag, and composite materials have
been explained. Further, the significance of this work has been demonstrated. Chapter 2, an
overview of the existing literature that examined the effect of the suture material, suture
techniques, size, and knot configuration, and tendon repair. Moreover, the shortcomings of the
existing literature are clarified. In chapters 3 and 4, a 3D FEAs and lab experiments are used to
discern the tensile performance of (non-knotted/knotted) monofilament and FiberWire sutures.
The experimental study provides the necessary data to validate the FE models. In these chapters,
model results are only for the non-knotted and the single throw-knot cases. The experimental
results are extended to the two-throws and three-throws knots to examine the impact of knot
configuration and other factors governing the mechanics of sutures and their effects on the sutures
strength. The load transfer mechanism behavior in FiberWire suture plays an important role in
determining its mechanical properties. Therefore, chapter 5 includes FE model to assess the
distribution of normal and shear stresses along (intact/broken) core of FiberWire suture. In
assessing process, static and cyclic loading are implemented. Second, the clinical implications of

the shear-lag phenomenon are described.

11



A specific fixture is required to evaluate and compare variations in the biomechanical
properties of various commercially obtainable knotless suture anchors for glenoid labral repair.
Thus, chapter 6 includes three parts: (1) Assessing the fixture that is designed to test the knotless
suture anchors experimentally to ensure that the fixture is able to carry a high load and that there
is negligible relative movement between the entire system (fixture, bone) during the pullout test.
(2) propose a preliminary 3D FE model to calculate the stress distribution on the tendon due to the
application of a tensile load on the suture. The model consists of two components tendon and

suture. (3) finally, recommendations for future work.

Finite Element Modeling and Experimental Characterization (Sutures, Knots, Tendon, Anchors)
Goals: To study the factors affecting the magnitude of forces necessary to produce knot breakage.

To describe the shear lag phenomenon in a partially failed surgical suture.

To better understand the mechanical behavior of tendon repairs.
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Figure 4: The graphical representation of the research
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CHAPTERII

LITERATURE REVIEW

2.1 Background

Tendon injury may occur from sports, physical activity, and simple daily activities [3].
Therefore, tendon repair is very important to restore the tendon to full activity. Optimal repair
of the tendons is achieved when the knot is secure and is tied with the appropriate suture
material [67]. The knot that requires the smallest number of throws to achieve high strength
and security is the ideal knot [6], [50], [67]. During the past decade, many efforts have been
made to understand the mechanisms of tendon repair by utilizing different suture materials
and surgical knot tying techniques [68], [69]. These efforts have been associated with many
experimental [69]-[73] and clinical biomechanical [74]-[77] studies. However, suture
materials and surgical knot tying techniques remain limited by the ability of the suture to

transfer load to the repaired tissue [17], [69].
2.2 Suture and suture techniques studies

Despite millennia of experience with injury closure, there was no final agreement in
literature on the ideal suture material [78][45], suture technique, and knot configuration for
tendon repairs [44][45]. Ketchum [79] concluded that immediately after repair the tendon had
no contribution to the repair strength because there is a gap between tendons ends. At this
time, the sole contributors to the repair strength were the suture itself and suture technique.
After several weeks of repair, the suture material and technique became secondary to tendon

healing because the repair site is gradually strengthened with the tendon regeneration. The
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study exhibited that the stainless-steel suture was difficult to handle and form a bulky knot in
spite of it is the strongest material that can be used. Chauhan et al [52] also achieved the same
results when investigated four different techniques with two alternative suture repairs:
stainless steel and FiberWire. The results showed that increasing the number of throws were
more useful to repair the large tendons than small tendons. Because, increasing number of

throws resulted in an increase in bulk, tissue handling, suture passes, and technical difficulty.

Rudge et al [66] examined six types of suture materials and five different techniques.
The study revealed that the suture diameter had a high influence on the tensile strength, the
repair movement, and the friction coefficient. Similar results were also obtained by Taras at
al [80] when investigating the effect of suture diameter variation on tensile strength in three
types of tendon repairs. Four diameters of braided polyester suture were used with each type
of repair. Also, similar findings were reached by Viinikainen et al [81] when used porcine
tendons to compare the influence of five suture techniques under tensile testing. The outcomes
indicated that the suture diameter and the suture technique impact on the strain at the failure

point.

Kudur et al [82] discovered that the selection of suture material depends on several
factors such as injury location, injury tension (static and dynamic), the existence of injury
infection or fever, and suture material cost. Further, the study compared between
monofilament and multifilament sutures in terms of advantages and disadvantages.
Advantages of monofilament suture include ease of passage through tissue, ease of removal,
and decreased tendency of infection. The disadvantages of monofilament suture are poor

handling characteristics and decreased knot security. Multifilament sutures are more prone to
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infection and exhibit high tissue reactivity. Multifilament sutures also involve the following

advantages: ease of handling, low memory, and increased knot security.

Kubota et al [83] used human cadaver flexor tendons to assess the mechanical
properties of six suture techniques using polypropylene monofilament suture material. For all
suture techniques, values of tensile strength and the required force to initiate the gap formation
were affected directly by the number of throws. Moreover, the findings indicated that the
suture technique had a significant influence on the tensile strength of repair for all suture

throws numbers.

2.3 Knot studies

Recently, researchers had a detail of attention to the knot configuration due to its effect
on the knot security. The security of the knot relies on specific parameters; which are as
follow: suture type, suture diameter, knot configuration, length of the cut ends, and moisture

[84]. Small changes in knot configuration can yield large changes in mechanical properties.

Hockenberger et al [6] described the knot performance of monofilament and braided
polyamide sutures by employing two different types of knots and numbers of throws. The
findings demonstrated that after getting a secure knot, an additional throw has no significant
impact on the required force to break the suture. Suture diameter also affected the knot
performance. Similar results were obtained by Silver et al [50] when investigated the knot
security in relation to surgical tying techniques, suture materials, suture diameter, and number
of throws. The study showed that the clinicians should use a minimum of 4 throws and should
never use 2 throws. After 5 throws, tying an additional throw was redundant and did not

contribute to knot security. Also, the study found that the suture diameter had less effect than
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suture material, tying technique, and number of throws on the knot security. While Van et al
[51] concluded that adding extra throws to the knot add less influence to the total amount of

foreign body and tissue reaction in the wound than the use of thick-gauge suture material.

Heward at el [7] conducted a series of experiments to determine the tensile
performance of non-knotted and knotted monofilament sutures. The results showed that the
failure of sutures occurred at the knot rather than along the suture because of the high-stress
concentration at the knot region. The outcomes also demonstrated that the presence of a knot

resulted in lower tenacity and ultimate strain values for all sutures.

Based on experimental and theoretical investigations, slender elastic rods under
tension were used by Jawed et al [18] to examine the influence of knot topology on the
mechanics of knots. This study was the first study included experiments and theoretical
models together. The analytical solution described how the physical and topological
parameters of the knot set the required tensile force for equilibrium. Experimental and
theoretical results indicated a good agreement for overhand knots over several number of

throws.

2.4 Anchor studies

Goble and Somers developed the first suture anchor in 1985, obtaining a patent in 1986
[85]. Since their introduction, suture anchors have become one of the most utilized methods
for securing soft tissues to the bone. Kubiak et al [85] performed a pullout test on the threaded
anchors inserted into polyurethane foam at varying insertion angles. The purpose of the testing
was to examine the impact of insertion angle on the number of cycles, the ultimate pullout

strength, and the stiffness of suture anchors. The results pointed out that the insertion angle in
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relation to the direction of suture pull had a notable impact on the failure load and construct
stiffness. The obtuse insertion angle withstands a greater load to failure and provides a stiffer
construct than the acute insertion angle. Ranawat et al [86] tested the failure modes, ultimate
load to failure, and stiffness of knotless and knotted anchors using FiberWire NO.2 suture.
Under the same test conditions, the outcomes exhibited that failure often occurs at the suture—
tissue interface and as well as in the anchor—bone interface for both knotless and knotted

anchors.

In a vivo study, the histologic response and a biomechanical analysis of two small
glenoid anchors were studied by Pfeiffer et al [87]. The study employed six adult dogs for
histologic analysis and eight humans cadaveric for biomechanical testing. The findings of the
biomechanical testing and histology suggested that both suture and the anchor may be at risk
for clinical failure. The movement of the suture and anchor more than 2 mm was described as

the clinical failure.

2.5 FE studies

Since the 1970s, several studies have focused on improving the biomechanical and
tendon researches using FEA [31]. Garcia-Gonzélez et al [88] used a 1D FE model to assess
the stress concentration of Flexor digitorum longus tendon. 2D and 3D FE models were
constructed to represent the supraspinatus tendon by Wakabayashi et al [89] and Sano et al
[90] respectively. In all investigations above, the behavior of tendon was described as an
isotropic linear elastic. Studies by Herchenhan et al [91] and Reese et al [92] had also

presented the tendon as a composite to explain the high Poisson’s ratios that occur in tendons.
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A 3D FE model was employed by Rawson et al [31] to observe the stress distribution
in the tendon tissue when a load was applied to a sutured tendon repair. The behavior of
microstructure tendon tissue was assumed as a continuous fiber reinforced composite. Tendon
tissue was represented using both isotropic and orthotropic linear elastic descriptions. While
the suture was described as a homogenous linear elastic material. FEA and laboratory results
were validated for a sutured tendon repair model subjected to tension. The study observed that
the stress was low at the cut ends of the tendon due to lack of tensile stress. The presence of

the suture resulted in a high stress around the suture in contact with the tendon.

To analyze the internal stress distribution of composite materials, researchers
employed several analysis methods such as the shear-lag theory and the FE method [93].
Shear-lag models were used successfully to calculate the stress concentrations and/or
ineffective length in fiber composites. Many early analytical shear lag models were developed
to predict the stress redistribution around broken fibers: first, for 1D [94], then extended for
2D [95]-[97]. However, recent efforts have been made to propose and develop a 3D shear lag
model for simulating the mechanical behavior of fiber reinforced composites [98]-[103] in

spite of the fact that it is computationally intensive.

The shear stress concentration in an axially symmetrical model of a single filament
glass-resin composite under tension had been calculated by Carrara and McGarry [104],
utilizing the FE method. Various fiber end geometries and aspect ratio of the fiber were used.
The results show that the distribution of stresses near the end were depended strongly on the
geometry of the fiber end. Also, the shear stress concentration had exhibited a minimum at
the longitudinal axis equal to twice the fiber diameter. The FE results of stress patterns in the

matrix were compared with the previous experimental and analytical data.
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2.6 Shortcomings of existing literature

It is observed from the literature review that several investigators have used the suture
materials and tying techniques to improved tendon repair strength. Until today, there is no
superiority of one construct (material or configuration) over another. Further, several
biomechanical studies and reports in the literature throughout the years have attempted to
identify the biomechanical properties of FiberWire [53], [59]-{63], [105]-[107] and the
importance of suture material on the strength of tendon repair [31]. The existing research
studies have compared or assessed the knotted suture based on the evaluation of the gross
mechanical performance of knots using FiberWire versus other sutures. However, none of the
previous research studies have investigated the details effect of knot configuration and tying
technique on the mechanical performance of FiberWire suture. Also, how it influences the
tendon failure mechanisms and load carrying capability. on the other hand, only a few
computational models exist that describe the effect of knot configuration on the failure
mechanism. Moreover, it seems clear that there are concerns about tying of Fiberwire and its

impact on the knot in terms of strength and security [66].

FiberWire suture is acommon pattern for surgical repair of tendon and other soft tissue
injuries [17], [48]. Due to the complexity of interactions between the core and jacket, none of
these studies have provided an important comparison of the mechanics of failure under any
type of loading. Further, none of the previous studies have reported the behavior of the core

and jacket of No2 FiberWire separately.

Tying secure knots is essential in surgery and is challenging for the surgeon [108]. A
lot of practice is needed to achieve reliable and reproducible knots every time [109].
Therefore, knot modeling plays an important role in the development of surgical repair. It has
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been known that FE modeling is a beneficial tool can be used to analyze the strength and

behavior of knot by assessing the stress concentration areas.

In fact, they were a study have been achieved by Rawson et al [31], all be it for a
different purpose, which was to observe the arising stress and deformation in the tendon tissue,
not the suture. Rawson created a 3D FE model tendon and suture to predict failure location of
suture repairs model subjected to tension. The numerical results were correlated with
laboratory results, thus deeming their attempt a success. But at the same time, the effect of
knot configuration and tying technigque on the tendon repair were not considered in Rawson
work. Therefore, the development of a FE model can describe the effect of knot configuration
on the tendon repair remains an area of intense research and may be helpful to improve the

tendon repair.
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CHAPTER Il

MONOFILAMENT SUTURE

3.1 Introduction

Monofilament nylon is one of the suture materials that has been historically used in
vitro for biomechanical testing of tenorrhaphy patterns [110]-[112]. In medical terminology,
tenorrhaphy is a surgical suture to hold a divided tendon together. Nylon is a polymer that is
the most common and popular medium used to extract the monofilament fishing line.
Monofilament sutures are made of a single strand of material. This structure has several
advantages, such as low-cost manufacturing, various strength levels, abrasion resistance, and
less resistance to passing through tissue than multifilament suture. Also, monofilament suture
has a minimal tissue reaction and anti-bacterial properties upon degradation [110], [111],
[113]. Because monofilament suture construction is stiff, intense care must be taken in
handling and tying those types of sutures. Hence, crushing or crimping this suture may happen

and that can weaken the suture and lead to undesirable premature failure [114].

Biomechanical bench top experiments have attempted to identify the relation between
the strength of the repair and the type of suture, the tying technique, and the configuration of
the suture loops. Thus, small changes in knot configuration may produce different apparent
mechanical properties for the surgical construct. The effect of knot configuration on the
strength has not been well quantified. In addition, there exists a lack of numerical simulations
that describes the effect of knot configuration on the failure mechanism of surgical sutures

[31].
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Due to the complexity of modeling multifilament suture structure, a sequential
approach is conducted. Monofilament structure is chosen in this study to simplify the model.
Moreover, monofilament sutures are not expensive, available, and known mechanical
properties. Subsequently, this chapter includes experimental and FE studies of (non-knotted /
knotted) monofilament sutures. The objectives of this chapter are: (1) testing the (knotted/
non-knotted) sutures to specify the breakage load, failure mode, mechanical behavior, (2)
proving the validity of the designed fixture to inspect the suture, (3) validating a simplified
biomechanical FE model of homogenous non-knotted suture versus experiments, (4)
developing and validating a 3D FE model of a single throw knot to investigate the effect of
knot configuration on the mechanics of the suture, (5) Non-knotted sutures and knotted sutures
of single, two, and three throws-knots are tested to failure in a laboratory setting. In this
investigation, gross loads are compared when the knot reached a localized material yield stress
in the model or when the failure occurred in laboratory tests that have the same suture

configuration.

3.2 Methods

3.2.1 Mechanical testing

To obtain material properties and validation data for the FE model, an experimental
study was performed on a monofilament suture to determine the gross load and strain response
of the suture in uniaxial tensile load parallel to the fiber direction. The specifications of the
monofilament suture (nylon) were (Model: M1460, LB test: 60 Ib = 266.8 N, Brand: south-

bend) [115]. Subsequently, three different throws-knots were investigated in this study.
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3.2.1.1 Non-knotted suture

The experimental setup of the suture and the fixture was shown in Figure 5. The setup-
controlled suture stretching and suture digital images acquisition. The experimental fixture
consisted of two pulleys made from aluminum with a diameter of 63 mm; each pulley had a
“V” shaped groove and compression plates to grip the suture as depicted in Figure 5(A). The
groove in each pulley secured the suture and prevented lateral migration during testing. The
compression plates were slotted, and the depth of the slot varied from the suture diameter to
zero at the two ends. This slot provided support for the suture material and made the load
transfer more gradual than if the slot was not presented. These slots minimized the stress
concentration and prevented breakage of the suture material in the clamping area.
Compression across the thread was applied using two screws. The plates and pulleys were
connected to a MTS Bionix servo hydraulic load frame (Model 370.02 Axial+Torsional, Eden
Prairie, Minnesota, USA) in the Advanced Composite Laboratory / Western Michigan
University. An electromechanical device (Interface load cell, S-Type, model SM-1001b) was
used to record experimental tests data precisely. The load cell was linked between the top
pulley and the top section of the MTS machine as depicted in Figure 5(A). The specimen was
aligned along the axis of the load frame. Figure 5(B) shows the schematic drawing of the

fixture.

The experimental protocol was adapted from a prior biomechanical study [60]. The
terminal end of the suture was compressed between the plates. The suture was wrapped over
the pulley to align with the gauge section. Two dots of 2 mm diameter identified the gauge

section (Figure 5) to allow the image-based strain calculation. In addition, dots were placed

26



close to the plate edges to allow visual detection of slippage during the test. Slippage was not

observed.

A 10 N tensile preload was applied to each specimen to establish a reference position.
The reference position provided a well-defined starting point for data recording. Also, the
reference position prevented potential errors produced from slack in the construct (not tight)
in the loops and stretching of the suture materials and ensured consistency in actual length.
Displacement was applied at the pulley center at 0.5 mm/sec up to failure and an initial length
of the sample of 150 mm. At present, there was not any standard or official procedure giving
gauge length or other testing conditions for suture tensile strength measurements. The 150-
mm gauge length was mentioned in technical application reports [116], [117], which described
tensile testing of surgical sutures using straight-pull test. Hong, et.al [118] used a similar
procedure when testing the mechanical behavior of monofilament sutures. Displacement and
axial force were recorded at 102.4 Hz. Images were captured with a high-resolution camera
(Canon- micro lens 100 mm and Canon-VIXIA HF R42) and achieved approximately 2275
pixels longitudinally between the dot centers and 50 laterally across the thread. Longitudinal
and lateral strains of the suture were primarily computed from imaging: tracking both dot
centers and the changing in the average diameter along the suture length respectively. Image-
based strain was found to be in approximate agreement with a strain measure based on pulley

center-to-center displacements of MTS-machine.

The accuracy of the entire setup was determined by marking the two dots from a
specific distance at the middle of the suture. These dots were used to detect the strain in the

axis of stretching as described below and as depicted in Figure 5.
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Figure 5: (A) Full apparatus of the suture prior to tensile test (experimental setup), (B)
Schematic diagram

3.2.1.1.1 Image methodology

The camera was positioned such that the whole suture could be viewed in the imaging
window. To overcome possible errors, the center of the camera’s lens was approximately
aligned with the suture center. As the camera was stationary during the test, the changes in
suture strains were calculated according to the relative movement of the dots. The relative
movement of the dots was considered with reference to an undeformed suture image. The
suture images were captured using the timer command of the camera. The images were
captured every 0.1 sec. This process resulted in a series of images at different strokes during

stretching the suture uniaxially.

The methodology of image thresholding was adopted. A limited number of pixels
within a defined neighborhood was analyzed to avoid the non-uniformity of light distribution

and/or variation in the surface material grains. The imperfect threshold, especially around the
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edge of the dots, may have contributed to some errors in the results. Therefore, the size of the

dots had to be kept small to eliminate the chances of error in locating the dots’ centroids.

3.2.1.1.2 Procedure validation

To validate the previous procedure of obtaining suture tensile strength, the procedure
was again applied on a music wire steel of gauge #10 (diameter 0.610 mm). The theoretical
value of tensile strength and elastic modulus are 2350-2600 MPa and 207-210 GPa
respectively [119], [120]. A reasonable coincidence between the theoretical and the

experimental tensile strength values was gained as shown in Figure 6.
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Figure 6: Stress-strain curve of the music wire steel

3.2.1.2 Knotted suture

This experimental setup was different than that of the non-knotted suture. The
difference was that the two grips were made of steel and each grip consisted of a fixed plate
and a movable plate to grip the suture. The plates were connected to a MTS-machine. To

establish a reference position, the sutures samples were placed at a distance 38 mm from the
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two grips. A load cell (Interface model SM-100) was used to record load. Load extension
curves of knotted sutures were obtained using a constant-rate-of-extension, which was 0.5
mm/sec up to failure and an initial length of the sample of 40 mm, as shown in Figure 7. At
present, there was not any standard or official procedure giving gauge length or other testing
conditions for knotted suture tensile strength measurements. All samples were tested at the

same gauge length to compare knot properties of different number of throws.

The experimental protocol consisted of using the ear method [30], [121]. Three
different types of throws (one, two, and three throws) were implemented in this investigation
as shown in Figure 8. To minimize knot variation, the study had one person tied all the knots
[122]. Five samples of each throw type and suture type were tested. Each sample was looped
over a standardized stainless-steel rod of a diameter 10 mm that provided a consistent starting
circumference for each throw during laboratory tests. The completed suture loops were
removed from the standardized rod and loaded onto MTS-machine. The free ends of the
sutures were secured with the clamp plates, then the two plates were tightened [123], [124].
Two dots were placed close to the plate edges to allow visual detection of slippage during the
test shown. Slippage was not observed. The following variables were recorded for each suture
sample (n=5): (1) the load at failure, (2) the displacement at failure, (3) the stiffness as the
ratio of load to displacement on the linear portion of the load- displacement curve, and (4) the

location of material failure.

A 10 N tensile preload was applied to each specimen to establish a well-defined
starting point for data recording and to avoid potential errors produced from initial slack in
the suture loop. This is similar to the technique described by [59], [122], [125]-[127]. The

axial displacement and the load were recorded at a rate of 102.4 Hz during the test.
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Displacement measurements were taken from grip-to-grip values. A load—-time curve was
recorded per each sample by tracking sample response across the applied displacement
increments. For each load—displacement curve, the peak load, the stiffness, and the elongation
were determined. The mean peak load and mean stiffness data were calculated across all
samples for each throw type. Maximum load was calculated as the ultimate failure strength of
the suture. For each test, a Canon EOS 60D camera and EFS 18-135mm lens was used to

record video of knot failure.

Figure 7: Testing device for monofilament suture load-extension (scale in (cm))

30
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20
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Figure 8: Examples of the throws, monofilament suture, (Approximate scale (mm))
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3.2.2 FEA models

3.2.2.1 Non-knotted suture

The material properties of the monofilament suture were determined through
experimentation. ABAQUS (Version 6.16, Dassault Systemes Simulia Corp.) was used to
create a three-dimensional FE model of the monofilament suture. The model was composed
of reduced integration hexahedral elements (C3D8R). The suture was assumed homogenous

and isotropic elastic.

Displacement control was applied at end of the suture; the other end was fixed. Mass
scaling was used to increase the stable time increment; thus, the knot was modeled assuming
a quasi-static load in an explicit dynamic model. The ratio of kinetic energy to internal energy

was monitored to ensure the mass scaling and a quasi-static assumption was appropriate.

3.2.2.2 Knotted suture

Considerations should be taken to maintain stable knots and to produce a basic model
adequate for this undertaking. It was necessary to tie knots in an effort to simulate suturing in
FE. To do this, a sturdy and integral dynamic model was required to provide a firm solution
for the detection of the collision among the materials; this collision can result in deformed
self-converging shapes that no longer have integrity. There were several interdependent
difficulties that would be addressed by this work and were reveal instabilities that might lead
to systematic divergence. The knotted models were generated using points in 2D plane. Those
points were lately extended to 3D space. There were several problems in this method to obtain

a geometry that was smooth and mimicked the experimental knots. Knot slipping or a
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degenerate oscillatory behavior caused the divergence. The high curvature of the rope,
opposing internal forces, and multiple collisions generated a potentially unsteady state around

the area of knot tightening. Generally, numerical errors were aggregated quickly.

There was a wide range of potential applications that interface with the mechanics of
knots, which had not evolved to a highly-sophisticated level. To go beyond a purely
geometrical configuration of knots, the theory of elasticity was normally used to inform the
problem. The instance of tight knots leads to the problem of 3D elasticity with geometrical
nonlinearities (finite rotations), finite strains, and self-contact along an obscure surface. FE
analysis of this issue raised compelling challenges as well, which had not yet been handled,

such as nonlinearities due to contact.

Abaqgus was used to create and solve the monofilament suture consisting of a single
throw knot. The model was composed of reduced integration hexahedral elements (C3D8R).
The suture was assumed homogenous and isotropic elastic. Knots involved complex contact
conditions, self-contact, and large deformations; therefore, an explicit dynamic solver was

used to overcome these severe nonlinearities, Figure 9.

Displacement control was applied at 0.5 mm/sec at end of the knot; the other end was
fixed. Mass scaling was used to increase the stable time increment; thus, the knot was modeled
assuming a quasi-static load in an explicit dynamic model. The ratio of kinetic energy to
internal energy was monitored to ensure the mass scaling and a quasi-static assumption were

reasonable.
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Figure 9: The knot mesh
3.3 Results

After finding the material characterization and the mechanical properties of the
monofilament suture, two types of comparisons were made to differentiate the impact of a
knot topology on the mechanical behavior of the suture. First, a comparison was made
between the experimental results of the three knots (single, two and three) throws. Second, a

comparison was made between the experimental and the FE results of a single throw knot.

3.3.1 Experimental results

3.3.1.1 Non-knotted suture

3.3.1.1.1 Material characterization (diameter and density)

The monofilament suture diameter was measured and recorded based on two

procedures:

1. Using a digital caliper: the suture diameter was measured at five different locations

along the suture length prior to testing and found to have a mean diameter of 0.86 mm.
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2. Using the screenshot images: the suture diameter was measured by acquiring the
screenshot images of the first image of deformed suture based on the proportional values.
Public domain image-processing software named GIMP was utilized to analyze the images.
Assuming the cross-sectional area of the suture as circular, the average diameter of the suture
was calculated along the suture length and was found to be 0.8586mm. For all sutures, the
suture diameter was measured and compared to the properties of a manufactured suture and

was found to be correlated.

The mass of “long length” of the monofilament suture was measured using a highly
sensitive weight device. Approximate density was calculated from the mass and the computed
volume of the suture. For the volume calculation, the cross section was assumed circular and
the diameter was assumed to be constant (0.86mm). The density of the suture was calculated

and was found to be 1.216*10-3 g/mma3.

3.3.1.2 Mechanical properties

3.3.1.2.1 Poisson’s ratio

A sequence of images showing the translation of ink spots marked on the
monofilament sutures was analyzed to give longitudinal strain (e1) and lateral strain (e2).
These several levels of strains were employed to measure Poisson’s ratio (v) as follows: v = -
(e2/€l). Poisson’s ratio of monofilament suture was calculated and was found to be
approximately 0.4. Figure 10 illustrates the Poisson’s ratio values of monofilament suture at

various levels of strain.
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Figure 10: Poisson’s ratio of the monofilament suture

3.3.1.2.2 Load and displacement

Figure 11 shows the load-displacement behavior of five monofilament sutures tests
in one scale. The average peak load of the five tests to failure was calculated and was found
to be 251.5 + 8.688 N. For all sutures, the peak load to failure was consistent with the

properties of a manufactured suture (266.8 N) [115].
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Figure 11: Load-Displacement curves of monofilament sutures
3.3.1.2.3 Stress and strain

Five specimens of monofilament sutures were tested and corresponding images
recorded. The homogenized stress-strain curves of the suture (image based and based on
displacements) are shown in Figure 12. The primary strain calculations were based on two
procedures: pulley displacement and imaging. In image procedure, load and displacement
were measured between two dots that were elected by collecting the data from the images that
were captured by the camera. As stress = force/area, and strain = change in length/ original
length, the average of the stress strain curves of the suture for both of collected data and the
MTS machine data were drawn, as shown in Figure 12. Both of the two computed strain
outcomes were found to be in agreement. For all sutures, the modulus of elasticity and the
maximum stress at failure were calculated and compared to the properties of a manufactured

suture and were found to be associated. Modulus of elasticity does not depend on the material
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dimensions (cross sectional area and length) and the force exerted on the material. It depends

only on the nature of the material.
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Figure 12: Stress-Strain curve of monofilament sutures

3.3.1.2 Knotted suture

Subsequently, monofilament suture was used to create: single, two and three throws-
knots. Figure 13-Figure 15 show the load-displacement curves of failure region of five tests
of monofilament sutures for each knot type. Moreover, the figures show that, for all sutures
tests, the monofilament sutures had a single load drop. At all the monofilament sutures tests,
the failure was occurred adjacent to the knot rather than along the suture. Figure 16 show an
example of the picture of failure region. This indicates the influence of the knot and its high

stress concentration and friction contact. This result was consistent with published results [7].

Further, the results showed that the required force to break a tied suture was lower than
the force required to break an untied suture by 40-50%. That was due to the stresses from

bending, twisting, and frictional contact as depicted in Figure 17. This result was consistent
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with other studies that have reported that the knot was the weakest part of any suture or ligature
when subjected to tension [6, 117, 118]. Also, the mean load at breaking of each throw type
was calculated and compared with non-knotted suture as shown in Figure 17. The failure load
and elongation were found to increase with number of throws. For five repetitions of
monofilament sutures for each knot test, the average load to failure and standard deviation
were calculated as depicted in Table 1. These results were compared with other published data

and were found to be correlated [58], [130]-[134].

The stiffness was averaged for each group of throws. The process to estimate the
stiffness was to take a straight line from the failure load point to the inflection point of the
load-displacement curves. Figure 18 depicts the stiffness of monofilament suture at different
number of throws. At the knot region, the distribution of strain in the material was non-
uniform. This distribution could relate to the breakage point and its impact on the tensile
strength of a knotted suture. Further, the overall stiffness of monofilament suture decreased
when the number of throws increased as shown in Figure 18. Adding knots to the suture added
different deformation mechanisms: bending, contact, and twisting. Each one of these
mechanisms had a direct contribution to the maximum load to failure. However, the
quantification of these mechanisms was not evaluated due to timing issues and exploring other
parameters. In general, adding a knot increased the contact area and the bending deformation.
It was worth noting that the models were created without any pre-stresses due to the addition
of knots, in essence, the models were created using an idealized initial geometry for the
number of throws based on a constant radius for the throws and no stresses were introduced
due to this throw creating process. Also, the increase in number of throws included an increase

in the suture length. Suture length increase caused an increase in the suture extension.
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Figure 13: Load-Displacement curve of single throw knot of monofilament suture
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Figure 14: Load-Displacement curve of two throws knot of monofilament suture
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Figure 16: An example of failure region of monofilament suture
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Table 1:Average load of failure and standard deviation of knotted monofilament sutures for
five samples
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Figure 18: Relationship between the mean stiffness and number of throws, monofilament
suture
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3.3.2 FE results

3.3.2.1 Non-knotted suture

A 3D FE model of the non-knotted suture was implemented and evaluated considering

several parameters. Three parameters were studied as follows:
1. Effect of Poisson’s ratio: three Poisson’s ratios were considered (0.35, 0.4 and 0.45).
2. Effect of mesh size: three seed sizes were considered (0.1, 0.15 and 0.2).
3. Effect of integration points: full integration versus reduces integration.

The length and diameter of the suture model were 30 mm and 0.86 mm, respectively.
Effect of Poisson’s ratio on the load-displacement behavior of the model was studied as shown
in Figure 19. The results were calculated by using reduce integration points and maximum
seeds size. Figure 19 illustrates that the Poisson’s ratio had no effect on the results. Integration
points represented a very important parameter; the outcome showed that full integration points
provided stiffness greater than that of reduced integration points, as shown in Figure 20.
Poisson’s ratio (0.4) and seeds size (0.1) have been used to solve the non-knotted suture
model. A FE model was approximate and it erred by being stiffer. Over stiffness happens by
using more Gauss points to integrate element stiffness matrices because additional points
capture higher order terms in stiffness matrix [K]. More integration points improved the
accuracy of calculations while fewer integration points provided quick computations.
Moreover, Figure 21 shows the effect of mesh density on the load-displacement curves. The
results were calculated using reduce integration points and Poisson’s ratio (0.4). Element edge

size was chosen 0.2 mm as a starting point to undersigning it was a coarse mesh. Then, a mesh
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sensitivity study was performed using 0.15 and 0.1 mm respectively. The results show that

the finer mesh was closer to experimental results.

The average experimental results were compared with the FE model results as
indicated in Figure 22. The figure also demonstrated that the FE results were stiffer than the
experimental results. For a structural FE, the stiffness matrix contained the geometric and
material behavior information that indicated the resistance of the element to deformation when
subjected to loading. Such deformation might include axial, bending, shear, and torsional
effects. There were several parameters tend to add stiffness to the model (stiffer than the real

system): over constrained, redundant supports.
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Figure 19: Effect of Poisson’s ratio on the load-displacement behavior of non-knotted suture
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Figure 21: Effect of mesh density on the load-displacement behavior of non-knotted suture
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Figure 22: FE versus experimental results of the non-knotted monofilament suture

3.3.2.2 Knotted suture

The material properties of monofilament suture were determined through
experimentation. Once the knot had been tightened by pulling the suture ends, its loosening
was simulated by fixing one of the ends while applying a tensile force to the other end. The
configuration could be characterized by the angle formed by both free tails and by the
approximate radius of the loop. Hence, to improve the results of knot model, the effect of
friction coefficient, integration points, Poisson’s ratio, and mesh size on the model results

were investigated.

To increase the time step and reduce the run time, there were three parameters that
could be adjusted: element size, Young’s modulus, and suture material density. While the
mesh could be adjusted to increase the element sizes, this was often impractical in stances
when geometries were complex with small features and automatic mesh. Young’s modulus

represents a material stiffness property, and artificially lowering it will adversely affect
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accuracy. Atrtificially increasing density could also adversely affect accuracy (think force =
mass times acceleration). However, the idea of mass scaling was an automated procedure
whereby the code increased the time step by scaling up the density in the specific elements
that were controlling the time step, as long as it did not significantly increase the overall mass
of a part. Mass scaling enabled an analysis to be performed economically without artificially
increasing the density. Mass scaling was a try and a proof method which was often used in
Abaqus/Explicit for reducing run times in quasi-static analyses. Hence, the velocity was low
and the kinetic energy was very small relative to the internal energy. It was possible to
implement mass scaling effectively in the model using either fixed or variable mass scaling,
but it should be done carefully. Validation required checking both the relative increase in
mass, as well as the location of the added mass. Only very small amounts of mass should be

added in locations where critical results were being evaluated [135].

3.3.2.2.1 Effect of coefficient of friction on the knot model results

Friction was a complex phenomenon and it was typically characterized by a coefficient
of friction, which was the ratio of the frictional resistance force to the normal force that presses
the surfaces together. The coefficient of static friction and plasticity of a given material had a
direct bearing on the security and strength of the knots. Thus, the assumed friction coefficient
might be an influential parameter on the FE results. The effect of the friction assumption was
quantified over the range of 0.0 to 0.4 as shown in Figure 23. The outcomes refer to the fact
that the amount of force necessary to cause a knot to slip was proportional to the frictional
force, which was dependent on the coefficient of friction. The maximum load to tie a knot
changed approximately by (40N) within the minimum and maximum limits of coefficient of

friction. Further, this result confirmed the view that the coefficient of friction was a function
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of various variables, including suture structure, suture material, and applied load. Therefore,

the coefficient of friction should be investigated further.
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Figure 23: Effect of frictional coefficient on the load-displacement results of the knot model

3.3.2.2.2 Effect of integration points and Poisson’s ratio on the knot model results

Figure 24 shows the effect of integration points on the results of the knot model. The
outcomes also show that the full integration points provided stiffness that was higher than that
of reduced integration points. The full integration points result was closer to the experimental
data. The results were calculated at the Poisson’s ratio (0.4). Also, the reduce integration
points had a good agreement with experimental data and reduced time of FE solution. The
Poisson’s ratio had an insignificant impact on the results as shown in Figure 25. The changes

in the Poisson’s ratios caused relatively small changes in the cross-section area.
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Figure 24: Effect of full integration and reduce integration on the load-displacement results
of the knot model
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Figure 25: Effect of Poisson’s ratio on the load-displacement results of the knot model
3.3.2.2.3 Effect of mesh size on the knot model results

Figure 26 depicts the effect of mesh density on the load-displacement curves and
demonstrate that the proceeding figures where the results of a converged mesh. Four seeds

sizes were implemented in this investigation (0.2, 0.15, 0.1, and 0.05). Although, the mesh
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convergence study showed that the course mesh had more “noise” (variations in load) than
the fine mesh. However, the loads predicted by the finest meshe (Seeds size: 0.05) were in

closer agreement with experimental results.
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Figure 26: Effect of mesh density on the load-displacement results of the knot model

3.3.2.2.4 Knot model results

Three models of throw-knots were created: one, two, and three throws as depicted in
Figure 27. The FE results of single throw monofilament suture were compared with the
experimental results. The consistency of single throw monofilament suture FE results with
experimental results is shown in Figure 28. It was worth noting that the FE results were stiffer
than the experimental results. This could be attributed to a number of parameters associated
with the FE model. In addition, the FE model results predicted strength of a tied monofilament
suture was lower than an untied suture, this fact is evident as depicted in Figure 11 and Figure

28 respectively.
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Figure 29 shows the scenario of tying a single throw knot of monofilament suture.
Loads were small until the knot tightened, and the subsequently the load increased with
additional applied displacement. The predicted stresses and strains were in locations that are
qualitatively consistent with expectation. The FE results shown in Figure 29 supports the fact
that the maximum stresses existed at (and/or) around the knot. Deformation of the knot model

is shown in Figure 30.

Figure 31 clarifies the internal energy and Kinetic energy in a logarithmic scale. The
figure illustrates that the total kinetic energy of the model was found to be small relative to
the strain energy over the whole loading cycle, excluding the initialization where strain was
very small. The kinetic energy was small and less than 1% of the internal energy in critical
phases. Therefore, it was deemed reasonable to treat the results as quasi-static. With a
simulation in a quasi-static analysis, the inertial forces were already established and were
negligible because the velocity of the material in the model was very small. The results
overwhelmingly supported the corollary to both of these conditions was that the kinetic energy
might not exceed a small fraction, typically 5% to 10%, of the internal energy throughout most

of the process [135], [136].
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Figure 27: FE models of single, two, and three throws knot
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Figure 28: Experimental versus FE model results of single throw model
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S, Mises
(Avg: 75%)
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38.794
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16.998
11.549
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S, Mises
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159.021
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Figure 29: Von Misses stresses of single throw model. Stresses in (MPa)
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Figure 31: Internal energy and kinetic energy in logarithmic scale of single throw model

3.4 Discussion

The pulley fixtures ensured that the suture failure occurred between the two pulleys
for all tested suture samples. The diameter and average peak load of the tests to failure were
compared to the properties of a manufactured suture and were found to be well correlated.
Furthermore, there was no significant slippage observed in any of the samples. The force

necessary to cause a knot to slip was approximately proportional to the assumed coefficient
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of friction. However, the differences in force in this phase were small relative to the forces

required to lock the knot.

The difference between load-extension curves of knotted and non-knotted sutures
provided useful information to identify the knot strength. The single throw knot resulted in
~50% strength reduction relative to untied suture and was consistent with published results
[6], [128]. This was due to the stresses from bending, twisting, and the stress concentrations
from knot frictional contact. Other studies had reported that the knot is the weakest part of
any suture or string when subjected to tension [6], [7], [128], [129]. The FE models result of
the single throw knot were qualitatively correct and were based on the experimental outcomes.
Also, the model result was stiffer than the experiments by approximately 10%. Further, the
failure load increased experimentally with increasing number of throws. The limitations of

the current study were the following:

(1) The contribution and quantification of the stress concentrations at the knot region due to
bending, twisting, and contact were not separable in the FE model so their relative
contributions are not completely known. Further, they will be impacted by the assumption
of initial geometry.

(2) FE model results were reported only for the single throw knot.

(3) Only the overhand knot with a different number of throws was examined using FE and
experiments.

(4) Pre-stressed FE models were not studied. It was worth noting that the process of forming
the knot and loading angle could have an influence on the final load to failure of the suture.

Also, only one shape and loading angle were used in this study.
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(5) Two and three throws-knot models were not completed and validated yet; that was because
of the following limitations. While the remaining timeframe of this work was short,
extended time was required to have many attempts to obtain robust results. Also, Abaqus
license on-campus had some limitations; e.g., limited number of elements, a limited
computer technical specifications and frequent license freezing. This work could be a part

of the future work.

3.5 Conclusions

In the present work, the mechanical behavior of (hon-knotted / knotted) monofilament
sutures was analyzed. The experimental results helped to prove the reliability of the designed
fixture to inspect the (non-knotted / knotted) suture. The knot topology and suture material
had an important influence on failure load and elongation of the suture. The presence of a knot
lowered failure load, increased the elongation, and rupture occurred consistently at the knot
region. The single throw knots reduced failure strengths relative to non-knotted suture by

approximately 50% for monofilament sutures.

This study presents a validated FE model of a single throw surgical knot. FE models
provided qualitatively descriptive and quantitatively accurate results when compared to
experiments. Furthermore, the FE models quantified the stress concentrations at the knot due
to bending, twisting, and friction which could not be easily identified experimentally. The FE
model was also consistent with published strength reductions. The FE modeling technique
showed promise for evaluating the effect of surgical knot topology (i.e., surgical technique)
as well as the effect of suture materials on soft tissue repairs. Knot modeling might help

engineers and surgeons to understand and better optimize surgical procedures. While this
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study provided a useful baseline for clinicians, additional validation was recommended prior

to using this modeling technique in surgical decision making.
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CHAPTER IV

MULTIFILAMENT SUTURE

4.1 Introduction

The tensile strength of a knotted suture material is a commonly used selection
criterion, but, there is still a lack of evidence in the published literature on the ideal test
method. However, there exists a paucity of literature on the use of FE models describing the
biomechanics of surgical knots [31]. Furthermore, to our knowledge, no FE models using
(non-knotted/knotted) multifilament surgical suture have been reported. This chapter builds
on that work by adding a focus on knot configuration while expanding the scope of the

modeled behavior of the suture and knot.

In this chapter, multifilament structure, # 2 FiberWire surgical suture, has been chosen.
The goals of this chapter are: (1) to determine the diameter of the core, jacket, and the suture,
(2) to find the maximum load to failure and the mechanical properties of FiberWire suture,
(3) to implement 3D FE model and bench experimentation of the multifilament sutures to find
the maximum load to failure, the strain, the stiffness, and the location of material failure for
different knot configuration, (4) to discuss the potential clinical impact of the number of
throws on failure risk in a surgical knot. Non-knotted/knotted sutures have been tested to
failure in a laboratory setting. Three different number of throws have been investigated in the
laboratory tests. In this investigation, non-knotted suture and a single throw knot have been
modeled and analyzed to investigate the mechanical behavior and to validate the model

against experiments. Several comparisons have been made to validate the FE model. Gross
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loads have been compared when the knot reached a localized material yield stress in the model

or when the failure occurs in laboratory tests that have the same suture topology.

4.2 Methods

4.2.1 Mechanical testing

An experimental, comparative study was performed on common orthopaedic suture.
Multifilament non-absorbable sutures was performed to observe the governing mechanics, to
obtain material properties and validation data for FE model. The multifilament non-absorbable
suture material is numbers 2 FiberWire. Braided non-absorbable FiberWire (Arthrex, Naples,
FL) is a surgical suture in common use. FiberWire suture was constructed of a multi-strand,
long chain ultra-high molecular weight polyethylene (UHMWPE) core with a braided jacket
of polyester. FiberWire’s materials were less stiff but have a higher coefficient of friction.
FiberWire’s combination generally provided a high strength, soft suture with abrasion
resistance that virtually eliminates suture breakage during knot tying [110], [137], [138]. Due
to the complexity of FiberWire suture, a sequential approach was conducted. First, FiberWire
suture was examined to validate a simplified FE model of a multifilament “surgical” suture.
Second, the core had been separated from the jacket to test each individually to determine the
mechanical properties more precisely. Third, different number of throws were investigated:

one, two, and three throws-knots.

4.2.1.1 Non-knotted suture and knotted suture

Experimental test of non-knotted suture was explained in section 3.2.1.1. Experimental

test of knotted suture was explained in section 3.2.1.2. Figure 32 and Figure 33 show the
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experimental setup and an example of the throws that were implemented in this investigation,

respectively.

Figure 32: Testing device for multifilament suture load-extension (scale in (cm))

30

20

Figure 33: Examples of the throws, multifilament suture, (Approximate scale (mm))

4.2.2 FEA models

4.2.2.1 Non-knotted suture

The material properties of the multifilament FiberWire surgical suture as well as its

core and jacket constitute separately were determined through experimentation. MATLAB
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was used to create a 3D FE model of the non-knotted suture, which consist of core and jacket.
The jacket was meshed using reduced integration hexahedral elements (C3D8R). While the
core was meshed using two types of elements: 1. reduced integration hexahedral elements
(C3D8R) and 2. wedge elements (C3D6), as depicted in Figure 34. The FE model of the core
and the jacket were assumed homogenous and isotropic elastic material. Because the model
involves contact interactions; an explicit dynamic solver was used to overcome this severe

nonlinearities (Abaqus Version CAE V6.16).

Displacement control was applied at end of the suture; the other end was fixed. Mass
scaling was used to increase the stable time increment; thus, the knot was modeled assuming
a quasi-static load in an explicit dynamic model. The ratio of kinetic to internal energy was
monitored to ensure the mass scaling and a quasi-static assumption were reasonable.
Moreover, a mesh convergence study was conducted to establish an appropriate mesh density.
The influence of assumed coefficient of friction was found to be small on the resulting load-

displacement curves.

Figure 34: Axial cut of the FE mesh of the suture (core and jacket)
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4.2.2.2 Knotted suture

A 3d FE model of the knotted suture, which consist of core and jacket, was created.
The suture components were meshed using reduced integration hexahedral elements
(C3D8R). The FE model of the core and the jacket were assumed homogenous and isotropic
elastic material. Suture material properties were held constant while knot topology varied.
Abaqus was used to solve the knotted suture consisting of a single throw knot. Knots involved
complex contact conditions “self-contact and surface to surface contact” and large
deformations; therefore, an explicit dynamic solver was used to overcome these severe

nonlinearities.

Displacement control was applied at 0.5 mm/sec at the end of the knot; the other end
was constrained in all directions. A fixed mass scaling was used, factor =5. Mass scaling was
used to increase the stable time increment; thus, the knot was modeled assuming a quasi-static
load in an explicit dynamic model. The ratio of kinetic to internal energy was monitored to
ensure the mass scaling and a quasi-static assumption were reasonable. Moreover, a mesh
convergence study was conducted to establish an appropriate mesh density. The influence of
assumed coefficient of friction was found to be significant on the resulting load-displacement

curves, see section 3.2.2.2.

4.3 Results

After finding the material characterization and the mechanical properties of the
FiberWire suture, two types of comparisons were made to differentiate the impact of a knot

configuration on the mechanical behavior of the suture. First, a comparison was made between
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the experimental results of the three knots (single, two and three) throws. Second, a

comparison was made between the experimental and the FE results of a single throw knot.

4.3.1 Experimental results

4.3.1.1 Non-knotted suture

4.3.1.1.1 Material characterization (diameter and density)

The FiberWire suture diameter was measured and recorded based on two procedures

to confirm the results:

1. Using Nikon Measuring Microscope 20: Figure 35 and Figure 36 show the Nikon
setup and an example of the picture of the measuring method that were implemented in this
investigation, respectively. the cross-sections area of the suture, jacket, and core were assumed
circular. Twelve points along the suture were evaluated to determine the average diameter and
standard deviation. Furthermore, the suture diameter was compared to published literature and

was found to be consistent, as depicted in Table 2.

2. Using the screenshot images: the suture diameter was measured by acquiring the
screenshot images of the first image of undeformed suture based on the proportional values.
Public domain image-processing software named GIMP was utilized to analyze the images.
Assuming the cross-sectional area of the suture as circular, the average diameter of the suture

was calculated along the suture length, as depicted in Table 2.

The mass of “long length” of the FiberWire suture was measured using a highly
sensitive weight device. Approximate density was calculated from the mass and the computed

volume of the FiberWire. For the volume calculation, the cross section was assumed circular
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and the diameter was assumed to be constant. The density of the suture, core and jacket were
calculated, as depicted in Table 3. Average diameter and density of two methods were

implemented in the FE models.

Nikon
MEASURESCOPE
=20

Man

Figure 35: Nikon Measurescope 20 of measuring the suture diameter

64



Figure 36: An example of measuring method of the suture diameter

Table 2: Selected literature for comparison of FiberWire diameter

0.693+0.0012 0.703+0.002
0.279+0.0009 0.28+0.0016 - -

Table 3: FiberWire, core and jacket densities

7.357*10™ 7.146*10™
3.869*10° -
6.97*10™ -
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4.3.1.1.2 Mechanical properties

4.3.1.1.2.1 Poisson’s ratio

For more details, see 3.3.1.1.2.1. Figure 37 illustrates the Poisson’s ratio values of

FiberWire suture at various levels of strain and found to be approximately 0.38.

Longitudinal Strain

0(())2000 0.001 0.002 0.003 0.004 0.006 0.006 0.007

-0.021

-0.022

Transverse Strain

_0.023 L 1 1 'l 1 1
Figure 37: Poisson’s ratio of the FiberWire suture

4.3.1.1.2.2 Load and displacement

The core was separated from the jacket to test each one individually to determine the
mechanical properties more precisely. Figure 38 shows the load-displacement behavior of the
core and jacket in one scale respectively. The results illustrated that the jacket had higher load
and extension to failure when compared to the core. The maximum load of the core and jacket
were approximately 65 N and 210 N respectively. The maximum strain was 2.6% for the core

and 9% for the jacket.

Four specimens of whole FiberWire sutures were tested and images recorded. Figure

39 shows the load-displacement behavior of tests. The behavior of all the tests were similar.
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The shape of load-displacement curves showed a nonlinear response at low extension due to
friction between suture and pulleys; thereafter, the curves shows a near linear response due to
suture composition, and then increase load to failure. In each test, there were at least two
regions where load drops occurred in sequence: the core and the jacket, this behavior akin to
a child’s “finger trap” toy. Each drop was corresponded with a failure region in the core. The
magnitude of the load drop was approximately proportional with the load carried by the core
of the suture. When the core failed, there was a disruption in its carrying load capacity, thus
the remaining load was that carried only by the jacket. These stages were followed by the last
stage, in which the jacket failed. The value of the failure load corresponded with the load

carried by the jacket.

Figure 40 clarifies the relationship between the picture (locations of failure in core and
jacket) and one of the four sutures tests. The picture presented four red circles; three locations
of failure in the core and one location of failure in the jacket. The curve of one of the four
tests showed that there were four drops. In fact, the jacket failed only one time (the other two
breaks in the jacket were after the test to examine pieces of the core). The three core failures
corresponded with the first drops in load. The last drop was corresponded with the single
jacket failure. Figure 41 shows that the average load for breakage decreased as the number of
failures increased. The actual mechanism for the decrease in the subsequent load drops is still
unclear, however, one could attribute this mode of failure to the fact that the core is composed
of multiple strands of polyethylene which may fail sequentially as the continued loading
occurs until reaching the final failure of the core. For example, at the first drop the averaged
load was 95 N, while for the second drop it was approximately 80 N, and finally, for the last

drop, it was 65 N (all averaged of 4 tests). Looking also at the amount of displacement to the
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failure of each drop it could be noted that it was decreasing as well, from 7 mm, to 5 mm, and
finally to 3 mm (all averaged of 4 tests). This suggests that the braiding angle at the failure
point has a small displacement contribution to the overall deformation. However, the strain
continues to accumulate in the core and jacket during the continued loading giving rise to the

next failure, until the final failure of the jacket is reached.

For all sutures, the peak load to failure was calculated. Then, the average peak load to
failure was calculated and compared to published literature and were found to be consistent,
as shown in Figure 42. To demonstrate the interaction between the core and the jacket during
the tensile test, the load versus displacement of average of the four tests of the suture, core,
jacket, and core and jacket were drawn in one scale, as shown in Figure 43. At the beginning,
the individual constituents sum to be similar to the suture as a whole. And, there was deviation
between the results £ 30 as shown in Figure 43. Moreover, Figure 43 shows that the suture

failed at higher load than the jacket due to the load sharing between the jacket and the core.

250 T T T T

= Jacket
=Core

200f

0 1 1 1
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Figure 38: Load-Displacement curves of core and jacket of FiberWire suture
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Figure 39: Load-Displacement curves of FiberWire sutures
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Figure 40: Locations failure of the FiberWire suture
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Figure 41: Mean load for breakage versus the number of failures
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Figure 42: Selected literature for comparison of peak load to failure and loading type of
FiberWire suture
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Figure 43: Tensile test results of the FiberWire, core and jacket
4.3.1.1.2.3 Stress and strain

For all specimen’s sutures, the homogenized stress-strain curves of the suture (image
based and based on displacements) were calculated as shown in Figure 44. The primary strain
calculations were based on two procedures; pulley displacement and imaging. In image
procedure, load and displacement were measured between two dots that were elected by
collecting the data from the images that were captured by the camera. As stress = force/area,
and strain = change in length/ original length, the average of the stress-strain curves of the
suture for both of the collected data and the MTS machine data were drawn, as shown in
Figure 44. Both of the two computed strain outcomes were found to be in agreement. For all
sutures, the modulus of elasticity and the maximum stress at failure were calculated and

compared to published literature and were found to be correlated, Table 4.
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Figure 44: Stress-Strain curve of FiberWire sutures

Table 4: Selected literature for comparison of maximum stress and elastic modulus

Present study 8.5+0.92 64629
Najibi et al [60] 4.76+0.5 762181
Wright et al [61] 7.243.52 803+185

4.3.1.1.2.4 Suture behavior under different speed rates

Researchers used different pull rates for destructive testing [129-133]. Therefore,

FiberWire sutures with length of (270 mm) were used to determine the effect of the pull rate
on the tensile strength. Four different pull rates to failure (0.1, 5, 12.5 and 33 mm/s) were
used. Frequency of (0.5 Hz) was utilized. Longer times were related to lower speed rates while
shorter times were related to higher speed rates. Therefore, Figure 45 indicates the lower
elongation at faster pull rate. The plot showed that the pull rates had no high impact on the

maximum load of the first failure and the elastic modulus of the suture, hence, there existed a
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little viscoelastic effect. Furthermore, the elastic modulus was within the limits of the

previously calculated elastic modulus.
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Figure 45: Load versus displacement at pull rates (0.1, 5, 12.5, and 33 mm/sec)

4.3.1.2 Knotted suture

FiberWire suture was used to create a single, two and three throws-knots. Figure 32
depicts the test setup of the knotted suture. Figure 46-Figure 48 show the load-displacement
curves of failure region of five tests of each type of knot. Moreover, the figures showed that,
for all sutures tests, the sutures had a multi load drops. At all the sutures tests, the failure was
occurred adjacent to the knot rather than along the suture. Figure 49 show an example of the
picture of failure region. This indicates the influence of the knot and its high stress

concentration and friction contact. This result was consistent with published results [144].

Further, the results showed that the required force to break a tied suture was lower than
the force required to break an untied suture by 40-50%. This result was consistent with other

studies that have reported that the knot was the weakest part of any suture or ligature when
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subjected to tension [6], [128], [129]. Further, the average load to failure of the five tests at
first failure “drop” was calculated and was approximately (191 N). Also, the mean load at
breaking of each types of throws was calculated and compared with non-knotted suture as
shown in Figure 50. The failure load and elongation were found to increase with number of
throws. For five repetitions of sutures, the average load to failure and standard deviation were
calculated as depicted in Table 5. These results were compared with other published results

and were found to be correlated [58], [130]-[134].

Subsequently, the mean stiffness of each throw was calculated. Figure 51 depicts the
stiffness of the suture at different number of throws. Also, the results shows that the overall
stiffness of the suture increased when the number of throws increased as shown in Figure 51.
At the knot region, the distribution of strain in the material was non-uniform. This distribution
could relate to the breakage point and its impact on the tensile strength of a knotted suture. As
the knot become tight, the braided jacket become narrow as fibers coalesced. Further, the braid
angle may be changed during loading, which had shown to have a high impact on the strength

of the suture [145].
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Figure 46: Load-Displacement curve of single throw knot of FiberWire suture
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Figure 47: Load-Displacement curve of two throws-knot of FiberWire suture
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Figure 48: Load-Displacement curve of three throws-knot of FiberWire suture

Figure 49: An example of failure region of FiberWire suture

Table 5: Average load of failure and standard deviation of knotted FiberWire sutures for five
samples

138+12 N 149+15N 164+12 N
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4.3.2 FE results

4.3.2.1 Non-knotted suture

To validate the experimental work, a simple model of the multifilament FiberWire
suture without knot was implemented. To improve the results of the model, the mesh
convergence was investigated. The mesh convergence parameters included the effect of the

friction coefficient, Poisson’s ratio, and mesh density on the suture model results.
4.3.2.2.1 Effect of coefficient of friction on the suture model results

The effect of the coefficient of friction assumption between core and jacket for both
suture models was quantified over the range of 0.0 to 0.4, as shown in Figure 52. The outcomes
refer to the fact that the coefficient of friction had small impact on the failure load. Further,
this result overwhelmingly confirmed the view that the coefficient of friction was a function

of various variables, including suture structure, suture material, and applied load.
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Figure 52: Effect of frictional coefficient on the failure load results of the suture model
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4.3.2.2.2 Effect of Poisson’s ratio on the suture model results

As the same Poisson’s ratio was used for both core and jacket, Figure 53 shows the
effect of Poisson’s ratio on the results of the suture model. The outcomes showed that the
Poisson’s ratio had no significant impact on the maximum load results. This result provided a
proof of the Poisson’s ratio definition. For a linear isotropic material subjected only to tension,
the material usually tends to contract in the directions transverse to the direction of stretching
and this contraction proportional to the Poisson’s value. Moreover, this result overwhelmingly
confirmed that the Poisson's ratio is related to elastic moduli, the bulk modulus; the shear
modulus; and Young's modulus. The changes in the Poisson’s ratios caused relatively small

changes in the cross-section area.
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Figure 53: Effect of Poisson’s ratio on the maximum load results of the suture model

4.3.2.2.3 Effect of mesh size on the suture model results

To determine a good enough mesh based on their element density, different
convergence runs were implemented to indicate when convergence was achieved. Figure 54
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depicts the effect of mesh density on the maximum stress results of the model in the same
location. Although, the mesh convergence study showed that a common influence on stress
results when using linear elements to represent a surface was that the geometry of the
boundary. When the mesh was refined, the geometry was better represented. The refined mesh

number of elements was (41790).
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Figure 54: Effect of mesh size on the maximum stress results of the suture model

4.3.2.2.4 Suture model results

The experimental curves were compared with the FE model as indicated in Figure 55.
A FE model was approximate and it erred by being stiffer. Mesh refinement was required in
order to fulfill the requirement for access to convergent solutions. Mesh refinement was
conducted because the model had large-deformation problems and contact problems.

Subsequently, the model could suffer from shear and volumetric locking.
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Figure 55: FE versus experimental results of the non-knotted FiberWier suture

4.3.2.2 Knotted suture

The impact of several modeling assumptions was quantified to improve the results of
knot model. The effect of the friction assumption over the range of 0.2 to 0.4 and found to be
small. The force necessary to cause a knot to slip was approximately proportional to the
assumed coefficient of friction. However, the differences in force in this phase were small
relative to the forces required to lock the knot. A mesh convergence study showed that a course
mesh caused more “noise” (variations in load) than a fine mesh; however, the loads predicted

by the dense mesh were similar at the same elongation. For more details, see, 3.3.2.2.

Three models of knot were created: one, two, and three throws as depicted in Figure
56. The FE results of single throw-knot were compared with the experimental results. The
consistency of single throw-knot FE results was shown in Figure 57 alongside the
experimental results. The FE results were consistent with the non-linear load vs elongation

behavior of the experimental sutures. In addition, the FE model results predicted that the
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strength of a tied suture was lower than that of untied suture. That could be due to the bending

and twisting stresses that were evident as depicted in Figure 39 and Figure 57 respectively.

Figure 58 clarifies the internal energy and Kinetic energy in a logarithmic scale. The
figure illustrates that the total kinetic energy of the model was found to be small relative to
the strain energy over the whole loading cycle, excluding the initialization where strain was
very small. The kinetic energy was small and less than 1% of the internal energy in critical
phases. Therefore, it was deemed reasonable to treat the results as quasi-static. With a
simulation in a quasi-static analysis, the inertial forces were already established and were
negligible because the velocity of the material in the model was very small. The results
overwhelmingly supported the corollary to both of these conditions was that the kinetic energy
might not exceed a small fraction, typically 5% to 10%, of the internal energy throughout most

of the process [135], [136].

Figure 59 shows the scenario of tying a single throw-knot of FiberWire suture. Loads
were small until the knot tightened, and the subsequently the load increased with additional
applied displacement. The predicted stresses and strains were in locations that are qualitatively
consistent with expectation. The FE model results predicted strength of a tied suture was lower
than an untied suture due to the bending and twisting stresses were evident as depicted in

Figure 43 and Figure 59 respectively.
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Figure 56: FE models of one, two, and three throws knot
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Figure 57: Experimental versus FE model results of single throw model
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Figure 58: Internal energy and Kinetic energy in logarithmic scale of single throw model
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4.4 Discussion

The pulley fixtures ensured that the suture failure occurred between the two pulleys
for all tested suture samples. The diameter and average peak load of the tests to failure were
compared to the properties of a manufactured suture and literature data and were found to be
well correlated. Furthermore, there was no significant slippage observed in any of the samples.
Several prior studies assess the mechanical properties of FiberWire suture. Most of these
studies evaluate material properties of specific suture knots [7], [53], [59], or comparison of
one type of suture versus another [60], [62], [139]. The current data was found to be consistent
with these studies, however, no prior study reported the core and jacket separately. The
maximum load of the core and jacket are approximately 65 N and 210 N respectively, and the

maximum strain is 2.6% for the core and 9% for the jacket.

The repeated failure of the core prior to complete failure of the suture had not been
previously reported. Thus, it merited additional discussion. The jacket was braided and thus
undergoes a complex strain behavior. Under tension, the braided jacket lengthened and
narrowed while the angle between the warp and weft threads changed. Therefore, the
circumference shrinked with increased in tension. Consequently, the jacket compressed the
core. In doing so, shear load could be transferred between the core and the jacket. The jacket
was observed during experiments to “reload” the core even after core failure. This shear lag
phenomenon was familiar from long fiber composite materials. In one example, the core failed
3 times prior to jacket failure. Thus, core failure did not immediately lead to complete load
removal. No load reversals were applied in the current experiments, however, load revealed

was exhibited a complex behavior that likely decreased the load transferred to the core. The
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behavior of the suture was similar and could be understood when compared to the action of a

“Chinese finger trap” (a common toy for children).

The results of this study indicated that the suture mechanical behavior was influenced
by increasing number of throws; this effect was highly dependent on the suture composition.
For all sutures, the failure load of the three throws was the highest. That could be due to the
increase of contact density and bending stiffness. In addition, because the composition of

FiberWire suture materials was different than monofilament, the failures modes differed.

The difference between load-extension curves of knotted and non-knotted sutures
provided useful information to identify the knot stability and strength. The knot resulted in
30~40% strength reduction relative to untied suture and was consistent with published results
[6], [128]. This was due the configuration of knot, the tensile forces exerted on a knotted
suture are converted into shear forces and eventually suture rupture [6]. Other studies have
reported that the knot was the weakest part of any suture or string when subjected to tension
[6], [7], [128], [129]. Further, the overall stiffness of FiberWire suture increased when the
number of throws decreased whereas monofilament increased. Several parameters may
contribute to FiberWire failure that occurred at the knot rather than along the suture. Firstly,
forces were being oriented at the knot at an acute angle to the suture fiber. Secondly, the suture
fibers in the knot region may be weakened during knot formation and loading. Thirdly. Under

tightening the suture, the friction among fibers in the knot region may contribute to failure.

The FE analysis results of the knot were qualitatively correct and were based on the
experimental results. Thus, the FE models could be used in additional investigations. The

limitations of the current study were the following:
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(1) the core and jacket were modeled as a homogeneous linear elastic material.

(2) FE model results were reported only for the single throw knot.

(3) failure of the suture was only one failure mode of a surgical repair.

(4) only the overhand knot with a different number of throws was examined using FE and

experiments.

(5) the shape of forming the knot and loading angle might also have an influence on the

mechanics of the suture. One shape and one loading angle were used in this study.

4.5 Conclusions

In the present chapter, the mechanical behavior of (non-knotted / knotted)
multifilament FiberWire sutures was analyzed. The obtained experimental results help to
prove the reliability of the designed fixture to inspect the (non-knotted / knotted) suture. The
knot topology and suture material had an important influence on failure load and elongation
of the suture. The presence of a knot lowered failure load, and rupture occurred consistently
at the knot region. The single throw knots reduced failure strengths relative to non-knotted
suture by approximately 40% for FiberWire sutures. The circumference of the jacket shrinks
and its length extends under tension “fixed displacement test”; thus the jacket presses on the

core. As a result, an additional shear load was transferred between the core and the jacket.

This study presented a validate FE model of a single throw surgical knot. FE models
provided qualitatively descriptive and quantitatively accurate results when compared to
experiments. Generally, with increasing the knot tightening the deviation between the model
and experimental results was decreased from approximately 10% to 1 %. Furthermore, the FE

models quantified the stress concentrations at the knot may be due to bending, twisting, and
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friction which could not be easily identified experimentally. The FE model was also consistent

with published strength reductions.

The FE modeling technique could be applied to discern the governing mechanics of
multifilament knot (i.e., surgical technique) as well as the effect of suture performance on soft
tissue repairs. Additional experiments with knots, and FE models were being continued to
develop. Knot modeling might help engineers and surgeons to understand and better optimize
surgical procedures. Numerically, no assessment had been completed of knot security (i.e.,
how likely the knot is to untie), therefore, clinical recommendations are premature. In the
future, the results might provide a framework for clinicians for choosing the suture and knot

types for soft tissue repairs.

This study was the first to report the behavior of the core and jacket of No2 FiberWire
separately, thereby providing an improved description of the mechanics of this common
suture. Also, the repeated failure of the core prior to complete failure of the FiberWire had not
been reported yet. Moreover, to the best of my knowledge, nothing had been reported the

modeled the (non-knotted/knotted) multifilament FiberWire suture.
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CHAPTER V

SHAER-LAG PHENOMENON

5.1 Introduction

The "shear-lag” phenomenon is well-known phenomenon in reinforced structures. It
governs the interplay between axial and shear stress around fracture points or geometric
discontinuities and provides ongoing load transfer after the initial compromise of a structure.
Suture is a generic term for a class of thread-like materials used to bring severed body tissues
together in aid of tissue healing. Uniaxial tests to failure of FiberWire surgical suture were
conducted to observe the governing mechanics and to obtain data for FE method validation.
Chapter four show the experimental results of the sutures and were found to have a
fail/reload/fail pattern where load was transferred between suture core and jacket via the shear
lag mechanism. Care must be taken to avoid damage to the suture material when handling it.
Excessive handling or twisting of the suture within the instrument, such as needle holders and
forceps, may also contribute to premature suture failure [146]. Knowledge of the stress
distribution at the failure site is essential for predicting the effects of the governing mechanics
of load transfer. Traditional tensile testing cannot fully describe the stress distribution and the
mechanics of the driving shear lag phenomenon in a failed multifilament surgical suture.
Numerical simulation provides a useful tool to examine the governing mechanics of load
transfer, but has not previously been applied to multifilament suture such as FiberWire

surgical suture.
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A core-jacket suture subject to tensile stress can undergo extensive core cracking,
while the jacket remains intact. The transfer of load from the surrounding jacket to the core is
one of the fundamental micromechanical processes determining the suture failure as a
composite material. Furthermore, the core of the suture during the surgery and/or during
preparing the suture to the surgery perhaps fails for various reasons, e.g., mechanical trauma
[27]. Consequently, this failure in the core probably one of the contributors to the repair
failure. This chapter aims are applying the FE method to examine the distribution of normal
and shear stresses along a partially failed suture and its clinical implications. Two types of

loading are implemented in this investigation: static and cyclic loading.

5.2 Methods

5.2.1 Mechanical testing

An experimental study of suture materials No.2 FiberWire was performed to determine
the gross load and strain response in uniaxial tensile load parallel to the fiber direction, and to
obtain data for FE model validation. FiberWire suture is composed of a core covered with a
jacket; each was tested separately and together as manufactured, see chapter four. The

experimental setup was explained in section 3.2.1.1.

5.2.2 FEA models

The material properties of the multifilament FiberWire surgical suture as well as its
core and jacket constitutes separately were determined through experimentation, chapter four.
A composite cylinder shear lag model is adopted for the analysis of the load transfer between

the core and the jacket when the core is broken and intact. ABAQUS was used to create a
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validated the FE model to quantify the shear lag effect after FiberWire composite suture core
failure. Two FE models of FiberWire suture were created consisting of separate core and
jacket. One model included a broken core to investigate its implications. Figure 60 shows the
core with a diameter DC is embedded with a length L in a coaxial jacket cylinder with an outer
diameter DJ. Suture model, core and jackets, was created by using reduced integration
Axisymmetric elements (CAX4R) , as depicted in Figure 61. The suture was modeled
assuming a static load in a static model. Large elements are used where stresses are relatively
constant, and progressively smaller elements where the stress gradient becomes larger. For
this reason, many of the elements in these grids appear in a small area near the end of the
broken core where stress concentrations are expected. Also, Figure 61 illustrates the applied
boundary conditions. Two boundary conditions were applied to the suture. For both types of
loading, load control mode was applied on a reference point that was generated on one side of

the suture model.

For cyclic loading, constant amplitude load was applied in a sinusoidal squared
waveform. The frequency was chosen to be approximately consistent with the physical time
of tying a knot. On the other side of the suture model, displacement/rotation boundary
conditions (BC) were constrained in all directions. The FE model of the core and the jacket
were assumed homogenous and isotropic elastic material. The cross-section area of the suture,
core and jacket, was circular. The models involve contact conditions; therefore, an implicit
dynamic quasi-static FE solution was used to overcome this nonlinearity. For static loading,
a friction coefficient of 0.3 was assigned between the core and jacket. While for cyclic loading,

three types of loadings (10, 30, and 50 N) and coefficients of friction (0.2, 0.3, and 0.4) were

92



implemented. The ratio of kinetic to internal energy was monitored to ensure that a quasi-

static assumption was reasonable.

t

(a) (b) DI (o)
Figure 60: Schematic diagram of the physical model of a core and jacket suture with
notation, (a) longitudinal cross section of the jacket with intact core, (b) longitudinal cross
section of the jacket with broken core, and (c) transverse cross section of the suture (core
and jacket)

1 Load

50 mm

(A)

Figure 61: (A) Model mesh and boundary conditions, broken core, (B) Axial cut of the
model mesh of the suture (core and jacket)
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5.3 Results

Material characterization, mechanical properties, and gross load to failure of the
FiberWire suture were determined experimentally and compared to published literature and
were found to be consistent, chapter four. In this chapter, a comparison was made to
differentiate the impact of a partial failure of core on the mechanical behavior of the FiberWire

suture. The comparison was made under static and cyclic loading.

5.3.1 Experimental results

5.3.2 FE results

To make the results easier to understand, cylindrical coordinates were used in reporting
model results. A cylindrical coordinate (r, 0, z) is defined and the Z-axis denotes the fiber
axial direction. To validate the experimental work, mesh convergence was investigated to
improve the results of the model. Moreover, the effect of the friction coefficient, Poisson’s

ratio, and mesh density on the model results were included.

5.3.2.1 Effect of mesh size on the suture model results

A series of models were run to determine a good enough mesh based on their element
density. Figure 62 depicts the effect of mesh density on the maximum stresses results of the
suture with the broken and intact core. Also, the findings demonstrate that the stresses were
more stability when the element density increases. A mesh of 41790 elements was used in the
model. The stresses predicted by (intact/broken) core sutures models were in overall

agreement when under the same conditions. In fact, large elements were used where stresses
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were relatively constant, and progressively smaller elements where the stress gradient became

larger, as shown in Figure 61.
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Figure 62: Effect of mesh size on the maximum stresses results of (intact/broken) core
sutures models

5.3.2.2 Effect of coefficient of friction on the sutures models results

For (intact/broken) core sutures, the effect of the coefficient of friction assumption
between core and jacket was quantified over the range of 0.0 to 0.4, as shown in Figure 63.
The outcomes refer to the fact that the coefficient of friction had a negligible effect on the
maximum stress of the intact suture. Furthermore, the coefficient of friction had a clear impact
on the maximum stress of the broken suture due to the frictional forces, which resist the
relative movement of the surfaces. The stresses were calculated at the end of outer core

surface.
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Figure 63: Effect of frictional coefficient on the maximum stresses results of (intact/broken)
core sutures models

5.3.2.3 Validation of experimental and FE results

From chapter four, Figure 43 demonstrates the interaction between the core and the
jacket during the tensile test. Recall, Figure 55 shows that the FE results were consistent with
the experimental results of the suture (core and jacket). As could be observed, the FE result

was stiffer than the experimental perhaps due to the model assumptions.

To demonstrate the validity of the quasi-static assumption of the model, the ratio of
Kinetic to internal energy was calculated. The total kinetic energy of the model was found to
be small relative to the strain energy over the whole static loading cycle, excluding the
initialization where strain was small. For both (intact/broken) core sutures models, the kinetic
energy was less than 1% of the internal energy in critical phases, as depicted in Figure 64 and

Figure 65 respectively. Therefore, it was deemed reasonable to treat the results as quasi-static.
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Figure 64: Internal energy and Kinetic energy in logarithmic scale, intact core
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Figure 65: Internal energy and Kinetic energy in logarithmic scale, broken core

5.3.2.5 Static loading results

Figure 66 and Figure 67 provide an example of the FE models of (intact/broken) core
sutures. The models show detailed stress and strain within the suture: the stresses (in the core

and the jacket) varies significantly over their transverse cross-section and longitudinal axis.
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The predicted stresses and strains occurred in locations that are qualitatively consistent with
expectations based on shear lag theory [39] [147][148]. Figure 68 provides an example of the

results of the FE models, a broken core.

Figure 69 and Figure 70 show the normal and shear stresses distribution predicted by
FE models of the broken and intact core cores at the interface between the core and the jacket.
For intact core, there was no change in the stresses along the suture length and intact fibers
equals the nominal level, as shown in Figure 69. While Figure 70 shows that the shear stress
at the centers of the broken core region was, of course, zero, due to the symmetry. At the
broken core site, the models show that the core filament locally stopped carrying the normal
load and shed it to the surrounding jacket via shear lag. Also, the load in the jacket surrounding
the broken core built via shear and transferred that load across the broken site as normal stress.
Subsequently, the load transferred back to the core again via shear. As shown in the figures,
the broken core gradually recovered its stress as a function of the distance to the broken region.
The transferred of the load from jacket to core depends upon the core/jacket interface
properties, their volume friction, and the core strength. Referring to Figure 69, the normal
stresses in the core approached zero (limited by mesh convergence) at the fracture location.
The stress distribution asymptotically approached the intact suture stress distribution over a
long distance. Normalizing axial position from the point of failure with respect to the total
suture diameter (Z/D), the load transfer occurred over approximately Z/D = 35%. The jacket

filaments carried the complete load despite complete failure of the core filament.

Figure 71 shows the displacement behavior of the (intact/broken) core sutures along

Z/D. At the broken region, the intact core detects continuity of moving at a uniform distance,
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while the broken core shows the discontinuity. Also, the figure shows the nonlinearity in the

behavior of broken core due to increasing the friction resistance.

Jacket
=

Figure 66: Suture model, intact core

Figure 67: Suture model, broken core
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Figure 68: Shear stresses of the suture model, broken core
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Figure 69: Normal stresses along the suture model
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Figure 71: Displacement along the suture length, broken and intact core

5.3.2.5 Cyclic loading results

For both models, the stresses, strains, and displacement along the core interface were
calculated and three different locations (nodes 1, node 2, and node 3) that were located on the

edge of the broken core. Node 3 location was on the outer interface of the core that in contact
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with the jacket. Node 1 was the center of the core while node 2 location was in the middle
between nodes 1 and 3, as depicted in Figure 72. Various coefficient of friction (0.2, 0.3, and
0.4) and loads (10N, 30N, and 50N) were implemented in this study. In general, the results of
the models were qualitatively correct. This maybe effect suture extension, thus leads to repair

failure due to gap formation.

The loading/unloading cyclic tensile of the suture at node 3, load 50N, and coefficient
of friction 0.4 were shown in Figure 73. Under the same conditions, the effect of cycle number
on the interface slip and hysteresis at 1st, 15th, and 30th cycles was shown in Figure 74. The
hysteresis loss energy decreases with increasing applied cycles due to decreasing the interface

shear stress.

Effect of cyclic loading on the displacement of (intact/broken) core were shown in
Figure 75. The results show that the broken core had more extension than the intact core. Also,
the extension of the broken core was increased with increasing applied cycles. With increasing
cycle number, the interface shear stress was decreased and the extension increased due to the

interface interactions.

The effect of the coefficient of friction (0.2, 0.3, and 0.4) on the stress distribution
along the interface of the core were analyzed, as shown in Figure 76. At load (50N,) the results
show that the coefficient of friction was an impact on transfer length of the stresses at the end
of the broken core. Because increasing coefficient of friction was lead to less sliding, less

energy loss, and high shear stresses due to increasing the normal forces.

Moreover, the results show that the ratio of sliding the core was increased with a

decreasing coefficient of friction approximately (2%) under the same applied load. Thereby,
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the jacket was carried the highest load and the core was carried only a little load. While, with
increasing the coefficient of friction the load was shared between core and jacket, and there
was a low sliding. Finally, the results show that the broken core was extended approximately
0.1% more than the intact core under the effect of cyclic loading. The increase in the core
extension was caused by the lower friction forces at the interface surfaces because increased
periodic loading. Thus, the cyclic loading had an effect on the suture and perhaps leads to gap

formation during the repair, which maybe extension leads to the repair failure.

Core Jacket

Figure 72: Locations of nodes on the core edge
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Figure 73: The loading/unloading cyclic tensile stress-strain curve of broken core
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Figure 74: The hysteresis corresponding to different applied cycles
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Figure 76: Effect of coefficient of frictions on the stresses along the core interface

5.4 Discussion

The experimental results showed that the suture was undergone a complex strain
behavior due to structure complication. Under tension, the braided jacket lengthens and

narrows while the angle between the warp and weft threads changes. Therefore, the
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circumference shrinks with increases in tension. Consequently, the jacket compresses on the
core, and is able to receive load via friction and shear lag when the core fails. This process in

suture is similar to what occurs in long fiber reinforced composite materials.

Moreover, the results demonstrated that the shear load could be transferred between
the core and the surrounding jacket when the core fails. The stresses are transferred through
shear between the interacted fibers as a result of an interaction between neighboring fibers.
Each interaction is initially composed of two shear-lag segments, delimited by a specific
length. The jacket was observed during experiments to “reload” the core, even after core
failure. When the length of the core reached the ineffective length, the jacket no longer shared
the load with the core. In this case, the jacket carried the entire load resulting in an unstable

failure in the jacket. Thus, this failure led to the rupture of the entire FiberWire suture.

The model results of the suture were consistent with the experimental results. In the
region of the broken core, the core locally stopped carrying the axial load and sheds that load
to a nearby jacket via shear lag. Also, the jacket surrounding the broken core was loaded in
shear, transferred the load across the fractured site, and then transferred stress back onto the
core again vis shear. The shear stress transfer in the jacket also caused the nearby core to
experience stress concentrations over a certain length. The load transfer occurs over an
identifiable characteristic length. The models show detailed stress and strain within the suture:
the shear stress (in core and jacket) varied significantly over their cross-section and was
highest close to the broken region. The portion (35%) of the Z/D ratio was subjected to both
normal and shearing tractions, and the remaining part was to be subjected only to normal
tractions. Experimentally, the jacket showed that it could reload the core no more than three

times. The jacket filaments were able to carry load despite complete failure of the core
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filament, however, the load transfer mechanism was studied over subsequent load cycles. The
predicted stresses and strains occurred in locations that are qualitatively consistent with
expectations based on shear lag theory. It might also be observed that there was an agreement
between the two sets of results: experimental and FE model, and thus served to verify the
reliability of the present FE model. Static and cyclic loading were implemented in this study.
Under cyclic loading, the results showed that the broken core had more extension,
approximately 2%, than the intact core. Thus, the FE model could be used in additional
investigations about suture and tissue load transfer. The limitations of the current study were

the following:

(1) FE model investigated effect of only one core failure on the stresses distributions.

(2) the effect of the perpendicular jacket cut on the stresses distribution and/or mechanical
behavior of the suture has not been studied, while this type of cutting may also be one of the

failure patterns of the suture.

5.5 Conclusions

In this chapter, a FE model to describe the shear lag phenomenon in a partially failed
surgical suture has been developed. This study presents a validate FE models of
(intact/broken) core sutures. It predicts the stress distribution and load transfer around the core
fracture site. The FE results are qualitatively consistent with existing shear lag theory and also
with experimental results for the subject composite suture. Thus, the FE model describes a
biomechanical phenomenon by which failed suture can appear to be competent during a
surgical procedure. Hence, a clinician should be aware of the possible failure mode and

consider remedial actions when such failures are suspected.
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This study is maybe the first to present a developed numerical model for simulating
the mechanical behavior of partially failed a multifilament composites surgical suture (such
as FiberWire) to identify the shear lag effect after core failure under cyclic loading. The
magnitude of expansion of partially failed suture is affected by the number of load cycles. The
described method may also provide insights in describing load transfer to soft tissue, and thus
provide opportunity for optimization of suture/tissue interfaces. However, clinical

recommendations are premature.
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CHAPTER VI

FUTURE RESEARCH

This chapter includes three topics:

(1) knotless glenoid suture anchors.

(2) modeling of tendon and suture.

(3) recommendations.

6.1 Knotless glenoid suture anchors

To test the anchors experimentally, a specific fixture design is required to ensure that
it is able to carry a high load and no relative movement between the entire system (fixture,
bone) during the test. In this chapter, the fixture components and validation steps are

illustrated. The knotless suture anchors have not been tested yet.

6.1.1 Background

Arthroscopic reconstructive surgery poses many challenges for the surgeon [109]. One
of these is the tying of arthroscopic knots [109], [149]. Arthroscopic knot tying is technically
demanding and required extensive practice to master [109], [150]. These facts raise concerns
regarding the quality and consistency of arthroscopic knot tying and particularly in the hands
of the novice [109]. To resolve the difficulty of tying secure knots with trusted arthroscopic
tension, knotless anchors emerged as a viable alternative. Knotless anchors provide also a

direct secure low-profile suture anchor repair. Anchors are small devices placed in the bone.
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The use of knotless suture anchors for labral repair is first reported by Thal in 2001
[151], [152], and successful use of these anchors has been reported in multiple clinical studies
since then [141-147]. New knotless suture anchors continue to be developed [154], [158],
[160]. Several biomechanical studies have reported no significant difference in anchor pullout
and ultimate load to failure between knotted and knotless anchors [140], [152], [161], [162].
A recent study has shown that there was no significant difference in stiffness between the
knotted and knotless anchors [73], [153], [163], [164]. Cyclic loading has also been used to
compare the biomechanical performance of suture anchors [165]-[167]. On the other hand,
an in vitro comparison study of knot tying versus knotless metal suture anchors demonstrates
that after insertion, knotless suture anchors may affect the tension of the repair, leading to gap

formation between bone and soft tissue in comparison with knot tying anchors [12].

Suture anchors are widely used as they become the standard of care for stabilization,
however, there is no consensus on using a specific anchor [34]. To increase the viability of
knotless suture anchors, there are research studies in progress to improve them and to provided
added benefit within the surgical area. However, to the best of my knowledge, no one has
closely examined knotless anchors and evaluated their long-term performance under cyclic

loading with regards to potential loop elongation.

The purpose of this study is to evaluate and compare the biomechanical properties of
knotless suture anchors using cyclic displacement by characterizing the loop elongation
(length from anchor head to fixation loop) over the load cycles as well as determining the load
to failure and mode of failure. Fresh adult porcine femurs were brought from a local abattoir

to use in the experimental tests. The test environment is prepared to be consistent with the
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previous studies. This study is hypothesized that there will be no difference in these

biomechanical parameters among several different knotless anchors.

6.1.2 Anchors

Suture Anchors consist of the following parts:

The Anchor: The Anchor might be made of metal or biodegradable material. It was inserted

into the bone by using a screw mechanism or an interference fit.

The Eyelet: The Eyelet was a small hole or a loop in the anchor for passing the suture. This

was connected the anchor to the suture.

The Suture: The Suture might be made of a non-absorbable material or absorbable material.

It was linked to the anchor through the eyelet of the anchor.

6.1.3 Fixture components

The fixture was manufactured in the college machining workshop at Western
Michigan University’s Parkview Campus. It was designed for attaching onto the MTS
machine in the Laboratory for Advanced Composite at Western Michigan University. Figure

77 depicts the schematic drawing of the fixture.

1. Lower base: A (310 mm*255 mm*10 mm) plate of hot rolled steel was installed in the MTS
machine lower wedge grip. It was connected by bolts through this plate to the MTS machine

lower wedge grip. On the right and left sides were holes to provide for location in X-direction.
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2. Vise: The vise was mounted on the lower base plate and had a capability to be positioned
in X-direction to allow for lateral movement. The objective of using it was to provide tilting

orientation from (0° to 90°) for the upper base.

3. L-plate: A (95 mm*50 mm*6.2 mm) plate of hot rolled steel had a plate with a slot which
allowed for movement along the Z — direction and was clamped in the vise. A metal key was

used to avoid the slipping that may occur during loading in the Y — direction.

4. Upper base: A (305 mm*195 mm*4.7 mm) plate of hot rolled steel welded on the L-plate
was used to locate the specimen. It contained a longitudinal slot at the upper edge to allow for
freedom of movement along the X — direction. Near the middle of this base were multiple

holes to allow for more flexibility in mounting the specimen.

5. Screws and muffler clamp: were used to hold the specimen.

6. Plate and screw: A slotted plate was used as an arm to support part number seven below.

7. Beam: A (160 mm* 40 mm* 12.5 mm) beam of hot rolled steel was used to support and

hold the specimen. It also had the ability to move along the X - direction.

8. Plate: A (75mm*35mm*6.2mm) plate of hot rolled steel connected parts 6 and 7 and was

slotted to provide part 7 movement along the X - direction.

9. C-clamps: C-clamps were used to tie the upper base with the lower base.

10. Plumb-bob: A plumb-bob was placed on the MTS machine top wedge grip to determine

the specimen center.
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MTS-Lower

Grip

Figure 77: Schematic drawing of the fixture

6.1.3 Validation of experimental setup

A fresh porcine femur model was obtained from a local abattoir for use as specimens.
After thawing, the bone was dissected free of all soft tissue, and the spiral screw was placed
in the bone. The screw had a maximum external thread of (5.36 mm) and was welded to a
steel rod. The screw was inserted, and a pullout test was conducted with the bone at room
temperature to avoid any variables in anchor component performance that might be
temperature dependent. The prepared specimens (femur holding the screw and rod) were
placed in a specially designed fixture that supports the bone. The fixture was attached to the
lower wedge grip of the MTS machine. The screw and rod were adjusted manually to become
aligned directly under the top wedge grip of the MTS machine. The rod was fixed to the top
wedge grip of the MTS machine. Only loads in line with the axis of screw insertion was used

to develop data representing the worst case and to avoid angled distortion variations in data.
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The criteria that used in this study for determining the failure of the fixture was
dependent on the amount of movement of the fixture during pulling the screw. The controller
was programmed to produce a displacement rate of 1 mm/sec until screw pullout occurred.
The screw failure mode was defined as screw pullout, in which the screw came out of the bone
completely or was mostly intact. The system’s force and deflection were digitally collected
by using a load cell that was linked to the MTS machine. Furthermore, to validate the results,

three dial indicators with magnetic bases were used to measure the following:

1. Dial 1: to measure the deflection of the fixture only. The deflection was (0.00 mm).

2. Dial 2: to measure the deflection of the screw only. The deflection was approximately
similar to the total deflection that was measured by using a built-in measuring system of the

MTS machine.

3. Dial 3: to measure the deflection of the top wedge grip of the MTS machine only. The
deflection was approximately similar to the total deflection that was measured by using a built-

in measuring system of the MTS machine.

Figure 78 depicts the setup method of fixture, bone, screw and rod, and three dial
indicators on the MTS machine. Deflection values of each dial indicator and the MTS machine
had been recorded during the test, as depicted in Figure 79. The time lapse of the screw during

the tensile portion of the test was depicted in Figure 80.
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Figure 80: The time lapse of the screw during tensile portion of test
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The load-displacement results of the load cell of the MTS machine, dial indicator
number 3, and the difference between dial indicator number 2 and dial indicator number 1
were plotted as shown in Figure 81. The results demonstrate that there were no significant
differences between the two curves; especially, there was a difference between the precision
of dial indicators (1*10-2) and the load cell of MTS machine (1*10-8). Therefore, this
outcome and the value of the dial indicator that was placed on the fixture as depicted in Figure

79 certify that there was negligible in the fixture.
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Figure 81: Load-Displacement results of MTS machine versus dial 3 and (dial 2 - dial 1)

The accuracy of the dial indicators that had been used were validated by using two dial
indicators that were placed on the upper grip of the MTS machine to compare the MTS
machine results with the results of the dial indicators under a tensile test. Appendix-A
illustrates the set up for the dial indicators before and during the test, as well as the load-

displacement results of the MTS machine and the dial indicator, shown respectively.
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6.1.4 Calibration of load transducer

A known measurement from a calibrated device was called the reference. The second
device under testing conditions was the unit being calibrated. The axial capacity of the MTS
machine was (25 KN). To measure the applied load with a high precision, a load transducer
(SM-2224 N) was used. The load transducer was connected to a strain indicator (3800)
attached to the MTS machine. The calibration was necessary to ensure that the MTS machine
with load transducer signals was precise and accurate. The calibration was split over two
aspects: 1. calibration of the load transducer signal, and 2. calibration of the load transducer

with known weights, as depicted in Appendix-B.

6.1.5 Proposed biomechanical testing

The anchors will be cyclically loaded and then pulled to failure on an MTS machine.
Fresh frozen porcine femurs from a local butcher will be utilized for anchor fixation as has
been performed in several similar studies [165], [168]. After thawing for 24 hours at room
temperature, the soft tissue will be fully removed from the bone. The anchors’ suture loop will
be secured around a 2.08-mm diameter dowel, which will mimic the loop used to secure the
labral tissue intra-operatively [169]. The anchors will then be inserted into the porcine bone
following the manufacturers’ specifications. The prepared specimen, with the anchor in place,
will be secured to a custom fixture supporting the bone so that the suture is perpendicular to
the dowel and directly in-line with the anchor insertion angle, and aligned under the top wedge
grip of the load frame so that the applied load is parallel to the axis of anchor insertion, as
depicted in Figure 82. A 16mm stainless steel bar was polished and machined to have 3.5 mm

ring at the bar’s center. The bar is also tapered from each end towards the ring, as shown in
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Figure 82. The taper length and diameter reduction are 5mm and 6mm, respectively. The
sutures are proximally fixed by winding several times in the tapered region and next to the
ring and clamped superiorly by using two screws. The purpose of winding the suture several
times is (1) to prevent the suture slippage through increasing friction forces between the suture
and the bar gradually, (2) to decrease the stresses concentration along the suture. The purpose
of the ring in the bar is to make the process repeatable. Also, this method avoiding the use of
knots, which may act as a stress riser as well as introduce an additional variable [170]. The
Each anchor will be inserted at least 1 cm from any other anchor to avoid a crack propagation
between drill holes during testing [141]. Each insertion site will be unique and will never be
used again in a specific bone. In pilot testing, the custom fixture and its restraint are confirmed
to have negligible relative movement under loads whose values exceeded those expected

during planned anchor testing Figure 81.

At room temperature, anchor insertion and pullout testing will be conducted with the
bones to avoid any temperature-dependent variables in anchor component performance and
to minimize variations in porcine femur response. A preload of 10 N will be applied to
establish a reference state. Subsequently, cyclic loading between 10 and 100 N at 0.5 Hz will
be applied for 200 cycles or until failure occurs. We will use a gauge length of suture that as
small as allowed or is practical within our setup without compromising the cyclic loading.
This gauge length at the base state will be measured and will be used to quantify stretch in the
suture or slippage of the suture in the anchor (hereafter, loop elongation) over the duration of
load. After completion of 200 cycles, destructive testing will be performed through application
of an enforced displacement rate of 12.5 mm per second [165], [171]. The mode of failure

will then be recorded. Data sampling of load and loop elongation will be obtained at 100
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samples per second. The number of cycles needed to reach 1, 3, and 5 mm of loop elongation
will be recorded (if the suture remains intact or lengthens without breaking). The total anchor
displacement from its initial position, if any, will also be recorded after 200 cycles and after

the suture/anchor has failed [159].

Attempts were made to obtain commercially available knotless anchors from the
following companies: Arthrex, DePuy Mitek, Smith & Nephew, Zimmer Biomet, ConMed
Linvatec, Stryker, and Parcus Medical. These companies have the largest shares of the

knotless glenoid anchor market. Unfortunately, so far only one type has been obtained.

Figure 82: The planned experimental set-up is shown, demonstrating the method for
stabilization of the femur

6.2 Modeling of tendon and suture

The goal of this study was to develop a 3D FE model of a sutured tendon repair to
observe the stress arising when load was applied to the repair and then to compare the results
with Rawson [31]. Abaqus was used as a preprocessor and postprocessor for the FE analysis.

Suture and tendon dimensions, properties, and boundary conditions were used by relying on
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the research [31]. The components were created using 3D modeling with solid, continuum,
and deformable elements. The thickness and width of the modeled tendon were 3.5 and 6.5
mm, respectively, and the suture diameter was 0.2 mm, as depicted in Figure 83. The suture
was described as a homogeneous linear elastic material with Poisson’s ratio of 0.4 and
Young’s modulus of 1 GPa. Isotropic linear elastic descriptions were employed to describe
tendon tissue with Poisson’s ratio of 0.4 and Young’s modulus of 2 GPa. The interaction
between the tendon and suture was represented by a surface-to-surface interaction. Loads and
boundary conditions were defined as depicted in Figure 84. Two types of elements C3D8R
hexahedral element and C3D10 tetrahedral element were used to represent the suture and
tendon respectively, as depicted in Figure 85. Figure 86 illustrates some preliminary results.

Modelling of sutured tendon repair failure has not yet been completed.
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Figure 83: Model dimensions [31]
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Figure 84: Boundary conditions [31]

Figure 85: Mesh of parts, left: suture and right: tendon
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Figure 86: FE results
6.3 Recommendations

It is observed that the suture material and single throw knot have an effect on the
failure mechanism and the knot strength. In addition, the absence of proper guidelines to select
the optimal suture material and knot technique for a specific clinical situation requires more
investigations. However, the area of interest is stress in the suture, knot, and tendon.

Therefore, the following is a list of recommended future directions:

1. Pursue an investigation into the possibility of quantifying the impact of multiple knots on
the mechanical behavior of the sutures and tendon repair using FE analysis. Experiments
also should be conducted to validate the FE results.

2. To extend this work, develop a FE model to investigate the effect of the perpendicular
jacket cut on the stresses distribution and/or mechanical behavior of (unknotted/knotted)
is recommended. Specifically, the perpendicular jacket cut is one of the failure patterns of

the suture and/or repair.
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3. A study that demonstrates the effects of the suture cross-section area plus the suture
materials, knot configurations and tying technique recommended to determine the
mechanical performance of surgical sutures. FiberTape surgical suture has similar
structure as FiberWire suture. The tapes provide broad compression and increased tissue
cut-through resistance. The tapes can be a good choice for knotless rotator cuff repair,
high demand applications, e.g., AC joint reconstruction and other areas where tissue pull-
through may be a concern [172].

4. Only the overhand knot was investigated in this study using FE and experiments. The
overhand knot is one of the most fundamental knots, and it forms the basis of many others.
Therefore, it is critical to studying the influence of other knot types (Weston knot, square
knot, granny knot, ... etc.) on the mechanical behavior of the sutures and tendon repair
using FE analysis and experiments. Study of these additional knot is recommended as an
extension of this work.

5. It is recommended to improve the initial FE knot model geometry through finding a
mathematical expression that can describe different knot configurations. Particularly,
several previous studies have indicated that there is no model yet for the suture knot;
despite the fact that failure mostly happens at the knot [31]. This recommendation is an
extension of the work done by Rawson et al. The first step to creating equations that
described the single throw-knot were done, see the equations below. Further, Figure 87
and Figure 88 show the knot configuration and the primary result of FE model,
respectively. x = sin(t)+2*sin(2*t)

y = cos(t)-2*cos(2*t)

z = -sin(3*t)
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Figure 87: Knot configuration

S, Mises

(Avg: 75%)
+2.798e+02
+2.568e+02
+2.33%e+02
+2.109e+02
+1.879e+02
+1.650e+02
+1.420e+02
+1.191e+02
+9.609e+01
+7.313e+01
+5.017e+01
+2.720e+01
+4.241e+00

Figure 88: Primary result of FE model

6. It is recommended to proceed with the preliminary work of this study, the failure of the

suture, knot and tendon repair can be evaluated under cyclic loading. By employing FE
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10.

11.

analysis, this dissertation predicted the location of stresses and strains that were
qualitatively consistent with expectations. Therefore, the FE model can also be used in
further investigations.

Development of an optimal procedure, based on clinical data and/or in-house experimental
research of the validated model, and applying it on the suture, knot, and tendon.

This study has reported the behavior of the core and the jacket separately. Further
investigation to optimize the mechanical properties of the suture can be beneficial. For
example, a study can be conducted to investigate the influence of the core diameter on the
mechanical properties of the suture, knot, and repair.

An important part of the good suturing technique is the correct method in knot tying.
Therefore, the effect tightening angle of the suture should be studied.

This dissertation presented a valid fixture to test the suture anchors. Therefore, the
experimental tests of knotless glenoid suture anchors for labral repair can be accomplished
once the other remaining anchors are obtained.

Knowing the details effect of cyclic loading on the mechanical behavior of the FiberWire
surgical suture is also important in interpreting the results and the modeling. The
preliminary investigations of testing the suture under cyclic loading are shown in

Appendix-C.
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Appendix A

Dial gauge setup

The accuracy of the dial indicators that have been used were validated by using two
dial indicators, placed on the upper grip of the MTS machine to compare the MTS results with
the results of the dial indicators under a tensile test. A tensile test was applied to a standard
steel specimen. Figure Al depicts the set up for the dial indicators before and during the test,

respectively. The load-displacement results of the MTS machine and the dial indicators that

have been used in the tests indicates a good agreement, as shown in Figure A2,

Figure Al: Dial gauge setup on the MTS machine
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Figure A2: Load-Displacement results of dial gauges versus MTS machine
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Appendix B

Calibration

A known measurement from a calibrated device is called the reference. The second
device under testing conditions is the unit being calibrated. The axial capacity of the MTS
machine is (25 KN). To measure the applied load with a high precision, a load transducer
(SM-2224 N) is used. The load transducer connects to a strain indicator (3800) attached to the
MTS machine. The calibration is necessary to make sure that the MTS machine with load
transducer signals is precise and accurate. The calibration is split over two aspects: one to
calibrate the load transducer signal, and the second to calibrate the load transducer with known

weights.

B1. Calibration steps of load transducer signal

1. The installation of the load transducer to the MTS machine is shown in the Figure B1.

2. Connect the load transducer wires to the strain indicator as shown in the Figure B2 for

reading the tension load. Each color of gage should lead to the identical color of the terminal.

3. Verify full wire bridge wiring.

4. Press Amperage to calibrate and set the amp value to zero as displayed in Figure B2.

5. Record the gage factor (approximately 2).

6. Press Run to calibrate and zero out the balance by rotating the balance knob, as shown in

Figure B3.

7. Make certain that the connection between the strain indicator and MTS machine is in place.

8. Adjust the signals on the MTS machine.
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9. Rotate the balance knob in the background of the strain indicator to make the signals

corresponding, as depicted in Figure B4.

Figure B2: Strain indicator (Amperage)
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Figure B3: Strain indicator (Run)

Figure B4: Strain indicator background

B2. Calibration steps of load transducer

To verify that the load transducer data were correct, ten weights were used for
calibration: each weight has 10 Ib. To prove that the weights that were used were correct, a

digital scale was used to measure the weights, as depicted in Figure B5. The outcome of
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checking indicited that one piece had a value (9.99 Ib); three pieces had a value (10.01 Ib);

while the others had values of (10.02 1b) each. The calibration procedures are set out below:

1. Figure B6 illustrates the connecting method of the load transducer and the load hanger with

the MTS machine.

2. Repeat the calibration steps (1-8) of 3.1 (Calibration steps of load transducer signal).

3. Set the load and displacement at the MTS machine to zero to account for the weight of the

load hanger.

4. Apply weights on the hangers, as shown in Figure B7.

5. Apply loads in increments.

The MTS machine displays the results and a plot graph of apparent load cell can be drawn,

Figure B8 and Figure B9 respectively.

Figure B5: Weights measuring
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Figure B7: Applying weights
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Appendix C

Cyclic loading

Two series of cyclic loading experiments with varied loads and displacement were
performed on the suture with loading direction parallel to the suture. The first case study
consisted of a suture subjected to a force of constantly increasing amplitude on its top. The
loading program for the specimen consisted of a load-controlled cyclic loading scheme, where
five cycles of displacement were applied at each deformation level, with 10 N/step increments
at speed rate 0.5 N/sec, as shown in Figure C1. The results showed the accuracy of load
transducer data because they were located in the middle of MTS machine data with slightly
different: approximately +10N. Also, the minimum force applied was not strictly zero may be
due to the high capacity of the MTS machine and/or noise effect of the MTS machine. The

displacement versus time curve was shown in Figure C2.

Figure Figure C3 shows the load versus the displacement. The shape of load-
displacement curves indicated a nonlinear response at the beginning due to friction between
the suture and pulleys. In addition, the outcome illustrated that the process was irreversible

due to the composition of the suture and the friction between core and suture.

The second case study consists of a suture subjected to a displacement of constantly
increasing amplitude on its top. The loading program for the specimen consisted of a
displacement-controlled cyclic loading scheme, where four cycles of displacement are applied
at each deformation level with 1 mm/step increments at speed rate 0.5 mm/sec, as shown in
Figure C4. The minimum force applied is not strictly zero but slightly negative, but this is
harmless since negative stresses have no effect on the fatigue behavior, as shown in Figure

C5. Load versus displacement is shown in Figure C6.
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