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ABSTRACT 

The objective of this study is to design a composite that mimics the mechanical 

performance of a tendon. The biomimetic composite structure was composed of an 

elastomeric matrix reinforced with continuous polymer fibers. The matrix material was a 

thermoplastic polyurethane, Estane 5714 F5P. A polyamide (Nylon 6-6), a polyethylene 

terephthalate (Dacron) and a block copolymer of polyethylene oxide and aromatic 

polyurethane (Lycra) were used as the straight fiber reinforcement A crimped Nylon 6 

fiber was obtained in order to simulate the crimp in natural tendon. 

The composites were manufactured with the polymer matrix in solution form. A 

solution of the polyurethane and tetrahydrofuran was used to coat the fibers using a 

single-tow coating device. The effect of structure of the composite on the mechanical 

properties was examined by manufacturing composites with three different structures: 

straight fiber reinforced, crimped fiber reinforced and braided composites. 

The composites were then examined for physical and mechanical properties. All of 



the composites exceeded the natural tendon's breaking strength and elongation to failure. 

Through biomimicking, a composite was manufactured with a higher initial stiffness and 

strength than the crimped nylon fiber. The shape of the stress-strain curves of tendon and 

the synthetic composites were also compared. 

The scale of the structure of the composites was compared to that of tendon. A 

non-dimensional ratio of the periodicity of the crimp to filament size (R) revealed a much 

larger level of structure in the synthetic composites than in the tendon. This ratio was 

found to have a correlation to the mechanical properties of the composites. 
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1. INTRODUCTION 

Biomimetics is the study of natural materials to provide models that can be useful 

in the development of structural engineering materials. For example, biomimetic scientists 

are currently studying the structure and properties of a walnut shell [ 1]. The outer layer of 

the walnut contains cells which are filled with a hardened substance which resists 

compressive stresses while the inner layers contain fibers which are able to resist tensile 

fracture. Knowledge of the structure of the walnut could be applied to the design of a 

tough, highly fracture-resistant crash helmet. 

In general, biomimetic research can be divided into two categories: biomimicking 

and bioduplication. Biomimicking research examines biological structures on all possible 

spacial scales. The fundamentals of these structural designs can then be mimicked with 

currently available manufacturing techniques. Bioduplication is the study of processing 

and synthesis methods of biological structures and the application of these methods to 

produce new materials. An example ofbioduplication is the duplication of biological 

methods of a barnacle to produce a new stronger adhesive. While there is extensive 

research being conducted in the area ofbiomimicking, the development ofbioduplication 

is still in its incipient stages. In this study, a composite is designed which mimics the 

mechanical performance of a natural tendon. This new material is not to be used as a 

biomaterial for tendon replacement but rather as a new engineering material. 

An extensive survey of the structure and mechanical properties of a natural tendon 

has been conducted as a part of this study. Because of the complex hierarchical 
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organization of the tendon, it was determined that biomimicking is possible only on a 

macroscale. A tendon is a biological composite which consists of bundles of collagen 

fibers arranged in a crimped or zigzag pattern embedded in a gel-like mucopolysaccharide 

matrix. The collagen fibers are strong, flexible and tough. The mucopolysaccharide 

matrix binds the fibers and is used to transmit the load to the fibers. 

The materials chosen for the biomimetic composite structure were a thermoplastic 

polyurethane matrix reinforced with continuous polymer fibers. The fibers chosen were 

polyamide (Nylon 6-6), polyethylene terephthalate (Dacron) and a block copolymer of 

polyethylene oxide and aromatic polyurethane (Lycra). The effect of structure (straight, 

crimped, textured, or braided) and denier· of the fiber on the mechanical properties of the 

composite was examined. 

There are numerous motivations for this research. Although, there have been 

many attempts to create an artificial tendon to be placed in the body, the mechanical 

properties of a tendon have never been mimicked for use as a material outside the body. 

The resulting composite is expected to have very good resistance to moisture, chemicals 

and radiation due to the inherent properties of the polyurethane. It is also expected to 

have very good vibration damping properties due to the composite structure and the 

material choices. Finally, there are not many reported studies on the continuous 

reinforcement of elastomers. Previously, most elastomers were only reinforced with short 

discontinuous fibers in order to add strength and stiffness. The major exception to this 

• Denier is the linear density measurement of a fiber. It is the mass in grams of 9000 meters length of 
fiber tow. 
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was the production of tires, belts and hoses. The manufacturing of continuous reinforced 

elastomers for the other engineering applications was deemed to be too difficult. 

However, new manufacturing methods are being devised which make the production of 

continuously reinforced elastomers easier and cheaper than previous methods. 

A potential application for this composite could be as an encapsulating material for 

nuclear warheads, explosives, delicate electronics, etc. in transport. At low strains, the 

material will be elastic and pliable, while at higher strains (a crash) the material will be 

strong, stiff, and energy absorbent; thus protecting the object in transport. It has also been 

suggested that this material could be used as a rope, collapsible gas tank, tent, tarpaulin, 

inflatable structure, hose, and a flexible diaphragm [2]. For example, as a bungee rope, 

the material would behave soft and spring-like during low loads and strains (during the 

bungee fall), while at higher loads and strains (near the end of the bungee fall), the material 

would be very stiff and energy-absorbing. For applications such as the collapsible gas 

tank, tent, tarpaulin, inflatable structure, hose and flexible diaphragm, the composite's 

properties of flexibility at low strain, stiffiless at high strain, and excellent moisture and 

solvent resistance would be utilized. 
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2. Literature Review 

2.1 Biomimetics 

2.1.1 General Information 

Nature has few building block materials but is able to achieve a wide range of 

properties through complex, highly ordered structures. Organisms can achieve both hard 

and soft tissues which have properties far beyond those properties achieved with current 

man-made materials and technology. Nature has produced superior materials through 

natural selection over billions of years. It has been found that nature can produce 

materials which are durable, strong, fracture-resistant, and self-repairing. They also 

possess superior toughness and strength and stiffness to weight ratios. Another amazing 

phenomenon is that most of these natural materials are synthesized at ambient 

temperatures. 

This project is in the area of biomimicking, so the literature review will focus on 

this aspect ofbiomimetics research. There are several characteristics of biological 

materials which must be cited to understand the complexity of nature [3]. Biological 

materials follow three rules for self-assembly. The structure is organized into discrete 

levels or scales: molecular, nanoscopic, microscopic and macroscopic. All levels are held 

together by specific interactions between components and these layers are organized into a 

hierarchical composite system to meet a variety of functional requirements. Nature also 

exerts strong control over its components and the morphology and size of its reinforcing 

phase. Some of the major complications facing biomimetic research are in trying to mimic 
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structure beyond a macroscopic scale and obtaining good adhesion between the material 

components. This literature review will examine research involved in biomimicking hard 

and soft natural biocomposites and also cite some novel applications of biomimetics 

research. In Figure 2.1, examples of a natural composite and the corresponding synthetic 

biomimetic composite are shown for bone, nacre and insect cuticle. 

2.1.2 Hard Tissues 

The majority of research in biomimicking is in the area of biocomposite hard 

tissues. Unlike ceramic matrix composites, hard tissues can also provide toughness in 

addition to strength and stiffness. The major emphasis currently is on mimicking bones, 

abalones and beetle exoskeletons. Fallowing is a review of the structure and properties of 

each of these natural biocomposites and a summary of research attempting to biomimic 

these biocomposites. For a more thorough review of mimicking hard tissues the reader is 

referred to references 1-22. 

2.1.2.1 Bone 

Bone has a good combination of toughness, stifihess and strength and is highly 

anisotropic and viscoelastic. Bone consists of collagen microfibrils with needle or plate 

shaped hydroxyapatite crystals mineralized in-situ. The particles add strength and stifihess 

to the composite. This structure can be compared to filled polymers. However, bone has 

properties superior to synthetic filled polymers due to the small hydroxyapatite particles 

which are aligned, have a large aspect ratio and a high volume fraction (up to 40% 

5 



COLLAGEN 
FIBRIL LAMELLA 

Figure 2.1 The upper figure shows the needle-like hydroxyapatite crystals embedded 
in collagen. The figure to the right is the biomimetic structure showing 
elongated titania particles in a polymer matrix. The center figure shows 
nacre's brick-like structure of calcium carbonate crystals surrounded by a 
thin layer of chitin. The figure to the right is the biomimetic composite 
structure composed of boron-carbide/polypropylene layers surrounded by a 
thin layer of polypropylene. The bottom figure shows the dual helicoil 
pattern of the beetle exoskeleton followed by the stacking sequence of a 
biomimetic composite structure composed of graphite-reinforced epoxy 
[4, 6, 11, 15]. 
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volume). These particles are actually created in-situ, where the collagen matrix contains 

nucleating surfaces and growth modifiers to control precipitation. 

Knowledge of the bone structure can be applied to the design of toughened 

composites. Currently, many thermoplastics are reinforced with glass or carbon fibers up 

to a volume fraction of 25%. This increases the strength and modulus of the 

thermoplastics but with a penalty of a decrease in toughness and elongation to break. 

Bone has up to 40% volume fraction of hard hydroxyapatite particles and yet still exhibits 

excellent toughness. 

Current research is focused on precipitating inorganic particles in-situ in a polymer 

matrix to control the shape, orientation and volume fraction of the particles. Burdon and 

Calvert [4] have obtained highly elongated titania particles by drawing the 

polyvinylchloride matrix during the precipitation process. In another study, Bianconi et 

al. [5] succeeded in precipitating cadmium sulfide particles in a polymer matrix. It was 

found that the polymer matrix dictated the morphology of the precipitated particle. Cubic 

crystal formation was favored in a polyethylene oxide matrix, while a 

polymethylmethacrylate matrix promoted the growth of crystalline particles with spherical 

geometry [ 5]. 

2.1.2.2 Nacre 

Nacre is found in the inner surface of shells of many bivalve mollusks. It has a 

highly ordered "brick and mortar" architecture. The "bricks" are hard plates of aragonite 

or calcium carbonate. They are 0.2-0.5 µm thick and occupy 95% of the volume. The 
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other 5% is a soft protein layer (20 - 400 nm thick) which glues together the aragonite 

platelets. 

Mimicking the structure of nacre is of interest because of the novel toughening 

mechanisms present in this structure. There is a 20-fold increase in fracture toughness of 

nacre compared to monolithic calcium carbonate [ 6]. Cracks are forced to follow a 

tortuous path between the aragonite layers and are deflected at the weak interface. Plate 

pull-out and microcrack formation are also toughening mechanisms. However, the major 

toughening mechanisms are the arrest of crack growth by sliding of the aragonite layers 

and ligament formation between the layers as shown in Figure 2.2. 

The "brick and mortar'' structure of nacre can be mimicked to impart toughness 

and high strength to a ceramic-metal composite. One suggestion was to add 5% volume 

fraction of a polymeric binder to surround ceramic grains [7]. Yasrebi [8] has 

manufactured boron carbide-aluminum cermets based on the nacre design. Boron carbide 

powder was bound with polyacrylate and then partially sintered into thin sheets. The 

sheets were then sandwiched with thinner sheets of aluminum which was melted and 

allowed to infiltrate the boron carbide. The thickness of the ceramic layer was 90 µm and 

the metal layer was about 5 µm. The resulting cermet had an increase in fracture strength 

and toughness over the monolithic material, but finer layers were needed for a significant 

improvement. 
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Figure 2.2 

,.;, . ...... ,·,,,~-· 
·. ~. 

Major toughening mechanisms of nacre: Above, sliding of aragonite layers 
and below, protein layer forming ligaments between aragonite layers. 
[6, 15] 
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2.1.2.3 Insect Cuticle or Bessbeetle 

An insect cuticle resembles fiber-reinforced polymers. The insect cuticle consists 

of chitin fibers unidirectionally embedded in a protein matrix to form a ply. In successive 

layers, there is a rotation of the parallel fibers only a few degrees to achieve a dual helical 

pattern (ie., stacked in various orientations). These chitin fibers vruy in size and geometry. 

This natural biocomposite is strong, stiff, tough, lightweight and has very little fiber

pullout. It serves as the protective armor of a bug. 

Researchers at the University of Dayton Research Institute have designed a 

composite consisting of a graphite-reinforced epoxy based on the bessbeetle design [9]. 

They were able to simulate the dual helicoil design by utilizing a stacking sequence for the 

plies which had sixteen different orientations varying from 0 to 86 degrees. A traditional 

quasi-isotropic material has only four orientations (0,±45,90). It was found that this new 

composite was strong with nearly isotropic properties, making it able to withstand a wider 

range of loads and loading directions. 

2.1.3 Soft Tissue 

The literature available on soft tissue biomimetic applications is very limited. 

There have been several projects studying the structure of apples [10]. By studying the 

ability of apples to store great amounts ofliquid within their cells, a synthetic material 

could be developed as a highly efficient storage container for toxic substances. 

Researchers have also been studying the structure and properties of silk [ 11]. It was 

found that the ordered chain structure and morphology of the protein unit is responsible 
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for the outstanding mechanical and thermal properties of silk. Researchers are now 

attempting to manufacture similar proteins through synthetic gene cloning [11]. However, 

the only extensive study found in the literature examining soft tissue structures was 

concerning kelp. 

Kelp is classified as an algae and contains only 1 - 2 % dry matter. However, it 

was found that its work to fracture compared well with grass which has a much higher 

solid content [23]. Because kelp must resist damage from the tide and from grazing 

animals, it has evolved with fronds that tear apart longitudinally due to its anisotropic 

nature. It was found that the fronds are notch-insensitive to transverse fracture and thus 

can resist propagation of cracks induced from animal teeth and environmental damage 

(24]. Through understanding the notch-sensitivity of kelp, engineers can effectively 

design materials containing holes or other cut-out shapes in order to increase the 

toughness of these materials. 

2.1. 4 Novel Applications of Biomimetic Research 

One topic which is relevant to current composite research is the study of interfaces 

in natural materials. Synthetic composites have a sharp interface between the matrix and 

the fiber which can lead to poor adhesion. However, in natural composites the interface 

has a gradual change in either structure, composition and/or texture between the matrix 

and fiber. This knowledge has been applied to carbon-fiber reinforced metal matrix 

systems (12]. In a carbon fiber reinforced aluminum composite, a gradient composition 

layer of aluminum nitride was inserted between the fiber and the matrix. This layer was 
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added to prevent wetting problems. Another novel example is the mimicking of tree or 

grass roots in soil to increase pull-out energy and fracture toughness of composites. 

Composites reinforced with fibers having a fractal tree structure or branched ends had 

greater strengths and fracture toughness compared to plain fiber-reinforced composites 

[13]. 

2.2 Tendon 

It is important to know the structure and properties of tendon in order to 

understand the design basis of the biomimetic composite structure manufactured in this 

study. The dry weight of tendon is composed of75% Type I collagen, 3% elastin, 20% 

mucopolysaccharides and a small percentage of proteoglycans [25]. The 

mucopolysaccharides act as the matrix or binder of the collagen fibers and the 

proteoglycans contribute significantly to the viscoelastic properties. 

2.2.1 Physical Structure 

Tendons connect muscle to bone and are used to transmit tensile forces. The 

structure of the tendon is shown in Figure 2.3. It is very complex and consists of six 

discrete layers of organization ranging from the molecular to macroscopic scale. The 

smallest individual unit is the tropocollagen molecule which combines to form a 

microfibril. Microfibrils join to form a subfibril which in tum join to form a fibril. These 

fibrils are arranged in a parallel crimped or zigzag pattern and are embedded in the 

mucopolysaccharide matrix. These crimped fibrils are responsible for the low-tension 

behavior of the tendon [26]. These fibrils group together to form a fascicle. Each fascicle 
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Figure 2.3 Structural hierarchy of the tendon showing six discrete levels [27]. 

13 



is covered with the reticular membrane. The number of fascicles in a tendon varies 

depending on the species. For example, a rat tail tendon is composed of three fascicles. 

2.2.2 Mechanical Properties 

The tendon exhibits non-linear viscoelastic mechanical properties. However, the 

mechanical properties of tendon are hard to quantify. The properties depend on the age, 

site and species of the tendon. Also, the test environment, temperature and state of the 

test sample influence the mechanical properties. For example, most tendons are not tested 

in-vivo, and therefore the effect of water content and other such factors on the mechanical 

properties are not taken into account. The properties most commonly reported in the 

literature are for the rat tail tendon. 

The stress-strain curve for a tendon is divided into three regions as shown in 

Figure 2. 4. The first region is the toe region which is the low modulus region. This 

region is characterized by uncrimping of the fibrils. As the strain increases, the modulus 

increases until it reaches a constant value. When the load is removed in this region, the 

crimp returns and the strain returns to zero. However, this region is not purely elastic 

since it exhibits pre-conditioning [27]. When subjected to repeated loads it suffers from 

hysteresis in which the curve (Figure 2.5) shifts in the direction of increasing strain until a 

steady state is reached. The second region is called the linear region. In this region, the 

fibers are uncrimped and are stretched. The last region is called the yield and failure 

region. This is the plastic region where individual fibrils begin to break and ultimately the 
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Figure 2.4 

Figure 2.5 
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These hysteresis curves show that the tendon does not exhibit a pure elastic 
response under tension but rather under repeated loads, shifts its curve to 
the right with each cycle until a steady-state is reached [27]. 
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final rupture of the tendon occurs. From measured properties of a rat tail tendon, the 

stress at failure is 80 MPa, the elastic modulus at failure is 100 :MPa and the total strain to 

failure is 10% [25]. For a human achilles tendon, the stress at failure is 101\1Pa, the 

elastic modulus at failure is 345 MPa and the strain to failure is 10% [25]. 

Researchers utilize the knowledge of the tendon hierarchical structure by 

incorporating into biomechanical models various features such as the collagen fibril crimp 

angle, periodicity of the crimp and strain at which the crimp is removed (onset of region 

two of the tendon stress-strain curve). For example, the mechanical properties of the 

tendon have been modeled approximating the crimped collagen fibrils as flexible hinges 

[25]. The resultant equations are as follows: 

e - cr/E = e ... - A. "-IE/cr 

A= D/L[l-cos(0.50)] 
COS 00 

L=Lo sec 0o 

2.1 

2.2 

2.3 

where e, cr, E, e.,.. L, D and 00 are the microscopic strain, stress, tensile modulus, strain in 

the fiber at which the crimp is removed, half period of the crimp, fiber diameter, and crimp 

angle. 

The viscoelastic properties of tendon have been characterized using Fung's quasi-

linear viscoelastic theory [28]. The stress-relaxation can be found based on two terms, 

cr[e(t),t] = G(t) * cre(e). 2.4 

The first term is the reduced relaxation function given by, 
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G(t) = [1 + C{E1(t/ti)-Ez(t/till] 
[1 +C*ln(t2/t1)] 

2.5 

where C is a constant, ti and t2are time constants, and E1 and E2 are exponential 

integrals. The second term is the nonlinear elastic response of the tendon given by 

2.6 

where A and Bare constants. Presumably, ti and t2are related to the characteristic 

relaxation times of the fiber and matrix phases of the tendon. However, the physical 

significance of the rest of the constants is unclear at this time [28]. 

2.3 Fiber-Reinforced Elastomers 

2.3.1 General Information 

Products such as tires, belting, and hose are made of textile reinforced elastomers. 

Elastomers alone are too flexible to be useful in these applications; therefore, high 

modulus cords or fabrics are added to restrain the stretch of the elastomers. The flexibility 

of these composites is varied by the choice of fiber, direction of fiber, twist and fabric 

construction. The fibers can be twisted into cords or woven for these applications. 

Typical requirements for these composites are strength, flexibility, heat resistance, fatigue 

resistance, impact resistance, tear resistance and durability. Adhesives are generally added 

to the fiber to promote better adhesion to the elastomer. 
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2. 3. 2 Thermoplastic Elastomer Matrix Composites 

Historically, reinforced thermoplastic elastomer (TPE) matrix composites are 

limited to short-fibers processed via injection molding and compression molding. 

However, the mechanical properties can be maximized with long-fiber reinforcement. 

Currently, this is a common reinforcement method for thermoset matrices. Thermosets 

are used because of their low viscosity during processing, easy fiber impregnation and 

good fiber/matrix bonding. Long-fiber reinforcement is uncommon for TPEs mainly due 

to the high viscosity of the polymer. Research is now focused on long-fiber reinforcement 

of thermoplastic matrices due to the search for better impact resistant materials, lower 

cost and faster processing. One of the main advantages of a thermoplastic matrix is that 

the processing is reversible thus allowing recycling of the material and reprocessing to 

correct flaws. 

2.3.2.1 Short Fiber Reinforced TPE 

The properties of short-fiber reinforced composites depend on fiber orientation, 

fiber aspect ratio, dispersion, adhesion between the fiber and matrix and the respective 

properties of the fiber and matrix. The advantages of short-fiber reinforced composites 

are low cost and easy processability. However, the maximum length of fiber which can be 

incorporated into these composites is only about 8 - 12 mm due to fiber breakage upon 

mixing. 

A study on short Kevlar fiber reinforced polyurethanes provided the effect of fiber 

content on the mechanical properties of the composite [29]. It was shown that the tensile 

18 



strength in the longitudinal direction decreased upon adding by weight ten parts fiber per 

hundred resin (phr) and then increased upon further :fiber loading. This was attributed to 

two opposing factors. At low :fiber weight percent, the fibers break due to high localized 

strains and the broken fiber fragments act as effective voids in the matrix since there are 

too few fibers and they are not long enough to effectively carry any load. This is known 

as composite weakening. At higher fiber weight percent, the matrix is sufficiently 

restrained by the fibers and the composite strength becomes dominated by the fiber due to 

effective stress transfer and evenly distributed stress. This was confirmed by examining 

pictures of the fracture surface. There was fiber pullout at low fiber weight percent 

indicating debonding between the fiber and the matrix. Failure takes place by fiber 

breakage at higher :fiber loading shown by the orientation of the fibers in the direction of 

tearing. The impact strength and elongation to failure were reduced by the addition of 

fibers [29]. 

In another study, a latex matrix was used to encapsulate longer fibers [30]. To 

avoid fiber breakage due to the high viscosity of TPEs during mixing, it was found that a 

rubber matrix can be used as a latex to lower the viscosity. This involves dispersing the 

polymer matrix particles into water to reduce the viscosity. A coagulation process must 

be used to agglomerate the particles. A series of experiments was carried out including 

mixing discontinuous fibers into a coagulate, impregnating a pre-formed structure of 

staple fibers with the coagulate or impregnating the pre-formed structure of staple :fibers 

with the latex and then coagulating. The coagulation process was either a chemical, 
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thermal or a mixed chemical/thermal process. Water was removed either by drying or 

pressing. 

2.3 .2.2 Continuous Fiber Reinforcement 

The mechanical properties of a composite are greatly improved by incorporating 

continuous fibers. These composites have higher packing of fibers (higher volume 

fraction), improved modulus, strength, creep, and wear properties. Because there are less 

fiber ends than in a short-fiber reinforced composite, there is greater resistance to crack 

initiation at the fiber ends. 

The processing methods for these composites include laminating, pultrusion and 

filament winding. The materials used in this study were chosen on the basis of a recent 

article on the filament winding technique [31]. It was noted that polyurethanes have 

excellent chemical resistance and can be used in applications where elastic behavior and 

resistance to fuels and oils is necessary. A polyether based polyurethane was chosen since 

it is more resistant to hydrolysis than a polyester based polyurethane. Nylon is often used 

as fiber reinforcement but is subject to water absorption, swelling, has poor adhesion and a 

low modulus. Therefore, the authors chose a polyester fiber as the reinforcement. It was 

suggested in this study [31] that possible uses for this composite include collapsible or 

inflatable tanks. The authors compared the tensile strength, tear strength, and abrasion 

resistance of a thermoset polyurethane matrix composite versus a thermoplastic 

polyurethane matrix composite. The thermoplastic polyurethane was both solution and 
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melt processed. Melt processing is most commonly used in industry, but since the melt 

has a high viscosity, an additional consolidation step is needed to eliminate voids and 

trapped air. 

The filament winding technique is shown in Figure 2.6 [31]. The delivery system 

impregnates the fiber with a controlled amount of resin. The fibers are then aligned on the 

mandrel for the desired fiber to resin ratio. The resulting composites had a 50-50 

fiber/resin ratio by volume. It was found that the thermoplastic matrix composite had a 

lower tensile strength but had better tear strength indicating better adhesion. The solvent

cast thermoplastic had the best tear strength and surface finish because it was thought that 

the melt processing degraded the fiber. 

Another study using filament winding manufactured a Lycra fiber-reinforced 

polyurethane for use as an arterial prostheses (32]. It was found that the mechanical 

properties of the prostheses could be controlled by varying the winding angle and fiber 

volume percentage. 
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3. Experimental 

3.1 Materials Description 

As noted in the literature review, the polymers chosen for this study were the same 

used during a study performed by Philpot, et al. [31]. The thermoplastic polyurethane 

used for the matrix was donated from B.F. Goodrich. A sample ofEstane 5714F5P was 

obtained, which is a polyether based polyurethane in which the F5P denotes it is in pellet 

form (versus Fl which would be the powder form). A polyether based polyurethane 

rather than a polyester based polyurethane was chosen due to its excellent hydrolysis 

resistance, good resistance to chemicals and abrasion, and exceptional low temperature 

flexibility. The thermoplastic polyurethane is actually a segmented or multiblock 

copolymer consisting of a two-phase morphology. One block is composed of the 

polyether which is the soft and long block while the polyurethane block is rigid and short. 

The rigid blocks aggregate to form the minor phase of hard domains which are 

interdispersed among the major continuous phase of soft rubbery domains. This 

segmented polyurethane can be prepared by reaction of a diisocyanate with a prepolymer 

diol and a short chain diol as shown below, 

OCN-R-NCO + HONMWOH + HO-R'-OH ... 

-E 
H H H H J I I I I 

QM1'Q-C-N-R-N-c-fo-R'-0-C-N-R-N-C] 
II II I 11Tn 
0 0 0 O n 
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Adiprene L-100 is a thermoset polyurethane donated from Uniroyal Chemical 

Company. This polymer when cured has excellent resistance to abrasion, oils, solvents, 

oxidation and low temperatures. Ethacure 300, the curing agent, was donated from the 

Ethyl Corporation. This is a low-viscosity, liquid aromatic diamine. 

All straight filament fiber was donated from DuPont. General characteristics of 

each fiber are listed in Table 3.1. The type of fiber is a number classification given by 

DuPont based on the solvent resistance, mechanical, adhesive, fatigue, and shrinkage 

properties of the fiber. Samples in a low denier and high denier form of a polyamide 

(Nylon 6-6), polyethylene terephthalate (Dacron) and a block copolymer of polyethylene 

oxide and aromatic polyurethane (Lycra) were obtained. For characterization purposes, 

throughout the rest of the study, the fibers will be designated by its fiber name and its 

nominal denier. For example, Nylon 1260 refers to the nylon fiber with an average denier 

of 1260. 

Fiber was also donated by the Allied Signal Industrial Fibers Division. A sample of 

textured (crimped) nylon continuous filament and a comparable sample of straight set 

nylon yarn was obtained. These fibers are generally used for carpet and home furnishing 

applications. The fiber has a denier of2950, 140 filaments per tow and a tenacity* of 3.4 

gf7denier. The stuffer-box method shown in Figure 3.1 was applied by Allied Signal to 

obtain the textured yarn. This process produces a yam with a random crimping pattern. It 

was found that the nylon fiber was composed of two tows of fiber twisted together. Upon 

.. Tenacity is a common way to report the strength of fibers expressed as grams-force per denier. 
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Table 3.1 Description of key characteristics of the DuPont fibers used in this study. 

Nylon 210 34 725 Broadwoven fabrics 

Nylon 1260 210 728 Tire reinforcement, 
mechanical rubber 
goods. cordage. 
webbing. sewing 
thread 

Dacron220 50 68 Sewing thread. 
mechanical rubber 
goods, industrial 
fabrics, cordage 

Dacron 1000 192 68 Sewing thread, 
mechanical rubber 
goods, industrial 
fabrics, cordage 

Lycra 210 I 146 Clothing such as 
legwear and intimate 
apparel 

Lycra 1120 1 141 Clothing such as 
legwear, Elastic 
fabrics 
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Figure 3.1 

i 

Texturizing process for fiber known as the stuffer box method in which a 
fine random crimp is introduced into the fiber through steps of compression 
and heat-setting [33]. 
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untwisting the straight set yarn, two tows of fiber with a uniform crimp were obtained. 

Therefore, the textured and straight nylon fiber were untwisted to obtain fiber tows 

of70 filaments each and a denier of 1375. In the remaining sections, the textured nylon 

fiber will be referred to as the "textured nylon fiber" but the straight fiber will be referred 

to as the "crimped nylon fiber" due to the uniform crimping pattern obtained upon 

untwisting the initial fiber tow. 

The solvents used in this study were tetrahydrofuran, isopropyl alcohol (2-

propanol), methyl ethyl ketone and ethyl alcohol. All were at least 99.5% pure and were 

purchased from the Chemistry Stockroom. 

The following mold releases were used: TFE Release Agent Dry Lubricant from 

Miller-Stephenson Chemical Company, Frekote 800-NC Releasing Interface from the 

Dexter Corporation, and E408 Dry Film Mold Release from the Stoner Company. 

3.2 Materials Characterization 

3.2.1 Fiber 

3 .2.1.1 Denier 

The denier of the fiber is a measure of the linear density as determined by the 

ASTM Standard 885-85 (Section 11 ). The following procedure was performed for each 

fiber type. A sample of90 cm length was cut while under a tension of0.5 gram. The 

weight of the sample was then recorded using a Mettler minibalance. The denier was 

obtained using the following formula, 

Denier= (10000 * W) 3.1 
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where Wis the weight in grams of the 90 cm long fiber. Five measurements were made 

for each fiber type. 

3.2.1.2 Shrinkage 

The amount of shrinkage induced in the fiber after exposure to tetrahydrofuran 

(THF) was measured for each fiber type. A one meter length of fiber was placed in an 

aluminum pan and solvent was poured into the pan to completely immerse the fiber. The 

pan was covered with aluminum foil and the fiber was allowed to soak. After twenty 

seconds, the fiber was removed and the length was remeasured. This test was also 

performed extending the soaking time to two days. One measurement was made for each 

fiber type. 

3.2.1.3 Mechanical Properties 

The mechanical properties of each fiber type were determined using an Instron 

Universal Testing Instrument (Model 113 C) located in the Clothing and Textiles 

Department. The tests were performed according to ASTM Standard 885-85 (Section 

15) for the DuPont Nylon and Dacron fibers and ASTM Standard D2653-72 for the Lycra 

fibers. In order to meet the conditioning requirement, the fibers were placed in the 

laboratory twenty-four hours prior to testing. The laboratory in which the Instron is 

located is maintained at 55% relative humidity and approximately 24 °C. All tests were 

performed with a crosshead speed of 500 mm/min (initial strain rate of 1.4 min-1 for the 

Nylon and Dacron samples and I 0 min·• for the Lycra samples). The Instron recorded the 
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test results with a chart strip recorder with a chart speed of 500 mm/min. Ten breaks 

were required according to both testing standards and any test was discarded if the fiber 

broke within 3 mm of a jaw of the clamp. Eighteen breaks were obtained for the Lycra 

210 fiber and twenty breaks were obtained for the Lycra 1120 fiber. 

The Nylon and Dacron fibers were tested at a gage length of356 mm measured 

from nip to nip of the grips. The grips used were pneumatic cord and yam clamps (Model 

G 61-4C) with a maximum pressure of0.06 :MPa applied to the fiber. The load cell used 

was 200 N. The testing standard required that the fibers break within 10 - 90 % of the full 

scale load of the testing machine. Before testing, a twist of 1.2 turns per centimeter was 

applied to each fiber sample as stated in the DuPont literature [34]. The higher denier 

fibers (Nylon 1260 and Dacron 1000) were tested using a full scale of200 N while the 

lower denier fibers (Nylon 210 and Dacron 220) were tested using a full scale of 50 N. 

The Lycra fibers were tested using a 50 mm gage length and with no twist applied. 

Flat-faced pneumatic clamps with a maximum pressure of0.04 :MPa were used to grip the 

fiber. The Lycra testing standard required that the fiber should break within 30 - 80% of 

the full scale load of the testing machine. For Lycra 210 samples, the load cell was 50 N 

used at full scale. For Lycra 1120 samples, the load cell was 50 N used at a full scale of 

20N. 

For each fiber sample, data points were read from the load-displacement cuive and 

were put into a computer spreadsheet. The load was converted into stress by dividing by 
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the cross-sectional area of the fiber and the percent strain was found according to the 

following formulas, 

Magnification ratio Chart speed 3.2 
Cross-head speed 

Percent strain (Chart displacement)* 100 3.3 
(Magnification ratio)* (Gage length) 

The tensile properties of the crimped and textured nylon fiber were obtained using 

a Polymer Laboratories Miniature Materials Tester. A fiber tow of approximately 30 mm 

length was clamped in the tester and extended at an initial rate of 0. 7 min-1
• Five samples 

of each fiber were tested. 

All stress-strain curves were reported using metric units for ease of comparing 

results to the composite data. However, this is not the standard unit system for the fiber 

industry. 

3 .2 .1. 4 Cross-sectional area 

Cross-sectional area (CSA) of the DuPont fibers was obtained by the following 

formula, 

CSA= DI (900000 * p) 3.4 

where D is the weight of the fiber in grams per 9000 meters oflength and p is the density 

of the fiber in units of grams/ cm3
. The density of each fiber was taken from reported 

DuPont fiber literature [35] and was confirmed using an Archimedes density test (see 

section 3.4.1 for experimental method). 
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The cross-sectional area was confirmed using optical microscopy. The diameter of 

an individual filament of a fiber tow was determined using an Olympus BHSM Optical 

Microscope equipped with a Cue Micro- I 00 Video Caliper. The cross-sectional area of 

each fiber tow can be obtained by multiplying the cross-sectional area of an individual 

filament by the number of filaments in the fiber tow. Five samples of each fiber type were 

tested. 

The Allied Signal nylon fibers were sent to the Allied Signal Technical Center in 

Petersburg, Va. for an accurate cross-sectional area measurement. Following is the 

procedure used by Allied Signal for determining the cross-sectional area of trilobal fibers. 

A lOXlO cm piece of transparency film was cut and weighed. Next, a photograph ofa 

cross-section of the fiber tow was taken. The cross sections of five fibers was traced onto 

a sheet of transparency film and then cut out of the film. The five traced films were then 

weighed together and the weight was recorded. The calculations are listed below. 

A 

B 

c 

= 

= 

= 

(weight of lOXIO cm transparency film) I 100 3.5 

(Total weight of all 5 traced, cut cross sections) I 5 3. 6 

B I A * 108 µ 2 3. 7 

Area of fiber tow= CI (Magnification)2 *Number of filaments 3.8 

3.2.1.5 Contact Angle 

Contact angle measurements were performed on the Dacron 1000 and Nylon 1260 

fiber using a Rame-Hart Model #100-00 115 Goniometer equipped with a video monitor. 
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A polar solvent (water) and non-polar solvent (diiodomethane) were used as the wetting 

agents. A fiber tow sample was placed on the stage and a 5 ml. quantity of solvent was 

placed on the fiber. The image of the fiber is shown on the video screen via a camera 

facing the stage. Through a protractor shown on the video monitor, the contact angle 

between the solvent drop and the fiber was determined. The standard requires that 

contact angles of five samples must be determined for each solvent. 

3.2.2 Thermoset Polyurethane Elastomer 

Various methods were attempted in order to process the thermoset polyurethane. 

The eight methods are detailed below. All methods used a 10: 1 weight ratio of resin to 

crosslinker. A Fisher Scientific Isotemp vacuum oven (Model 282 A) equipped with a 

Marathon Electric vacuum pump was used unless otherwise stated. Also, the polymer 

was degassed at 51 mm of mercury pressure unless otherwise stated. In all methods, the 

crosslinker and resin were mixed together in an aluminum dish using a wooden spatula for 

two minutes. 

Methods: 

1. The resin was heated and degassed at 100°C. The crosslinker was then added to the 

resin. The polymer was cured at I 00°C under vacuum. 

2. The resin was heated and degassed at 70°C. The crosslinker was added and the 

container holding the polymer was placed in an ultrasonic cleaner for 10 minutes. The 

polymer was then cured at room temperature. 
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3. The resin was heated and degassed at 70 °C. The crosslinker was added and the 

container holding the polymer was placed in an ultrasonic cleaner for 10 minutes. The 

mixture was then degassed again at 80°C. The polymer was cured at room temperature. 

4. The resin was heated and degassed at 90°C. The crosslinker was added and the 

container holding the polymer was placed in an ultrasonic cleaner for 2 minutes. The 

polymer was then cured at 100°C for one hour and post-cured at 70°C for 16 hours. 

5. The resin was heated to 100°C. The crosslinker was added and the mixture was 

degassed using a vacuum pump capable of obtaining .25 mm of mercury pressure within 

ten minutes. The polymer was cured at 100°C for one hour and post-cured at 70°C for 16 

hours. 

6. The resin was heated and degassed at 90°C. The crosslinker was added and the 

mixture was put into a dessicator under vacuum for five minutes. The sample was cured 

at room temperature. 

7. The resin was heated and degassed at 90°C. The crosslink.er was added and the 

mixture was put into a dessicator under vacuum for 10 minutes. The sample was cured at 

90°C for one hour and 70°C for 16 hours. 

8. The resin was heated and degassed at 90°C. The crosslinker was added and the 

mixture was put into a dessicator under vacuum for 15 minutes. The sample was cured at 

90°C for one hour and 70°C for 16 hours. 

The majority of the samples manufactured contained a large number of voids. A 
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phone-call to the supplier revealed that there is only a five minute window to degas the 

mixture before curing begins, accompanied by a large viscosity increase. It was suggested 

that using a centrifuge or a very efficient vacuum pump (able to reach very low pressure 

within five minutes) could eliminate the voids in the mixture. Because access to these 

pieces of equipment was difficult to obtain, the use of the thermoset was discontinued for 

this study. 

3.2.3 Thermoplastic Polyurethane Elastomer Film 

3.2.3.1 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was used to confirm the glass-transition 

temperature (T 8) of the thermoplastic polyurethane elastomer. All scans were performed 

using a Mettler TA3000 DSC 30 at 10 °C/minute. The scanning method involved heating 

the sample to 175°C, cooling to -100°C, and then reheating to 175°C. The T8 was 

reported using this second heat scan in order to confirm the value with the reported data 

[36). A scan was performed on an "as-received" polyurethane pellet and a solvent-cast 

polyurethane film. The film was made by dissolving the thermoplastic pellets in 

tetrahydrofuran (THF) using a 10% solution, stirring the solution on a hotplate with a 

magnetic stir bar for six hours, pouring the solution into a glass petri dish, and then 

allowing the solvent to evaporate. 

3 .2.3 .2 Mechanical Properties 

Films of the thermoplastic polyurethane were solvent cast according to the method 
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described in section 3 .2.3 .1. Dogbone shaped samples were punched out of the films 

using a Dewes-Gumbs Die Company, Inc. Manual Expulsion Press. The press is fitted 

with an ASTM Standard D63 8 metric reduced die. This die is in the shape of a dogbone 

with measurements shown in Figure 3.2. The thickness of the samples ranged from 0.27 

to 0.33 mm. The tensile properties of the films were obtained using a Polymer 

Laboratories Miniature Materials Tester. The initial strain rate was 5.1 min-1
. The 

fracture stress and elongation to break were determined from the stress-strain curve and 

the tensile fracture energy was calculated from the area under the stress-strain curve. Five 

samples were tested. 

3.2.3.3 Mold Release Study 

The effect of three mold releases on the properties of the solvent-cast polymer 

films was studied. The films were cast according to the method described in section 

3.2.3.1 except mold release was sprayed in the glass petri dish prior to pouring in the 

polymer solution The mold releases used were Frekote , Dry Mold Release (E408) and 

Teflon. 

The effect of the mold release on the mechanical properties was tested using the 

method described in section 3 .2.3 .2. 

X-ray photoelectron spectroscopy was used to determine the effect of the mold 

release on the surface composition of the films. In this test some of the films were subject 

to a solvent wipe in an attempt to remove excess mold release. The solvent wipes used 

were ethyl alcohol and methyl ethyl ketone (MEK). The other films were left "as is" to be 
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Figure 3.2 Dimensions of ASTM Standard D638 reduced size die. 
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used as the control group. The concentration of carbon, oxygen, silicone, nitrogen, and 

calcium on the surface were determined for each film. 

3.3 Composite Manufacturing 

3. 3.1 Design of Experimental Apparatus 

A single-tow composite device was designed and built to manufacture the 

composites as shown in Figure 3 .3. The device was built in the Departmental Machine 

Shop. The device consists of the following features. The fiber spool rests on a freely 

rotating support at one end. The fiber is then threaded through a Teflon disk and two 

Teflon rollers to maintain tension and alignment of the fiber upon entering the fiber 

impregnation area. An aluminum pan is used to hold the polymer solution. In the future if 

melt-processing of a polymer is desired the pan could be fitted with cartridge heaters. 

Resting above the aluminum pan are a series of aluminum rods used to guide the fiber 

through the polymer solution. A Teflon resin scraper is used to control the amount of 

polymer solution on the fiber in order to control the fiber/resin volume percent. The resin 

scraper is a Teflon square with a hole drilled through it. Resin scrapers with diameters of 

0.05 cm and 0.1 cm were manufactured. These diameters were chosen in order to give 

approximately a 50% fiber loading in the final composite (by volume). At the far end of 

the device is a four-sided wheel on which the impregnated fiber is wound. The wheel is 

equipped with a hand crank which is used to manually wind the fiber through the device. 
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Figure 3.3 Single-tow composite device used to manufacture the composites. 
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This wheel has four rods which are 10 mm apart. Each rod has five notches to guide the 

placement of the composite onto the wheel. 

3.3.2 Manufacturing Methods 

3 .3 .2.1 Straight Continuous Fiber Reinforced Composites 

Four runs of straight continuous fiber reinforced polyurethane matrix composites 

were made for each fiber type (Dacron 220, Dacron 1000, Nylon 210, and Nylon 1260). 

The Lycra reinforced composites were manufactured for only one run since it was 

discovered that the tetrahydrofuran solvent shrunk and distorted the fiber severely (see 

section 4 .1.1 ). Therefore, the manufacturing of these composites was discontinued for 

this study. 

The composites were made with the single-tow device according to the following 

procedure. The polyurethane pellets were dissolved in tetrahydrofuran by stirring the 

solution over a hotplate using a magnetic stir bar for four hours. For the low denier fiber 

reinforced composites (Dacron 220 and Nylon 210), a 15 weight percent polymer 

solution was used and for the higher denier fiber reinforced composites (Dacron 1000 and 

Nylon 1260), a 17.5 weight percent polymer solution was used. The spool of fiber was 

placed on the freely rotating support and the fiber was threaded throughout the device 

before the polymer solution was added. 

The polymer solution was then poured into the aluminum pan. The wheel was 

then manually turned in order to thread the fiber through the polymer solution. This 
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impregnated fiber is then guided through the resin scraper. For the lower denier fibers 

(Dacron 220 and Nylon 210), the 0.05 cm diameter resin scraper was used to control the 

fiber volume percent of the composites, while the 0 .10 cm diameter scraper was used with 

the Dacron 1000 and Nylon 1260 fiber-reinforced composites. The impregnated fiber was 

then wound on the wheel. The composite was then allowed to dry via the evaporation of 

the tetrahydrofuran at room temperature. Upon complete evaporation of the solvent, the 

composites were cut from the wheel. 

3.3.2.2 Crimped Fiber Reinforced Composites 

To simulate the crimp of the collagen fibers in tendon, the same manufacturing 

procedure (as described above) was used to obtain crimped fiber-reinforced composites 

using the nylon supplied by Allied Signal. Two runs of the random-crimped (textured) 

nylon fiber reinforced composites and three runs of the uniform crimped nylon fiber 

reinforced composites were made. A 17. 5 weight percent polymer solution was used to 

impregnate the fiber and the 0.1 O cm diameter resin scraper was used to obtain 

approximately a 50% fiber loading in the final composite (by volume). 

3.3.2.3 Braided Composites 

The crimping pattern of the collagen fibers in tendon was also mimicked by 

braiding together the continuous straight fiber-reinforced composites. Three strands of 

continuous Dacron 220 fiber reinforced polyurethane composite were braided together by 

hand. Using a syringe, tetrahydrofuran was dripped along the length of the braided 
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composite to fuse the strands together. Six composites were made. This method was 

repeated using the Dacron 1000, Nylon 210 and Nylon 1260 continuous fiber-reinforced 

polyurethane matrix composites. 

3.4 Composite Characterization 

3. 4.1 Physical Characteristics 

The density and percent porosity of the composites was characterized according to 

ASTM Standard C 373-88 using the Mettler minibalance equipped with a Mettler ME-

33360 Density Determination (Archimedes) set-up. The dry mass was obtained by 

weighing the sample using a minibalance. The sample was then placed in a petri dish 

containing isopropyl alcohol. The dish was then placed in a dessicator under a vacuum to 

completely saturate the sample. The sample was then removed from the petri dish and 

placed in the Archimedes set-up as shown in Figure 3.4. The sample is placed on a 

weighing basket which is submerged in a beaker containing isopropyl alcohol. The 

weighing basket is connected to the minibalance with two arms equipped with tightening 

screws. The sample is then weighed while submerged. The saturated mass was 

determined using water as the solvent instead of isopropyl alcohol because the alcohol 

evaporated too quickly from the fiber to obtain an accurate reading. The sample was 

submerged in water, removed from the water and blotted with a paper towel and 

immediately weighed in air to give the saturated mass. The following calculations were 

then made: 
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Figure 3.4 Archimedes set-up for detennmmg density and percent porosity in the 
samples. 
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Impervious volume (VIP) = (D- S)/ Pw 3.9 

Open volume (Vop) = (M-D)/pA 3.10 

Exterior volume (V) = VIP+ Vop 3.11 

Open porosity (%) = (Vop IV)* 100 3.12 

Closed porosity (%) = (VIP - v B) I v * 100 3.13 

Bulk density = (D/V) 3.14 

Impervious density = DI (D- S) 3.15 

where M is the submerged mass in grams, S is the saturated mass in grams, D is the dry 

mass in grams, pw is the density of water in grams/cm3 (1.0 g/cm3
), PA is the density of the 

isopropyl alcohol in grams/cm3 (0.785 g/cm3), and Vs is the bulk volume obtained from 

the cross-sectional area and length of the composites. Five measurements were made for 

each straight fiber reinforced and crimp fiber reinforced composite. 

The fiber volume percent of the composites was found according to the following 

equations, 

Weight of the fiber (W r) = L * D 3.16 

Weight of the resin (Wp) = W-Wr 3.17 

Volume percent = (Wr/ pr) 3.18 
(Wrl Pr) + (Wp I pp) 
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where Wis the weight of the composite, Wr is the weight of the fiber, Wp is the weight of 

the polyurethane resin, Pr is the density of the fiber (1.38 g/cm3 for the Dacron fiber, 1.14 

g/cm3 for the DuPont Nylon fiber, and 1.16 g/cm3 for the Allied Signal nylon fiber), PP is 

the density of the polyurethane resin ( 1.11 g/cm3}, L is the length of the composite, and D 

is the denier of the fiber. 

The fiber volume percent of the composites was attempted to be confirmed with 

thermogravimetric analysis but the fiber and the polyurethane degrade approximately at 

the same temperature, (ie., the two peaks could not be resolved from the percent weight 

loss versus temperature graph). 

3. 4. 2 Mechanical Properties 

The tensile properties of the composites were characterized with the Polymer 

Laboratories Miniature Materials Tester as described in Section 3.2.3.2. For the straight 

continuous Nylon 210, Nylon 1260, Dacron 220, and Dacron I 000 reinforced 

polyurethane composites and the braided composites an initial strain rate of 0.3 min·1 was 

used. For the crimped nylon and textured nylon reinforced polyurethane composites, an 

initial strain rate of0.5 min·1 and 3 min·1 was used. A minimum of five samples were 

tested for each type of composite. 

The stress-relaxation was also characterized using the Polymer Laboratories 

Miniature Materials Tester. The crimped nylon reinforced po1yurethane composites and 

the braided composites were tested. The initial strain rate for the crimped fiber 
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composites was 0.5 min-1 and for the braided composites was 0.3 min·1
. The strain was 

held constant at 3 0% of the elongation to break of each composite. The stress-relaxation 

was measured for one hour for each composite. Five samples were tested of each 

composite. 

3. 4. 3 Optical Microscopy 

Micrographs showing the :fracture surface, fiber distribution, and porosity were 

taken using an Olympus BHSM optical microscope equipped with an Olympus 3 5 mm 

camera and crossed polarizers. 
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4. RESULTS 

4.1 Fiber Characterization 

4.1.1 Denier and Shrinkage 

The denier and percent shrinkage of the fibers are shown in Table 4 .1. The deniers 

of the fibers are within the range listed in the DuPont literature [35]. The Dacron fiber 

had the greatest chemical resistance to the tetrahydrofuran shown by the least amount of 

shrinkage after exposure to the solvent. The Lycra fiber had the least resistance to solvent 

attack resulting in an average of 11 % shrinkage after exposure to tetrahydrofuran. The 

average exposure of the fiber to the solvent during composite fabrication was 

approximately twenty seconds when threaded through the pan containing the polymer 

solution and approximately ten minutes for the solvent to evaporate from the composite 

drying on the wheel. 

4.1.2 Mechanical Properties 

The tensile behavior of the DuPont fibers is shown by the representative stress

strain curves in Figure 4 .1 for each fiber type. The breaking strength and modulus were 

much higher for the Dacron and Nylon fibers than the Lycra fibers. However, the 

elongation to break for the Lycra fibers was much higher than the Dacron and Nylon 

fibers. The higher denier Nylon and Dacron fibers had a higher breaking strength and 

moduli than their lower denier forms. 

The tensile behavior of the Allied Signal fibers is shown by the representative 
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Table 4.1 Denier of fibers and percent shrinkage of fibers upon exposure to the 
tetrahydrofuran solvent. 

Shrinkage (%) Shrinkage (%) 
Fiber Denier (Two days) (Twenty seconds) 

Lycra 210 207± 1 21 lLO 

Lycra 1120 1120±11 18 10.6 

Dacron 220 215 ±2 0 0 

Dacron 1000 1014 ± 2 0 0.1 

Nylon 210 210±0 0.4 <0.1 

Nylon 1260 1244 ±4 1.1 0.3 

Crimped 1475• 1.8 ± 1.3 0 
Nylon 

Textured 1475• 0 0 
Nylon 

• Denier listed in manufacturer data 
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curves in Figure 4.2. Compared to the DuPont Nylon fibers, the crimped and textured 

nylon fibers have a lower breaking strength and modulus, but have a much higher 

elongation to failure. 

The average and standard deviations of initial modulus, breaking stress and 

elongation to break for all fibers are listed in Table 4.2. 

4.1.3 Cross-sectional area 

In Table 4.3 are the cross-sectional areas of the fiber tows calculated from two 

different methods. The two methods give cross-sectional areas that compare well for the 

Dacron and Nylon fibers, but there is some variation between the two methods for the 

Lycra fibers. The first method calculated the cross-sectional area from the denier and 

density of each fiber type and the second method calculated the cross-sectional area from 

the diameter of an individual filament. 

The cross-sectional area of the Allied-Signal nylon fiber tow was calculated at their 

Technical Center. From the SEM micrographs of the fiber tow end (Figure 4.3), a three

legged cross-sectional area of the individual filaments was observed ( trilobal) rather than 

the circular cross-sectional area of the DuPont fibers. The cross-sectional area of the 

textured fiber was calculated to be 0.0018 cm2
, and that of the crimped fiber was 

calculated to be 0.0019 cm2
. 

4.1.4 Contact Angle 

Contact angle measurements were performed to determine the ability of solvents to 
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Table 4.2 

Fiber 
Dacron 220 

Dacron 1000 

Nylon 210 

Nylon 1260 

Lycra 210 

Lycra 1000 

Crimped Nylon 

Textured Nylon 

Table 4.3 

Average and standard deviations of initial modulus, breaking stress and 
elongation at break for all fibers. 

Initial Modulus (MPa) Breakin_g Stress (MPa) Elon_g_ation to Break__(%) 
210±18 942 ±26 13±1 

183 ± 28 1038 ± 34 12±1 

98±3 821±21 18±1 

57±15 948 ±4 16±1 

8.3±1.1 94±10 620 ±43 

5.0±0.6 118 ± 12 967±80 

1.3 ±0.6 200±10 91 ±6 

2.3 ±0.5 204±13 92 ±3 

Cross-sectional areas of DuPont fibers according to the first method 
(Equation 3.4 and the second method (from the filament cross-sectional 
area). 

Fiber Cross-sectional area ( 1) Cross-sectional area (2) 
Jcm2l {cm1_ 

Dacron 220 .00017 .00021 
Dacron 1000 .00082 .00087 
NJ1on 210 .0002 .00019 
Nylon 1260 .00121 .0012 
L_ycra 210 .00019 .00042 
L_ycra 1120 .00104 .00292 
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Figure 4.3 SEM micro graphs of cross-sectional area of crimped fiber (above) and the 
textured fiber (below) revealing trilobal filaments. 
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wet the fiber. However, after testing the Nylon 1260 and the Dacron 1000 fiber, it was 

determined there was complete wetting of both the polar and non-polar solvent on the 

fibers due to the commercially applied fiber sizings and finishes. This resulted in a contact 

angle of zero degrees between the fiber and solvents. 

4.2 Thermoplastic Polyurethane Elastomer Film 

4.2.1 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) scans were used to characterize the glass 

transition temperature of the rubbery soft phase of the polymer. The scans were also used 

to compare the thermal behavior of the "virgin" polyurethane pellet and a solvent-cast 

film. The glass transition temperature was determined from the second heating cycle scan 

at the inflection point between the two base lines of the scan. The glass transition 

temperature (T 8) of the virgin polymer pellet was approximately -46 °C and for the 

polyurethane film was approximately -43 °C. The manufacturer listed a T8 of-38 °C for 

the polyurethane. 

4.2.2 Mechanical Properties 

Representative stress-strain curves of the polyurethane films are shown in Figure 

4.4 with values of break strength and elongation to break listed in Table 4.4. The effect of 

the various mold releases on the tensile properties of the polyurethane film can be 

determined from the curves in this figure. As a comparison, the curve obtained by the 
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Table 4.4 Average and standard deviations of the break strength and elongation 
at break for polyurethane films. 

Mold Release Break Strength (I\1Pa) Elongation at Break (%) 

None 41 ±3 881 ±40 

E408 44±3 729±68 

Frekote 44±3 764 ±25 

TFE 45±4 770 ± 35 
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manufacturer is shown. All speeds of extension are the same in all tests, but the 

manufacturer used a much thinner film (t = 38 µm) which was approximately an order of 

magnitude thinner than the films tested for this study. The curves are similar to the 

manufacturer data until approximately 350% strain. The films tested in this study have a 

much larger elongation at break and a slightly higher failure stress than the manufacturer 

data. The film treated with the Frekote mold release had tensile properties most closely 

resembling those of the "virgin" untreated film. 

4.2.3 X-ray Photoelectron Spectroscopy 

The effect of the mold release and surface treatment on the surface composition is 

shown in Figure 4.5 and Table 4.5. As expected, the majority of the films contained 

carbon, oxygen, and nitrogen which are the elements that make up the repeat unit 

structure of the polyurethane. The polyurethane pellet had trace amounts of calcium and 

silicon present. The concentration of fluorine after the various surface treatments was 

determined since the three mold releases used are fluorine based. It was determined that 

by using Frekote as the mold release during film processing, followed by a methyl ethyl 

ketone wipe, a zero concentration of fluorine on the surface resulted. Even after the 

various solvent wipes on the surface of the other mold released films, a I% or greater 

concentration of fluorine was still present on the surface. The other elements found on the 

surface of the films include the calcium and sihcon found in the pellet in addition to a small 

amount of tin. The reason for the presence of tin on the film surfaces may be due to the 

presence of residual catalyst since tin is a common catalyst for polymerization reactions. 
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Table 4.5 X-ray photoelectron spectroscopy results comparing the percent 
concentration of fluorine and other impurities on the surface of the 
polyurethane films in order to study the effect of the various surface 
treatments. 

Effect of Mold Release and Surface Treatment on Surface Composition 
.:,~tflota:~ame&~1:::;:,·:::::,,::,_':;,,,:_::~;;:,,~ :~!&Ee:ijtr~atm:f. :0~1-':FtUOfllie.(~Ji'·' ,,:t4o®~!~i'!?~ 

Pellet 0 1.5 
None No wipe 0 .3 
None Ethanol 0 .4 
None :MEK 0 .9 
Frekote No wipe .3 2.9 

Ethanol .6 5.2 
:MEK 0 1.9 

TFE No wipe 3.1 .7 
Ethanol 1.1 .3 
:MEK 1.0 .1 

E408 No wipe 5.2 .3 
Ethanol 1.4 1.1 
:MEK 1.7 .8 
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4.3 Fiber .. Reinforced Polyurethane Composites 

4.3.1 Physical Characteristics 

The percentage of open and closed porosity and the bulk and impervious density 

are listed in Table 4.6 for the straight fiber reinforced composites and the crimped nylon 

fiber reinforced composites. The values listed are the average of five samples along with 

the standard deviation. By comparing the data for the straight fiber reinforced 

composites, it was found that the Nylon fiber reinforced composites have a higher 

percentage of porosity in the samples and a higher standard deviation than the Dacron 

fiber reinforced composites of similar fiber denier. The higher denier Nylon and Dacron 

fiber reinforced composites have a much higher percentage of closed porosity compared to 

the lower denier fiber reinforced composites. The crimped nylon reinforced composites 

have a much higher void content and lower bulk density than the straight fiber reinforced 

composites. 

The fiber volume percentages of the composites are shown in Table 4.7 for each 

manufacturing run. The fiber volume percentage was approximately 50% for all straight 

fiber reinforced composites, with more variation occurring for the Nylon reinforced 

composites. The crimped Nylon fiber reinforced composites had a slightly lower fiber 

loading than the straight fiber reinforced composites. 

4.3.2 Mechanical Properties 

Representative stress-strain curves are shown in Figures 4.6 - 4.9 for the straight 

reinforced composites, in Figures 4 .1 O - 4 .13 for the braided composites, and in Figures 
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Table 4.6 Percentage porosity and density values for the straight fiber and crimped 
fiber reinforced composites. 

Open porosity Closed Porosity Bulk Density Impervious 
Composite (%) (%) (g/cm3

) Density (g/cm3
) 

Nylon 1260/PU 7±2 15 ±3 0.91±0.02 0.97 ± 0.02 

Dacron 1000/PU 5±1 15±1 0.98 ±0.02 1.0 ± 0.0 

Nylon 21 O/PU 4±3 5±3 0.99±0.06 1.1±0.0 

Dacron 220/PU 5±2 2±3 1.2 ± 0.1 1.2 ± 0.1 

Crimped Nylon/ 30±8 5±6 0.70 ± 0.04 1.0 ± 0.1 

PU 
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Table 4.7 Fiber volume percentages of composites. 

Composite Run 1 (%) Run2 (%) Run 3 (%) Run4 (%) Average 
_(%_}_ 

Dacron 220/PU 44±4 43 ±4 44±3 48±3 45 ±3 

Nylon 21 O/PU 51 ±6 53 ±4 54±6 51±5 52±5 

Dacron 1000/PU 46±5 42±6 42±3 46±4 44±4 

Nylon 1260/PU 53 ±7 64± 10 58±12 61±10 59± 10 

Crimped Nylon/ 37± 5 41 ±8 38±5 ------------- 39±6 
PU 

Textured Nylon/ 38±7 37±4 ------------- ------------- 38±5 
PU 
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Figure 4 .10 Representative stress-strain curve of Nylon 210 fiber reinforced 
polyurethane in a braided form with a an initial strain rate of 0.3 min-1• 
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Figure 4.13 Representative stress-strain curve of Dacron 1000 fiber reinforced 
polyurethane in a braided form with an initial strain rate of 0.3 min·1

. 

69 

30 



140 

120 

100 

......-.. 
cu 80 

(L 

~ ..._.... 
en 
en 60 
Q.) 
'--......, 

Cl) 
Test rate= 0.5 min-1 

40 

20 Test rate = 3 min-1 

0 

0 20 40 60 80 100 

Strain (%) 

Figure 4 .14 Representative stress-strain curve of crimped nylon fiber reinforced 
polyurethane with an initial strain rate of 0.5 and 3.0 min·1 

. 

70 



140 

120 

100 

Test rate= 0.5 min-1 

\ Test rate= 3 min-1 

40 

20 

0 

0 20 40 60 80 100 120 

Strain (o/o) 
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4 .14 - 4 .15 for the crimped and textured nylon fiber reinforced composites. The average 

values of toughness, breaking stress and elongation at break are listed in Table 4.8 for all 

composites along with the standard deviations. 

The breaking stress and elongation at break of all the composites exceeds the 

tendon failure properties. The shape of the braided composite stress-strain curves most 

closely resembles the natural tendon stress-strain curve, however the actual values of 

tensile properties differ. The crimped and textured nylon fiber reinforced composites 

behave similarly to each other when tested at the same strain rate. Also, the crimped 

nylon fiber reinforced composites behaved similarly to each other when tested at two 

different strain rates as did the textured nylon fiber reinforced composites. 

Stress-relaxation curves are shown in Figures 4.16 - 4.20 for the braided 

composites and the crimped fiber reinforced composite. The best fit of the curve was 

calculated and is shown with a dot-dash line. The best fit is expressed using a two term 

exponential decay equation of the form, 

4.1 

The time constants ti and t2 refer to the relaxation times of the fiber and the matrix and A1 

and Ai are the pre-exponential constants of the fiber and the matrix, which are listed in 

Table 4.9. The prediction bands of the fit at a 0 95 confidence level are shown as the 

upper and lower dotted lines about the fitted curve. 
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Table 4.8 Average and standard deviations ofbreaking stress, elongation at break, 
and toughness of all composites. 

Composite Breaking Stress Elongation at Break Tensile Fracture 

~al _[o/~ Energy (J/cm3
) 

Nylon 210/PU 416 ± 34 20±2 39±10 

Nylon 1260/PU 482±43 18 ±2 36±5 

Dacron 220/PU 422 ± 38 16±2 39±9 

Dacron 1000/PU 440±12 12± 1 24±2 

Braided Nylon 210/ PU 351±41 29±2 44±8 

Braided Nylon 1260/ PU 298±9 23 ±4 26±5 

Braided Dacron 220/ PU 350 ± 24 18±2 32±5 

Braided Dacron 1000/ PU 256 ± 32 16 ± 1 16±3 

Crimped Nylon/ PU 133 ±3 96±7 67±8 
Strain rate= 0.5 min-1 

Crimped Nylon/PU 136± 5 94±6 61±3 
Strain rate= 3 min-1 

Textured Nylon/PU 123 ± 7 94±6 54±7 
Strain rate= 0.5 min-1 

Textured Nylon/PU 132±3 101±7 63 ±3 
Strain rate= 3 min-1 
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Figure 4 .16 Stress-relaxation cutves for Nylon 210 fiber reinforced polyurethane in 
braided form showing the best fit to the two-term exponential decay 
model and the 0.95 confidence level prediction bands. 
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Figure 4.17 Stress-relaxation curves for Nylon 1260 fiber reinforced polyurethane in 
braided form showing the best fit to the two-term exponential decay 
model and the 0.95 confidence level prediction bands. 
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Figure 4.18 Stress-relaxation curves for Dacron 220 fiber reinforced polyurethane in 
braided form showing the best fit to the two-term exponential decay 
model and the 0.95 confidence level prediction bands. 
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Figure 4 .19 Stress-relaxation curves for Dacron I 000 fiber reinforced polyurethane in 
braided form showing the best fit to the two-term exponential decay 
model and the 0.95 confidence level prediction bands. 
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Figure 4.20 Stress-relaxation curves for crimped nylon fiber reinforced polyurethane 
showing the best fit to the two-term exponential decay model and the 0.95 
confidence level prediction bands. 
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Table 4.9 Relaxation time constants (A1. A2) and pre-exponential constants (t1. ti) 
along with standard deviations for fiber and matrix from stress-relaxation 
experiments. 

Composite Ai t 1 (minutes) Ai ti (minutes) 

Braided Nylon 210 I 0.71±0.00 592 ± 10 0.29 ± 0.01 1.14 ± 0.03 

PU 

Braided Nylon 1260 I 0.64 ± 0.00 424 ± 10 0.36 ± 0.01 0.92 ± 0.03 

PU 

Braided Dacron 220 I 0.75 ± 0.00 531±9 0.25 ± 0.01 0.64 ± 0.02 

PU 

Braided Dacron 1000 0.69 ± 0.00 592 ± 13 0.31±0.01 0.96 ± 0.03 

/PU 

Crimped Nylon I 0.67 ± 0.00 450 ± 29 0.33 ± 0.01 1.14 ± 0.08 

PU 
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5 DISCUSSION 

5.1 Fiber Characterization 

The Dacron fiber had the least amount of shrinkage compared to the other fibers 

when exposed to the tetrahydrofuran solvent. The literature reported that Dacron fibers 

have good resistance to most chemicals unlike Nylon and Lycra which degrade upon 

exposure to certain solvents. The Lycra suffered severe shrinkage and distortion upon 

contact with the tetrahydrofuran solvent as shown in Figure 5 .1. It was reported that the 

higher the polarity of solvent in contact with the Lycra, the greater reduction in strength. 

These solvents can also disrupt the structure of the fiber and may dissolve parts of the 

fiber. This limits the production of Lycra-reinforced polyurethane composites. Either 

another solvent could be used for solution processing which does not degrade the Lycra 

fiber or melt-processing of the polymer pellets could be used. However, the temperature 

of the polyurethane melt must not exceed the degradation temperature of the Lycra fiber 

which is approximately 200 °C. The production of the Lycra reinforced composites using 

melt processing could be tested since the pan in the filament winding device assembled for 

this study can be fitted with cartridge heaters. 

The tensile properties of the fiber are similar to those reported from the 

manufacturer literature. The Dacron fiber has a higher modulus and strength than the 

Nylon fiber due to a greater percent of crystallinity in the fiber. This may also be due to 

the Dacron fiber having a higher draw ratio during processing. Drawing orients the 
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Figure 5.1 

0.1 µm 

Shrinkage and distortion of Lycra fiber after exposure to the solvent 
tetrahydrofuran. 
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polymer chains in the direction of the fiber axis. The higher the draw ratio, the higher the 

alignment of the polymer chains which produces a stronger, stiffer fiber. 

5.2 Thermoplastic Polyurethane Characterization 

The differential scanning calorimetry (DSC) scans can be used to explain the 

structure of the polyurethane. The various peaks of the scans can be related to the 

presence of the hard and soft segments of the polyurethane. The first relaxation is 

attributed to the glass transition temperature of the soft segments. The glass transition 

temperature of the polyurethane pellet and film differ by approximately 8 °C from the 

manufacturer data. Since the testing rates are the same, this difference in temperature may 

be attributed to the nearby endotherm distorting the baseline or the breadth of the 

transition since the polyurethane is a block copolymer. 

The broad endothermic peak between room temperature and approximately 100 

°C is associated with the morphological change in the short range order of the hard 

segment domains [37]. For some polyurethanes a glass transition temperature is observed 

above 160 °C related to the hard segment motion of the polyurethane, but none was 

observed in this study. This could be due to the fact that the temperature of the scan was 

not high enough to see the transition or, since the volume of hard segments is very small 

for this polyurethane, the change in heat capacity was too small to be detected using this 

DSC. 

The polyurethane films exhibit rubbery elasticity behavior. This is as expected 
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since the soft elastomeric blocks are above their glass transition temperature at room 

temperature. Up to approximately 400% strain, the soft segments are able to elastically 

deform with large scale movement restricted by the hard segment domains. The hard 

segment domains essentially act as physical cross-link sites or as reinforcing fillers. 

Behavior beyond this region is marked by an increase in the modulus for the film. Here 

the soft segments are strongly restricted by the hard segments and the soft segments are 

aligning in the direction of stress. The mechanical properties in this region are affected by 

the size and concentration of hard segment domains and the ability of the soft segments to 

orient in the direction of stress. This rubbery behavior is viscoelastic and the properties 

are rate and temperature dependent. 

During testing, the polyurethane turned white before failure. This may be due to 

either strain-induced crystallization, in which crystallization occurs upon increased 

orientation of the soft segments during stretching, or the appearance of crazes. These two 

mechanisms could be distinguished from one another with further testing. For example, 

strain-induced crystallization is reversible while crazes are a mark of permanent 

deformation. Also, a piece of the stressed material can be tested using either DSC or X

ray diffraction to determine if any crystallinity is present which would indicate strain

induced crystallization rather than the appearance of crazes. 

The films which were subject to a mold release exhibited about the same strength 

as the "virgin" film but failed at a lower percent elongation with higher stiffness. The 

83 



higher stiffness cannot be explained, but the lower ductility may be due to the mold release 

causing cracks on the surface from residual stress, thus causing early failure. 

5.3 Fiber-Reinforced Polyurethane Composites 

5. 3.1 Physical Characteristics 

The Nylon fiber reinforced composites have slightly higher porosity than the 

Dacron fiber reinforced composites. Since, the contact angle measurements resulted in 

complete wetting of both the Nylon and Dacron fiber, the higher porosity may be due to a 

processing or viscosity problem. The Dacron fiber reinforced composites may have a 

slightly lower porosity due to the finish and treatments on the surface of the Dacron fibers. 

The Nylon 1260 fiber is composed of a greater number of filaments thus the higher 

probability of more air being trapped to create pores. A comparison in the percentage of 

porosity between the higher and lower denier fiber reinforced composites is shown in 

Figure 5.2. 

The crimped Nylon fiber reinforced composites have a very large percentB:ge of 

porosity compared to the other composites. The micrographs of the crimped Nylon fiber 

obtained from Allied Signal revealed a trilobal cross-sectional area of the filaments. This 

provided a larger fiber surface area compared to the circular cross-sectional area fibers. 

This larger surface area allowed a greater opportunity for pores to form. 

In a more brittle polymer, the pores may act as crack initiators. However, in an 

elastomer matrix the presence of pores is not necessarily a large problem since the cracks 
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Figure 5.2 

0.1 µm 

Micrographs comparing the porosity in lower and higher denier fiber 
reinforced composites. Nylon 210 fiber reinforced composite in the upper 
micrograph and Nylon 1260 fiber reinforced composite in the lower 
micrograph. 
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can easily be arrested. However, several steps may be taken in order to decrease the 

percentage of porosity in these composites in the future. The viscosity of the solution may 

be lowered, the solution may be put under vacuum to release trapped air prior to coating 

the fiber, or the fiber may be subject to a two-step coating process. With this last 

method, the fiber would be "sized" with a thin coating of a very dilute polymer solution. 

The solvent would then be allowed to evaporate, and the composite would be rewound 

through a more concentrated polymer solution bath to create the final desired fiber volume 

ratio. 

5. 3. 2 Straight Fiber Reinforced Polyurethane Composites 

The shape of the tensile stress-strain curves of the unidirectional fiber reinforced 

composites matched the shape of the tensile curve of the fiber used as the reinforcement. 

The fracture of the composites was fiber-dominated, with the composites failing at 

approximately the same strain as the fiber. The lower denier fiber reinforced composites 

fractured slightly above the failure strain of the fibers, possibly due to the pulling out of 

the fractured fibers through the matrix. This may be explained in terms of adhesion 

between the fiber and the matrix. When fibers are in bundles or a fiber tow, the strength 

of the tow relies strongly on the strength of the weakest fiber(s). This is not so for 

composites. Even if individual fibers break1 there is still a contribution to the strength of 

the composite through load sharing or stress-transfer via loading of the fiber through 

matrix shear. This load sharing is most efficient when there is good adhesion between the 

fiber and the matrix. The higher denier fiber reinforced composites failed at the failure 
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strain of the fiber indicating less adhesion between the fiber and matrix compared to the 

lower denier fiber reinforced composites. Evidence of this lack of adhesion between the 

higher denier fiber and the polyurethane matrix can be seen in Figure 5 .3 as fiber-pullout at 

the fracture surface. 

The tensile behavior of all the composites was similar. The composites all 

exhibited large non-linear deformation which is characteristic of flexible composites. The 

initial modulus was high followed by a short non-linear region with increasing modulus. 

Next, the stress-strain curve was linear, followed by a yield and failure region. These 

composites had mechanical properties similar to the tendon properties except for the initial 

behavior at low strain. While the tendon exhibits a low modulus region initially, the 

composites had a high modulus region. Although the synthetic composites had similar 

shaped tensile curves to that of the tendon, all of the synthetic composites had higher 

strength and ductility than the tendon. The central linear region of the tendon stress

strain curve has a modulus between 50-100 'MPa, while the synthetic composites had a 

linear region with a modulus between 40-50 'MPa. 

The composites were evaluated for strength using the rule of mixtures (Voigt 

model). The predicted strength of the composites can be calculated using the following 

equation, 

1 

where O'F is the stress of the fiber, VF is the volume fraction of the fiber, crM is the stress of 

the matrix, and V Mis the volume fraction of the matrix. This isostrain model can predict 
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Figure 5.3 

0.1 µm 

Fracture surface ofNylon 1260 fiber reinforced polyurethane exhibiting 
fiber pullout. 

88 



an ideal stress-strain curve based on the individual tensile behavior of the fiber and the 

matrix assuming perfect adhesion between the fiber and the matrix in the composite. 

The predicted stress from the Voigt model and the actual stress of the composites 

are plotted versus strain in Figures 5.4 - 5.7. The percentage difference of the predicted 

stresses compared to the actual stresses are listed in Table 5.1. The predicted stress of all 

of the composites was higher than the actual stress of the composites with the percent 

difference shown in the table. The percentage difference between the predicted stress and 

the actual stress of the Nylon reinforced composites was higher than for the Dacron 

reinforced composites. This may be attributed to poor adhesion between the Nylon fiber 

and the polyurethane matrix. Each fiber is coated with a different finish and surface 

treatment according to the end-use application. The Nylon fiber is coated with a finish to 

minimize static and promote ease of handling which may have interfered with adhesion. 

Also, the Nylon fiber reinforced composites had a slightly higher percentage of porosity. 

The pores may have acted as stress concentrators leading to lower strength. And lastly, 

the Nylon fibers suffered a small amount of shrinkage upon exposure to the 

tetrahydrofuran which may have interfered with the adhesion between the fibers and the 

polyurethane matrix. 

It was found that the higher denier fiber reinforced composites had a higher 

average percent difference between the predicted and actual stress than the lower denier 

fiber reinforced composites. This can also be explained in terms of the porosity since the 
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Table 5.1 Percentage of the Voigt stress above that of the actual stress for the 
straight fiber reinforced composites at the designated value of percent 
strain. 

Strain Nylon 210 Nylon 1260 Dacron 220 Dacron 1000 
/PU /PU /PU /PU 

£=2.5 % 24% 19% 20% 32% 

£=5% 31 33 18 17 

£=7.5 % 41 45 14 20 

e= 10% 49 59 4 12 

e= 12.5 % 44 50 2 -

e= 15 % 25 32 - -

E = 17.5 % 8 - - -
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higher denier fiber reinforced composites had a larger percentage of porosity than the 

lower denier fiber reinforced composites. 

5. 3. 3 Braided Composites 

The braided composites had tensile stress-strain curves of similar shape as the 

tendon. Like the straight fiber reinforced composites, the braided composites exhibited a 

higher strength and higher ductility than the tendon. But, the braided composites had a 

lower stiffness and higher ductility than the straight fiber reinforced composites. Unlike 

the straight fiber reinforced composites, the braided composites had a monotonically 

increasing modulus instead of an inflection point between an initial high modulus followed 

by a lower modulus. The braided composites mechanical behavior was more characteristic 

of the tendon mechanical properties due to the monotonically increasing modulus. 

It can be determined that the braided form allowed greater deformation due to the 

intertwining of the composite strands as shown in Figure 5.8. In some of the composites, 

it was observed that the failure was not by the three strands breaking simultaneously, but 

rather the failure was gradual with each individual strand breaking in turn. Because of the 

decrease in modulus of these composites, the toughness of these composites was lower 

than the toughness of the straight fiber reinforced composites except for the Nylon 210 

fiber reinforced composites. 

5.3.4 Crimped and Textured Fiber Reinforced Composites 

The crimped and textured Nylon fiber reinforced composites had a similar tensile 
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Figure 5.8 

0.1 µm 

Micrograph of intertwining of the strands in the braided composite. 
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behavior when compared to each other. The stress-strain curve had an initial high 

modulus, followed by an almost linear portion of the curve, ending with a failure strain of 

approximately 100%. These composites physically resembled the natural tendon due to 

the crimped fiber embedded in the matrix. However, the low strain tensile behavior of the 

composites was somewhat different than that of the tendon. In a tendon, the initial part of 

the stress-strain curve is a low modulus region where the crimps are straightening (or 

uncrimping). The uncrimping of the crimped fiber composites was characterized instead 

by a high modulus region detennined by visual inspection. Upon mechanical testing, the 

strain was noted when the crimp visually appeared to be fully straightened. This is then 

followed by a lower modulus region. This high modulus region at low strain can be 

attributed to the type of deformation occurring during the stretching of the composite. 

Initially, in the elastic region, the composite is subject to heterogeneous deformation, thus 

yielding a high modulus. However, upon further stretching of the composite, a condition 

of homogeneous deformation exists due to alignment of polymer chains towards the load 

direction. Trus produces tensile behavior with a lower modulus than the initial modulus. 

A mechanistic explanation of this behavior is provided in Section 5.6. 

The central portion of the stress-strain curve occurred during the stretching of the 

composites once the crimp was removed. This was characterized by a long linear region 

similar to the tendon's tensile properties. However, the synthetic composites had a much 

larger elongation to failure than the tendon (approximately 10 times larger). The 

toughness achieved by these composites was the highest compared to the braided and 
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straight fiber reinforced composites due to the higher ductility of the crimped composites. 

The Voigt model was used to predict the stress of the crimped and textured fiber 

composites. Although, this model is developed for unidirectional fiber reinforced 

composites, it was applied to detennine the effect of the crimp structure on the mechanical 

properties. The predicted and actual stresses of the composites are shown in Figure 5. 9 -

5.10 with the percentage differences listed in Table 5.2. Upon examining the figures, the 

composites do not behave similarly to the tensile behavior of the crimped and textured 

nylon fiber. In fact, the fiber and composite curves cross each other at a strain of 

approximately 23% for the crimped fiber and approximately 28% for the textured fiber. 

The modulus of the fiber is monotonically increasing with strain unlike the crimped and 

textured nylon reinforced composites. The composite tensile behavior is further explored 

in Section 5. 7. 

5.4 Stress-Relaxation of the Composites 

The Maxwell model was proposed to describe the stress relaxation for viscous 

materials. At constant strain, the stress of the material as a function of time becomes, 

O' = O'o * exp (-t I 'to) 5.1 

where O'o is the initial stress of the material, tis time after imposing constant strain to the 

material, and 'to is a characteristic relaxation time. This model predicts an exponential 

decay of stress. 
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Table 5.2 Percentage of the Voigt stress below that of the actual stress (shown as a 
negative value) for the crimped and textured nylon fiber reinforced 
composites at the designated value of percent strain. 

Strain Crimped nylon I Textured nylon I 
PU PU 

e= 12.5 % -76% -80% 

£=25 -55 -63 

£= 37.5 % -48 -51 

£= 50% -43 -48 

£ = 62.5 % -40 -46 

£=75% -37 -45 

£= 87.5 % -35 -44 
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However, the stress relaxation of the composites in this study could not be fitted to 

a one term exponential decay model but rather a two term exponential decay model. This 

implies that there are two characteristic relaxation times {ti, t2) corresponding to the 

characteristic relaxation times of the fiber and matrix respectively. From the experimental 

data, the relaxation time of the fiber (- 520 minutes) is much higher than the re1axation 

time of the polyurethane matrix (- I minute). This is as expected since the fiber is above 

its glass transition temperature at room temperature, thus behaving in a glassy manner. 

The polyurethane on the other hand is above its soft segment glass transition temperature 

at room temperature, thus behaving in a rubbery manner. The experimental pre

exponential constants Ai and Ai are also reasonable numbers for all of the composites. 

The value of A1 is approximately 0.7 and the value of A1 is approximately 0.3 which are 

reasonable given the volume fractions of each component in the composite. The constants 

must add up to one since at zero time, the stress must equal the initial stress. 

However, the stress relaxation curves do not fit perfectly to the two-term 

exponential model. This is as expected since there are other molecular motions occurring 

in the composite such as uncrimping of the crimped fibers, void deformation, and hard and 

soft segment movement in the polyurethane. However, it would be very difficult to assign 

a relaxation time to each of these types of motions with the limited amount of data in this 

study. 

5.5 Characterization of the Biomimetic Aspects of the Composites 

As discussed in the literature review, natural tendon has a very complex structure, 
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composed of six discrete layers of organization ranging from a microscopic to a 

macroscopic scale. These levels are the tropocollagen molecule, microfibril, subfibril, 

fibril, fascicle and the tendon. The mechanical behavior of the tendon is a function of the 

interaction between these layers such as the complex inter- and intra-molecular bonding. 

The complex structure of natural materials has been the largest impedance to biomimetic 

research. 

Upon examining the mechanical behavior of the synthetic composites and the 

tendon in Figure 5 .11 and comparing the level of structure in both the tendon and 

composites, the biomimetic nature of the composites can be commented upon. It was 

found that the synthetic composites manufactured in this study have an outer diameter of 

approximately the same size as that of natural tendon (- 150 - 500 µm). However on a 

microscopic level, the individual fiber filaments in the composite are about two to three 

orders of magnitude larger than the tendon fibril. The periodicity of the crimped fibril in a 

tendon is 500, 000 times smaller than the periodicity of the crimped nylon fiber in the 

polyurethane matrix. This is probably a good explanation for the difference in tensile 

behavior between the tendon and the crimped nylon fiber reinforced composites; 

especially, the initial high modulus in the synthetic composite. The braided composites on 

the other hand have a smaller periodicity and crimp angle in its simulated crimp. These 

composites had the most similar shaped tensile curve to that of natural tendon, probably 

due to the similar microstructures. 
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In order to understand the effect of the fibril diameter and the periodicity of the 

crimp on the tensile behavior, a dimensionless factor was calculated for the tendon and the 

braided and crimped fiber composites. The factor, R, is given by, 

R = (Period of Crimp I Filament diameter) 5 .2 

The values are listed in Table 5.3. The level of structure of the composites (shown by R) 

is clearly much larger than what the tendon is able to achieve through natural design. 

Upon examining the factor R for the synthetic composites, it was found that the braided 

composites have a two times smaller R value than the crimped composites. Thus, 

indicating a closer level of structure to the tendon than the crimped composites. 

All of the composites had a higher failure stress and elongation at break than the 

natural tendon. This is because the fiber used in the synthetic composites had much higher 

tensile properties than that of the collagen fiber~ in natural tendon. However, using the 

composite theory of Voigt, the predicted stress of the straight fiber reinforced synthetic 

composites was always higher than the experimental data. This can be accounted for by 

relatively poorer adhesion between the fiber and matrix, unlike the relatively good 

adhesion achieved between the collagen fiber and mucopolysaccharide matrix in tendon. 

5.6 Effect of Structure on the Composite Behavior 

Another purpose of this study was to examine the effect of the structure of the 

composite on the mechanical behavior. Three different structures were examined as 

shown in Figure 5.12. The first composites manufactured were unidirectional fiber 

reinforced polyurethanes. Next, three of these composites were braided together in order 
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Table 5.3 Values of the non-dimensional factor R for tendon and the synthetic 
composites. 

Structure ( Periodicity of Crimp I Filament Diameter) 

Tendon 0.16-3.3 

Braided Nylon 210 I PU 37 

Braided Nylon 1260 I PU 37 

Braided Dacron 220 I PU 48 

Braided Dacron 1000 I PU 43 

Crimped Fiber I PU 83 

106 



0.1 µm 

Figure 5.12 Photograph showing the structure of the composites manufactured in this 
study. A crimped fiber reinforced composite is on the left, a straight fiber 
reinforced composite is in the center, and a braided composite is on the 
right. 
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to simulate a crimping structure. A crimped structure was also obtained by using a 

crimped nylon fiber as the fiber reinforcement. 

In Figures 5 .13 - 5 .16, the level of structure on the effect of the mechanical 

behavior can be examined for each fiber type. The straight fiber reinforced composite had 

a similar stress-strain curve shape compared to the fiber curve. The composite generally 

failed at an elongation to break greater than or equal to that of the fiber, indicating a 

shear-slip mechanism between the fiber and the matrix. The composite has an initial high 

modulus up to only a few percent strain and then the modulus increases monotonically 

until failure of the composite. The braided structure on the other hand has a 

monotonically increasing modulus throughout the stress-strain curve. However, the 

modulus is much lower for the braided composites than for the straight fiber reinforced 

composites. The braided composites have a lower failure stress but a higher elongation at 

break than the straight fiber reinforced composites due to the intertwining effect of the 

braided structure. 

The crimped nylon fiber reinforced composite behaves very differently from the 

straight fiber reinforced composites as shown in Figure 5.17. The crimped composites 

have a much higher elongation at break but a lower failure stress than the straight fiber 

reinforced composites. This could also be explained in terms of the different tensile 

behavior of the straight nylon fiber tow and the crimped nylon fiber. The nylon fibers are 

also of different types since the crimped nylon fiber is nylon 6 and the DuPont Nylon is 

nylon 6.6. The shapes of the stress-strain curves of the crimped and straight fiber 
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Figure 5 .13 Stress-strain curves of straight and braided Nylon 210 fiber reinforced 
polyurethane in order to show the effect of structure of the composite on 
the mechanical properties. 
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Figure 5. 15 Stress-strain curves of straight and braided Dacron 220 fiber reinforced 
polyurethane in order to show the effect of structure of the composite on 
the mechanical properties. 
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Figure 5. 16 Stress-strain curves of straight and braided Dacron 1000 fiber reinforced 
polyurethane in order to show the effect of structure of the composite on 
the mechanical properties. 
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Figure 5 .17 Stress-strain curve of the crimped nylon fiber reinforced polyurethane 
composite compared to the straight Nylon 1260 fiber reinforced 
polyurethane. 
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reinforced composites are also different. Both composites have an initial high modulus but 

the crimped fiber reinforced composite has a higher initial modulus with a sharper 

transition between this region and the next lower modulus region. 

As discussed in section 5.3.4, the crimped and textured fiber reinforced composites 

have an interesting tensile behavior. The initial modulus of the composite is actually stiffer 

than initial modulus of the fiber. This behavior can be explained using a hinge-model as 

shown in Figure 5. I 8. At low strains when the fiber is not embedded in a matrix, the 

crimp is free to unhinge. However, at low strains when the fiber is embedded in a matrix, 

there is resistance imposed on the uncrimping fiber due to the matrix. The matrix on 

either side of the fiber is in tension. Thus, the composite will not follow the rule of 

mixtures of stress (which assumes an isostrain condition) due to the high local strain 

imposed on the adjacent matrix. At higher strains, the fiber is beginning to lie along the 

load direction and there is less resistance to unhinging of the crimped fiber. Thus, the 

transition of the composite from an initial high modulus to a lower modulus at 

approximately 25% strain. After this value of strain, the stress of the composites begin to 

approach that of the Voigt prediction (as seen in Table 5.2). 
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5.18 Hinge-model explaining mechanical performance of the crimped fiber reinforced 
composite. 
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6. SUMMARY OF RESULTS AND CONCLUSIONS 

Composites were manufactured in order to mimic the mechanical behavior of 

tendon. The composites were manufactured with straight, crimped, and braided fiber in 

order to understand the effect of structure on mechanical properties. From testing of the 

physical characteristics of the fiber, matrix, and the composites, the following conclusions 

were made: 

• Lycra fiber cannot be processed with the solvent casting method due to shrinkage and 
distortion of the fiber from the tetrahydrofuran solvent. DuPont literature stated that 
the higher the polarity of the solvent in contact with the fiber, the greater reduction in 
strength and chance of disruption of the fiber structure. 

• Mold releases on the surface of the polyurethane film caused a loss in ductility maybe 
due to surface cracks caused by residual stress. The increase in stiffness in the mold -
released films is due to unknown reasons at this time but may be due to plasticization 
of the films allowing greater mobility for the chains to align under stress. 

• Porosity in the composites is a function of fiber surface area available for pores to 
form. Thus, the higher percentage of porosity in the crimped Nylon which had trilobal 
shaped fibers compared to the circular shaped fiber reinforced composites. Also, 
composites reinforced with higher denier fibers had higher percentages of porosity due 
to the greater number of fiber filaments in the fiber tow (leading to greater fiber 
surface area). 

Static tensile tests were performed on all composites. All of the synthetic 

composites exceeded the failure properties of the natural tendon, having higher strength 

and ductility. Key conclusions are: 

• The failure of the composites is fiber-dominated. Lower denier fiber reinforced 
composites fail slightly above the failure strain of the fiber due to load sharing between 
the fiber and the matrix promoted by adhesion. The higher denier fiber reinforced 
composites failed at approximately the failure strain of the fiber indicating poor 
adhesion. 
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• All of the straight fiber-reinforced composites had similar mechanical behavior. The 
composites all exhibited non-linear deformation characteristic of flexible composites. 
The composites had mechanical properties to the tendon properties except the 
composites exhibited an initial high modulus region instead of a low modulus region. 

• The stress of the straight-fiber reinforced composites was close to but less than the 
predicted rule of mixtures (Voigt) stress. The percentage difference between the 
actual and predicted stress of stress was larger for the Nylon reinforced composites. 
For example at 10% strain, the Nylon 1260 fiber reinforced composite had a 59% 
difference between its Voigt stress and actual stress compared to 12% difference for 
the Dacron 1000 fiber reinforced composite. This was due to relatively poorer 
adhesion between the Nylon fiber and the matrix and larger porosity in these samples. 

• The braided composites had the most similarly shaped stress-strain curve to that of the 
tendon. This was because the curve had a monotonically increasing stiffness unlike the 
other composites. This is possibly due to the intertwining effect of the braided 
structure. 

• The crimped fiber reinforced composite physically resembled the structure of the 
tendon, but had different mechanical behavior in the initial stages of strain. Instead of 
displaying a low modulus region when the fibers are uncrimping, the synthetic crimped 
fiber reinforced composite exhibits a high modulus region. The synthetic composite 
also has an elongation to failure ten times larger than that of tendon. 

• Through biomimicking, a composite was manufactured with a higher initial stiflbess 
than the crimped nylon fiber due to matrix restriction of the uncrimping fibers. The 
composite exhibits a higher modulus than the crimped nylon fiber until approximately 
25% strain where the two tensile curves cross. 

The effect of the structure of the synthetic composites and tendon on the 

mechanical properties was examined. The following conclusions were made: 

• A non-dimensional ratio of the periodicity of the crimp to filament size (R) revealed a 
much larger level of structure in the synthetic composites than in the tendon. This 
ratio was found to have a correlation to the mechanical properties, since the braided 
composites (R- 40) had a smaller ratio than the crimped composites (R- 83) and also 
had more similar mechanical properties to the tendon properties. 

• A difference in the properties may lie not only in the scale of structure but also in the 
level of structure. The composites are composed of only two different layers while the 
tendon is composed of six layers which are intricately connected. 
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• A mechanistic model was proposed to explain the mechanical behavior of the crimped 
and textured fiber reinforced composites. Voigt estimates of stress revealed the 
composite is able to achieve a stress higher than predicted due to the unhinging of the 
fibers within the matrix. At low strain, there is tension imposed on the matrix due to 
uncrimping of the fiber. This creates an area of high local strain. However, at higher 
strains, the fiber is beginning to lie along the load direction and there is less resistance 
to uncrimping of the fiber (thus a lowering of the modulus). 
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7. FUTURE WORK 

The following items should be further investigated to advance this study: 

• Lycra reinforced composites should be processed using the polyurethane matrix as a 
melt rather than using solvent casting as long as the temperature of the melt does not 
exceed the degradation temperature of the fiber. The composite device can be fitted 
with cartridge heaters below the pan in order to investigate melt processing. Also, 
melt processing should be explored due to the need for safer and cleaner 
manufacturing procedures. 

• Investigate the cause of the whitening of the polyurethane film while under tension, 
whether it is crazing or strain induced crystallization. A piece of stressed material can 
be tested using either the DSC or X-ray diffraction to determine whether any 
crystallinity is present which would indicate strain-induced crystallization rather than 
crazing occuning. 

• Explore why the mold release causes lower percent elongation and higher stiffness in 
the polyurethane films. Dynamic mechanical tests or static tensile tests at various 
strain rates can be used to determine how plasticization is affecting the molecular 
motions of the polymer chains. 

• Study the effect of viscosity of the polymer solution on the porosity in the composites. 
Also, investigate whether subjecting the solution to a vacuum process or using a two
step coating solution has any effect on porosity in the composites. 

• Investigate adhesion between the various fibers and the polyurethane matrix. This can 
be studied through the use of various fiber pull-out testing methods. 

• Perform dynamic mechanical tests on the composites to investigate further the 
viscoelastic behavior of the composites. For example, using a Dynastat Dynamic 
Mechanical Tester, the frequency of the test can be changed with the samples under no 
load and while under a static load in order to observe the change in modulus and tan o 
of the samples. 

• Manufacture composites using smaller diameter filaments and smaller periodicity of 
the crimp in the fibers in order to study further the effect of structure on the 
mechanical behavior. 
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• Computer model the "unhinging" phenomena to see if one can predict the modulus of 
the crimped composites at various strains as a function of alignment of the polymer 
chains under load. 
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