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Summary 

S ince surgeons have endeavored to repair the human body, there has been a need for materials to suit 

that purpose. Not surprisingly, many of the first materials used for these procedures were of natural 

sources either xenogenic or allogenic.  When synthetic materials became more prevalent in the early 

20th century, a huge market for synthetic implants was realized. The advantages, and disadvantages, 

of using naturally-derived biomaterials were known only in general terms and the ensuing decades 

saw only a modest increase in usage of these materials.  Not until the recent times, have natural-

derived biomaterials been explored as facilitators and promoters of healing and regeneration. Today, 

biomaterials of all types are being used for everything from wound dressing to tendon and ligament 

repair.  Extensive experimentation has been undertaken to identify the composition, mechanical 

properties, and in vivo response of naturally-derived biomaterials. In this review, we present a brief 

history of naturally-derived biomaterials, their recent applications, and methods of characterization. 

Methods to optimize the morphological and mechanical properties of such a biomaterial for 

individual applications are then discussed in detail. 
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Introduction 
The surgeon has, at their disposal, a myriad of choices of biomaterials, for a plethora of surgical 

procedures including sutures, artificial heart valves, wound dressings, and total joint 

replacements to name just a few. The definitions of a biomaterial cover an equally broad 

spectrum. In a very general sense: “Biomaterials are materials (synthetic and natural; solid and 

sometimes liquid) that are used in medical devices or in contact with biological systems”(1). The 

choice of biomaterial depends on the type of procedure being performed (Table 1), the severity 

of the patient’s condition, and the surgeon’s preference. To be successful, the implant should 

effectively repair the defect it covers without eliciting an adverse tissue reaction while 

maintaining mechanical and biological integrity for a desired amount of time from a few weeks 

to several years.   

 The prime reason biomaterials have come about is to provide a remedy for surgical 

problems.  In the beginning, a physician was able to try almost anything if they thought it would 

help their patient survive and recover from their ailment. If the part fit, they could implant it.  

Though early physicians lacked the sophistication and technology of modern surgeons, some 

were able to intuitively grasp concepts of biomimicry necessary to successfully plan these 

operations. Of course, without knowledge of the immunogenicity of the implants they were 

using, many patients experienced complications or died soon after surgery. Today, the field has 

advanced to where most biomedical materials research is being done outside of the operating 

room and in the laboratory. Surgeons routinely use approved biomaterials for hundreds of types 

of procedures, creating a multi-million dollar market (Table 1). 

 Prostheses made from naturally-derived biomaterials are frequently the decellularized 

extracellular matrix (ECM) of an animal (xenograft) or human (allograft). There are several 

advantages to using ECM biomaterials is. First, all the molecules in an ECM can be broken down 

by normal enzymatic processes. Second, the three-dimensional structure and morphology of the 

ECM resembles the structure and morphology of the native tissue that is being replaced.  Lastly, 

because of the nature of the biomaterial, researchers can design a prosthesis that works not only 

on a macroscopic level, but also on the cellular level. Along with the advantages, there are 

certainly some disadvantages as well. ECMs are frequently immunogenic, causing harsh 

reactions in the host. There are also many ancillary molecules that change the way the prosthetic 

will interact when placed in vivo. Some molecules can enhance the regenerative capabilities of 
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the surrounding tissue while others provoke an immune response (2). All told, there is a wealth 

of potential in ECM biomaterials as well as concerns that need to be addressed.  Navigating them 

is the job of biomaterials researchers. 

 We will confine our discussion to the development and optimization of the mechanical 

properties of ECM biomaterials. First, we present a brief history of ECM biomaterials, their 

recent applications, and methods of characterization. Then we look more deeply into methods to 

optimize the mechanical properties of such a biomaterial for individual applications.   

 
Table 1. Healthcare market and biomaterials usage in the United States. 
 
Total US health expenditures (2003)1 $1,678.9 billion 
              Percent of GDP2 15 percent 
              Number of employees2 10 million 
  
Total Medical device market (2006 estimated)3 $86 billion 
          Number of employees in medical device industry4 441,400   
          Medical device sales (2000)5 $44 billion 
  
Biocompatible materials (2007)6 $22.2 billion 
          Implantable medical devices (2006)6 $7.9 billion 
          Tissue replacements (2006)6 $11.7 billion 
          Skin repair (projected 2007)7 $270 million 
          Vascular grafts (2000)5 $650,000 
  
Number of devices  (1990)8  
          Intraocular lenses  1,400,000  
          Contact lenses  4,000,000 
          Heart valves  45,000 
          Artificial knees 816,000 
          Artificial hips 521,000 
1Espicom: 2006, 2World Health Organization: 2006, 3Advamed: 2006, 4Medical Product Outsourcing: 2006, 
5McMaster University: 2006, 6BCC Research: 2006-7, 7International Access Corporation: 2002, 8Ratner et al.[1] 
 
 

A brief history 
The new interest in natural biomaterials could really be classified as a renaissance. Historians 

have traced the use of sutures made from animal sinew to ancient Egypt. Some say, they were 

used even earlier. As early as the first century AD in both Greece and India, physicians were 

using natural biomaterials while performing plastic surgery to repair mutilations from battle and 

punishment. There are even accounts of physicians treating disemboweled soldiers to good effect 
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(3). One of the more interesting cases of this time period comes from India, recorded in a 

medical encyclopedia by Sushruta.  It describes a procedure where physicians were able to create 

a prosthetic nose for patients whose nose was cut off.  This procedure used a skin graft from the 

patient’s cheek to mold the new prosthetic nose (3). This accomplishment occurred two thousand 

years ago, before aseptic technique, precision instruments, or the understanding of body cellular 

mechanics.  Physicians were able to keep an open wound at the nose clean and viable, detach a 

portion patient’s skin while maintaining the blood supply so it did not undergo necrosis, and 

finally reattach it to the patient so that it revascularized and the new nose sustained itself.  

Sushruta’s record may be the first documented case of a prosthetic autograft, an easy to use, 

natural biomaterial.   

 Due to cultural, religious, and political unrest through the ages, knowledge of many 

aspects of medicine were lost until the Renaissance saw a reawakening of the process of 

scientific inquiry.  A rhinoplasty similar to the one performed in 1st century India, using the skin 

of the arm, was recorded circa 1460 (3). Two hundred years later, in the 1660s, two of the first 

xenografts were reportedly performed in France and the Netherlands. In France in 1667, reports 

state that Jean-Baptiste Denis transfused blood from a lamb into a human and the patient 

survived. He did this several subsequent times, but mediocre results led to the procedure being 

banned in France (4). In Amsterdam, JJ van Meekeren gives an account of the repair of a cranial 

defect in a Russian nobleman using a piece adapted from the skull of a recently deceased dog.  

Unfortunately, the catholic church saw the implantation of a piece of an animal into the head of a 

Christian man as a desecration of the body and excommunicated the patient (5). Though these 

attempts to advance medicine were met with a cold reception from the political entities of the 

day, they set the stage for continued attempts. Implant technology progressed slowly until aseptic 

technique, anesthesia, and a basic understanding of cellular-level mechanisms matured. 

 Dental implants did not experience many of the problems that plagued more invasive 

implants and therefore were able to be developed during the 19th century. During that period, 

dentists began fabricating and placing implants from gold and platinum (6). It was not until the 

early 20th century however, that development of synthetic implants took off.  One of the fathers 

of the field was an orthopedic surgeon named M.N. Smith-Petersen. In 1923, when he saw a 

piece of glass removed from a patient that had been successfully encapsulated by the body.  This 

gave rise to the idea that these types of inert materials could be used in arthroplasty. That same 
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year, he constructed the first glass mould arthroplasty.  These moulds performed reasonably well, 

but were prone to breakage after several months (7). The design was revised several times using 

materials such as a celluloid, glass, and cobalt-chromium-molybdenum alloys, later trademarked 

as Vitallium®, (7) over the next decades with fairly satisfactory results (Fig. 1). More and more 

materials were found to be biologically inert and useful for various types of procedures.  Some 

were found by accident, like polymethylmethacrylate (PMMA). PMMA was found to be useful 

for ocular defects after examination of a WWII pilot who had small shards of his cockpit canopy, 

made of PMMA, embedded in his eye (8). Others were discovered by experimentation such as 

Vitallium® (7). 

 

 
Fig. 1. Examples of materials used in early hip mold arthroplasty:   1923—glass, 1925—celluloid, 1933—
glass, 1937—resin, 1938—Cobalt-chromium alloy  (Reprinted with permission from (7)) 
 

 Natural biomaterials were the next obvious material evolution in reparative materials 

because they contain similar architectures to the native tissue they are replacing along with many 

of the natural elements needed for proper tissue reconstruction.  Human dermal grafts were 

researched very early on because of the necessarily similar structures and identical proteins to the 

humans in whom they were impanted. In 1936, Arthur Bowen wrote the first description of uses 

for porcine small intestinal submucosa. Development through animal models and in vitro testing 

lead to many implant applications for fixed and treated natural biomaterials. The first xenogenic 

sources for natural biomatierals were porcine and bovine in no small part because of their 

abundance.  Recently attention has focused on bovine pericardium (9-12), bovine and porcine 

dermis (13-16), and porcine small intestinal submucosa (17-25), and cholecyst extracellular 
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matrix (26-28).  The first patents for implants made from ECM biomaterials were issued in the 

1970s for devices utilizing glutaraldehyde-fixed or freeze-dried biomaterials of porcine origin 

(29-31). By the 1980s, several methods of decellularizing xenographic material were developed 

and natural biomaterials became more widely to be used where synthetics were either 

unavailable or undesirable. Its ability to seemingly provoke a natural healing response and 

regenerate native host tissue rather than scar tissue (32) was of worth interest to. Many products 

that are currently on the market have been derived from a variety of bovine, porcine, and human 

tissues.  Even limiting to a poll of two of the most successful ECM biomaterials, porcine SIS and 

human dermal tissue, the results show they have been used in over 1,000,000 patients (18,33).   

 Knowing the history of the development of biomaterials can give us a better perspective 

of how the state of the art is progressing. The big question with biomaterials is, “How will this 

product perform better than those available today?”  It is all too easy, when performing research 

in today’s compartmentalized and specialized society to forget the bigger picture. The 

incremental changes made to modern natural biomaterials for a myriad of applications are made 

possible by continuous innovation by researchers, clinicians, and lay people. The market for 

ECM biomaterials is large and growing. The advanced wound care market alone was estimated 

at $1.7 billion in 2003 (34) and the biomaterials market is projected to expand to $3.7 billion by 

2010 (35) Corporate and academic researchers alike recognize the value of using ECM 

biomaterials and are striving to create devices that use them in the most effective ways possible.  

 

Research approaches    
As shown, until the modern era, research approaches to biomaterials were spurred on by 

innovative and creative doctors who used whatever they thought might work to fix a problem 

sometimes with wonderful results but with extremely high risk.  Today's researchers are much 

more focused into improving medicine methodically and with as little risk to patients as possible.  

While the road has been long and treacherous, nature has given us many amazing remedies put 

together by millions of years of evolution.   

 The complexity of ECM biomaterials defies simple explanation and this is one of their 

advantages. A typical biomaterial, manufactured using purified proteins may contain two or three 

parts such as collagen, elastin and maybe a polysaccharide.  These parts are carefully measured, 

controlled, and uniform. ECM biomaterials are created in vivo, subject to a physiological 
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environment, stresses, and growth over the life of the donor (animal or human). All these signals, 

processes, and changes create a very intricate mixture of molecules and structural patterns.  This 

mixture is one of the major advantages of ECM biomaterials. The body is able to incorporate the 

exact constituents necessary for tissue growth, maintenance, and repair into a tissue more 

effectively and efficiently than when attempted in a laboratory. Lucky for both manufacturers 

and patients, products may come to market without an exact specifications sheet, which could be 

supplied for any purely manufactured material. Products designed for ECM biomaterials must be 

designed around the known facts and observed results. Many of the questions that remain 

unanswered about ECM biomaterials do not adversely affect a product’s ability to carry out its 

function or reside inside a patient. In fact, many of their properties enhance their product’s 

performance. 

 Human dermal allografts are widely used as wound repair and scar prevention scaffolds 

(36-39), as dental prostheses (40,41), and in many reconstruction procedures (42-45). The 

benefits of using donated human dermis include abundance of the source, and similarity to the 

host tissue. Like all ECM biomaterials allografts contain many components that aide the natural 

healing and tissue regeneration process, reducing the amount of scarring and accelerating the rate 

of healing. Processing of dermal allografts includes decellularization and removal of all cellular 

remnants and so-called terminal sterilization. Terminal sterilization procedures such as ethylene 

oxide saturation or gamma irradiation attempt to package and seal the device so no contaminants 

can inadvertently be stored with the product. 

 Xenogenic prostheses are also widely used. Many of the benefits gained by using 

allografts are also attained using xenografts. Modern xenografts, mainly from porcine and bovine 

sources, comprise a large portion of the biomaterials market. One of the first bioprostheses was 

the artificial heart valve in the form of a glutaraldehyde-fixed porcine heart valve (31,46) or a 

glutaraldehyde-fixed bovine pericardium artificial valve (47). Glutaraldehyde-fixed prostheses 

are still used extensively, and efforts are continually being made to mitigate adverse long-term 

effects (48-52). These and other ECM biomaterials, prepared with and without glutaraldehyde 

are being used for a wide variety of procedures (Table 2). 
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Table 2. Applications of natural biomaterials. 
  

Application Natural Biomaterial 
Artificial heart valves Bovine pericardium 

Intact porcine aortic valves 

Hernia repair devices Porcine small intestinal submucosa 
Porcine urinary bladder mucosa 
Porcine dermal grafts 

Sutures Catgut (porcine or bovine intestinal wall) 

Skin repair / wound care Dermal allograft  
Porcine small intestinal submucosa 
Porcine dermal grafts 

Vascular prostheses Bovine ureter 
Porcine small intestinal submucosa 
Ovine arteries 

Urethral repair Porcine bladder 

Breast reconstruction Dermal allograft 

Ligament repair Dermal allograft 
Porcine small intestinal submucosa 
Fetal bovine skin 

Spinal fusion / bone healing Bone allografts 

 
 

 Development of ECM biomaterials can be divided into two major categories.   

• Physiological Reactions – An ideal biomaterial should initiate the minimal immune 

response possible and allow cellular infiltration while maintaining its structure and 

performing its intended function.  Eventually, it will then degrade and promote healthy 

tissue regeneration rather than fibrous scarring. 

• Mechanical Characteristics – This category encompasses all the mechanical responses of 

the material to outside stimuli including the stress-strain response of the material to 

physiologically relevant loading, suture retention strength, and break strength. 

A brief discussion of the modification of physiological responses to ECM biomaterials insofar as 

many of these modifications can affect the mechanical optimization is included, followed by a 

details of methods used to mechanically characterize and modify ECM biomaterials.   
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a. Physiological reactions 

The physiological similarity of the biomaterial is probably the most important factor governing 

their ability to obtain approval for use. Native ECMs provoke a more natural healing response 

than synthetic materials (17), promoting cellular infiltration, proliferation, and differentiation 

into structures very similar to those of the uninjured host tissue. As previously discussed, many 

of the first ECM biomaterials were used in prostheses providing structural support or mechanical 

functionality (29-31). Consequently, preservation of the original structure and strength while 

reducing immunogenicity was paramount. The most abundant protein in ECMs is collagen, a 

fibrous protein which is remarkably preserved across species (53) and therefore invokes one of 

the weakest immune responses of all the proteins. This is, in fact, one reason natural collagen 

sutures implanted for thousands of years were so effective. The animal sinew composing the 

sutures is almost entirely collagen. Bovine collagen is still one of the most widely used and 

abundantly available xenogenic material used in biomedical applications (32).  

 Even though it is so well preserved, xenogenic collagen can still provoke immune 

reactions in humans who are hypersensitive to it or with extenuating circumstances (54-56). 

Typically, with proper cleaning with detergents and terminal sterilization by gamma irradiation 

or ethylene oxide gas is enough to reduce the immune response to a very minimal level, lower 

even than synthetic meshes (57-60). Immunogenic reactions to xenogenic collagen are caused by 

differences in telomeres, or repetitive end “buffer” sections, of the collagen molecules. These 

sections can be removed without harming the structural integrity of the protein molecule, 

however the processing breaks apart collagen fibers, greatly reducing the strength of any 

biomaterial made from that collagen. Atelomeric collagen does not form large fibrils like natural 

collagen therefore the strong networks found in ECM biomaterials cannot be replicated and 

telomeres cannot be effectively removed from ECM biomaterials. The benefits of improved 

healing response and biodegradability typically outweighs the small immune reaction from 

collagen.  

 Cells, their remnants and other biological matter in ECM biomaterials can cause immune 

reactions after implantation. Removal of these cellular components has been thoroughly 

researched and implemented to good effect. Accordingly, much of current research and 

development is concentrated on preparation treatments, enhancing desired properties such as 

strength, biodegradability, and reducing antigenicity. Crosslinking the material is a common way 
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to achieve these properties. A crosslinker physically or covalently bonds proteins together, 

modifying their properties as a result.  Some can also act as sterilants, destroying cells within the 

matrix.   

 One of the most common crosslinkers in use today is glutaraldehyde.  Glutaraldehyde 

kills cells quickly and creates permanent crosslinks between proteins. They are bound together 

due to the action of the dialdehydes on the ε-amino group of the lysyl residues in the protein.  If a 

ECM biomaterial prosthetic is fully crosslinked by a strong glutaraldehyde solution, it becomes 

essentially non-biodegradable and will remain in the body until physically removed. 

Glutaraldehyde is also known to reduce the antigenicity of ECM biomaterials while making the 

prosthesis very resistant to infection (61). After implantation, over time, glutaraldehyde residues 

can leach into the host tissue and, due to its cytotoxic nature, cause the surrounding cells to die 

(62). The influx of calcium ions accompanying the presence of glutaraldehyde also contributes to 

calcification of the surrounding tissue(63) and can ultimately accelerate the failure of the 

implanted prosthesis (64).  

 The inherent disadvantages of glutaraldehyde fixation presented a large stumbling block 

for further material development, so other avenues were explored. Alternative chemical 

crosslinkers such as carbodiimides (21,65-67) and polyepoxy (68,69) provide similar mechanical 

strengthening and stiffening with reduced cytotoxic effects. The in vivo response to these 

chemically altered ECM biomaterials is much different than that of native ECMs (Fig. 2). 

Chemical fixatives reduce or eliminate the amount of cellular infiltration into the implant and can 

cause a foreign body reaction, typically forming a capsule around the device.     

Physical crosslinking, comprising several steps of heating or compression, is 

advantageous because there are no chemical residues to cause concern for long term in vivo 

stability but the crosslinks are not always as effective as ones made with other methods. In 

contrast, dye-mediated photooxidation provides a more permenant effect. Several amino acids 

are capable of being oxidized by light while in the presence of specific photosynthesizing dyes 

(70,71). No chemical residues result from photooxidation and it has been shown that collagen 

matrices are stabilized to denaturation and enzymatic degradation. Crosslinking this way, uses 

the matrix’s own structure leaving a more natural matrix after the process is completed (72).  

Physiologically, photooxidized biomaterials show very little host cell infiltration but low 

immunogenicity and high resistance to calcification (73,74).   
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Fig. 2. a) Histologic appearance of the host tissue reaction to polyethylene mesh at 6 months post-
surgery. The clear circular areas represent fibers of the polyethylene mesh. The surrounding spindle 
cells are embedded within a dense fibrous extracellular matrix and mononuclear cells (between arrows) 
at this 6-month time point. (Reproduced with permission from (17).)  b) Histologic appearance of host 
tissue reaction to porcine-derived natural extracellular matrix (inside edge denoted by arrows).  The 
implant has been heavily infiltrated with cells and is already being broken down at this three week time 
point.   
  

Lastly, enzymatic crosslinkers provide a natural way to create crosslinks (75). In 

particular, transglutaminase (TGase) is an enzyme found in many organisms that catalyzes a 

reaction between glutamine residues the ε-amino groups of lysine residues (76). TGases 

crosslink in a more natural way than most other methods that can be applied by researchers 

because it is one of the crosslinkers used by the body.  One disadvantage of most TGases is that 

its activity is dependent on the concentration of calcium ions present. One particular TGase 

derived from Streptomyces mobaraensis, referred to as microbial TGase (MTGase), is calcium 

independent giving it an advantage over other types (77). As a catalyst, MTGase leaves no 

residue and does not effect cell proliferation or attachment to the matrix (78). Research to 

improve the preparations of samples using MTGase show promise that it is a viable way to 

stabilize a collagen matrix against degradation (75,78,79). 

  Ultimately, a native ECM will be completely digested by the body’s enzymatic processes 

within several weeks.  Problems can occur when all the immunogenic material is not removed 

from a bioprosthetic device or cytotoxic and degradative factors negate the positive impacts of 

the device and lead to complications or even catastrophic failures (80). Rigorous testing 

maintains the high standard of current bioprostheses, while research strives to modulate to 

optimize ECM biomaterials to degrade at specific rates and maintain structural integrity for 

specific periods while still allowing cells to grow, infiltrate and heal in a natural way. 

BA 
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b. Mechanical characterization 

Our primary stipulation about biomaterials was that they exist to repair, correct, or improve a 

physiological defect, deformation, or other malady through their implantation. A successfully 

designed device has to fit the mechanical requirements of the implant location. Tendon and soft 

tissue augmentation implants must be strong enough to withstand everyday forces applied to 

them by the patient. Prosthetic heart valves and vascular grafts must maintain their form under a 

constant flow of blood yet still be compliant enough to accommodate changes in pressure.  Even 

wound dressings, which are not typically thought of as mechanical devices, must maintain their 

structure to allow infiltration of reparative cells, transport of nutrients, and transmission of 

biological signals. Just as the compositions ECM biomaterials are not simple, neither are their 

mechanical characteristics. 

 Collagen is found in all connective tissues in the body, in more than 27 identifiable types.  

Types I, II, III, V, and XI form fibrils and are found in tissues that must support mechanical 

stresses such as tendon, skin, cartilage, and bone (81). As these fibrous collagens are the major 

structural proteins in load bearing tissues, they significantly influence the mechanical 

characteristics of tissues. Large networks of small collagen fibrils afford many benefits over 

smaller networks of large fibrils. A review by Ottani et al. (82) describes the state of collagen 

fibrils in connective tissue. For any fibrous system, as long as the cross-sectional area of the fiber 

in a given section will be essentially unchanged, the tensile ultimate strength will be the same.  

Division of a fiber into multiple small fibrils affords two distinct benefits:  the fiber has a great 

resistance to crack propagation and exhibits much better flexibility. Collagen molecules are very 

elastic and strong (tensile strength on the order of 1 x 109N/m2). Collagenous tissues typically 

fall into two categories. One composed of typically large, closely packed fibers of widely 

varying diameters. The other, composed of more uniform fibers of smaller average diameter and 

larger inter-fiber space (82). Variation in fiber diameter, length, and molecular packing work to 

exploit the strength of collagen to the utmost while allowing the overall properties of the tissue to 

change as required by the application. 

 Several tests are available to characterize natural biomaterials, any one of which can yield 

valuable information. Most natural biomaterials are hyperelastic and hyperelastic materials differ 

from linear elastic materials in that the initial relationship between stress and strain is initially 

linear but at some point the elastic modulus will increase based on a specific, typically 
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exponential, function (Fig. 3). This relationship is described by a strain energy density function 

which will be described later.  

  

 
Fig. 3. Typical linear elastic and hyperelastic stress-strain curves.  In the same strain that the linear 
elastic material experiences plastic yield and then failure, the hyperelastic material still deforms 
elastically.  
 

1.  Uniaxial and burst tests 

The most common mechanical test is the uniaxial test tension test, which stretches a specimen 

through cycles or until fracture to observe the Young’s modulus, or tensile modulus, and 

strength. Protocols for the uniaxial test vary but usually, a dogbone shaped specimen is placed in 

a pair of grips (Fig. 4a), which are separated by controlling the rate change in grip separation or 

specimen strain. Some anisotropic materials can be tested in several directions and the results 

aggregated to create a profile of the full material response (Fig. 4b). Uniaxial tensile and 

compression tests are most useful for elastic or pseudo-elastic solid materials such as plastics and 

metals used in orthopedic applications whose material properties vary linearly with strain and 

can be defined with only a few parameters. Softer, more compliant materials have minimal 

compressive strength, are difficult to grip, and are very difficult to test in this fashion.  

Consequently, researchers testing soft tissue adopted the easy to implement “ball burst test” 

specified to test textile strength by ASTM standard D3787-01.    
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Fig. 4. a) Typical specimen shape, dubbed dog bone, mounted in the vice grips of a uniaxial testing 
platform  b) Specimens can be cut in several directions from an anisotropic specimen 

 

 The burst test specifies that the thin sheet of material should be clamped in a ring, 

creating a taught sheet. Close attention must be paid in the case of natural biomaterials to make 

remove the slack without actually stretching the tissue. In hyperelastic tissues, the initial 10-20% 

of stretch can occur with very little force. Once secured in the ring, a spherical plunger is pushed 

through the biomaterial at a slow rate until the sphere ruptures the biomaterial. The maximum 

force and distance the plunger moved at rupture can then be recorded. The exact dimensions of 

the apparatus, prescribed by the ASTM standard, allow a research group to compare materials 

they have tested but care must be taken when comparing results from different groups.  Burst 

force and plunger travel distance are not intrinsic material quantities but can vary with the testing 

conditions. 

 To calculate intrinsic material properties, researchers can employ simple mathematical 

models.  Freytes et al. (83) used an geometric mathematical model to predict the stresses and 

strains within the specimen while in the burst device (Fig. 5). With some calculation a Young’s 

modulus equivalent called the maximum stress tensile modulus (MSTM) can be calculated.  

Because of their hyperelastic natural biomaterials sustain much greater stains with a varying 

tensile modulus before they yield (Fig. 3). The MSTM simply measures the greatest slope on the 
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stress strain curve under the conditions of the test. Freytes et al. compared the results from their 

mathematical model with those from a finite element model for standard synthetic material. As 

expected, the finite element model was better able to delineate stress levels throughout the 

specimen, however the simple model accurately calculated the maximum stresses and strains.  

This implies that changes in these maximums from the mathematical model can be compared 

with any uniaxial test for a rough estimate of comparative strength. Because the standard ball 

burst test uses a single cycle to rupture, the biomaterial experiences no pre-conditioning and it 

has been shown that preconditioning dramatically changes the response of natural biomaterials 

(84) to loading. Pre-conditioning arguable replicates the state of a biomaterial when implanted.  

Biomaterials will rarely be subjected to a single dramatic mechanical stress upon implantation.  

Instead, in situ, biomaterials are subjected to the cyclic, periodic, and other varied loads 

occurring with every day movement.     

 

 
Fig. 5. (a) Dimensions of the ball-burst cage (b) Free body diagram of a thin wall spherical pressure 
vessel; (c) Definition of areas used in analysis (As;Aps, and A = different areas, t = initial thickness of the 
material, r = effect radius, ECM = extracellular matrix). (Reproduced with permission from (83)). 
 

 

 Recently, a new method for performing the burst test using an inflation device was 

developed by Billiar et al. (85) where the material was actually deformed in the ideal geometry 

of Freytes et al.’s mathematical model, making the calculations more accurate. This test 
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apparatus used water to inflate the biomaterial while measuring displacement with a laser 

extensometer and pressure, rather than the force, by means of a transducer in the burst chamber 

(Fig. 6). Cyclic, preconditioning tests can be performed as well because the water applies a 

uniform pressure to the entire surface of the biomaterial regardless of the state of inflation.  

Realistically, natural biomaterials are effectively cycled in situ as the body moves so this is an 

important step. A single cycle test records the initial loading reaction of a material with no 

unloading curve and no preconditioning. Natural biomaterials exhibit substantial changes 

between cycles but these can be reduced when the biomaterials are preconditioned under the 

same strains that will be implemented in subsequent tests (84) (Fig. 7).   

 

Fig. 6. Schematic of the membrane inflation system. A circularly clamped sample is inflated using a syringe 
pump as the pressure, central displacement (w), and radius of curvature are measured in real time and 
recorded. Inset: Digital video image of backlit sample used for image analysis. (Reproduced with permission 
from (85)) 
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Fig. 7. Representation of the changes to the stress-strain profile of a natural biomaterial while being 
preconditioned.  Once a stable stress-strain profile is reached, experimental data can be collected. 
 

 

 Burst tests are very useful for quick, easy, and accurate comparisons between multiple 

materials or treatment protocols under investigation. The water inflation device and 

mathematical model add a layer of complexity but greatly increase the usefulness of the data.  

The major limitation of both tests is that they impose conditions uniformity and isotropy, 

therefore any anisotropies, changes in thickness, or other variables are implicitly averaged out of 

the results. 

 

2.  Biaxial tests 

The next level of mechanical testing is more complex but can assess anisotropic natural 

biomaterials and replicate stress states inside the body more accurately. Biaxial mechanical 

experiments control all four edges of a square specimen while allowing unconstrained changes in 

the thickness direction of the specimen. These tests were developed in 1948 by Treloar et al. (86) 

who first was able to apply two independent strains in orthogonal directions while measuring 

both strains independently.   

 One of the major obstacles to biaxial testing was to control each boundary while 

maintaining the degrees of freedom necessary to leave the other boundaries uninhibited. The 

techniques used to secure the specimens are especially important with very compliant, and 

sometimes fragile, materials such as natural biomaterials. The gripping mechanism must securely 

hold the specimen without doing damage or creating any unnecessary stress concentrations while 
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allowing the most independence of motion along the perpendicular axis, while equally 

distributing applied forces along the edge. Also because of its compliance, any strain 

measurements taken during such an experiment must be made sufficiently far away from the 

points where the specimens attach to the jig so as to avoid St. Venant’s, strain concentration, 

effects (87). 

 There are many advantages to biaxial tests over more conventional, “simple”, methods 

such as the uniaxial tension test or the burst test. A series of serial uniaxial tests with the tissue in 

different orientations cannot detect coupling that may be occurring within the tissue to modify 

the reaction to stress or strain in a particular direction. There is also evidence that a necking 

effect, similar to that dictated by Poisson’s ratio in elastic tissues, can cause plastic deformation 

in the tissue. Burst tests incorporate coupling effects into a single test by stretching a material 

radially, though there is no way to separate these effects into their component parts and because 

the test is a single cycle to failure, the material never returns to an original unstressed state.  

Biaxial tests control two perpendicular axes independently and can pre-conditioning materials to 

a biologically relevant degree.   

 A few short years after Treloar developed his technique, Rivlin et al. (88) improved on it 

and were able to derive the constitutive equations for rubber by using only experimental 

observations. One of the most popular constitutive models for hyperelastic materials to this day 

is still the Mooney-Rivlin model. Research into the biaxial, planar properties of hyper-elastic 

materials improved in the ensuing years and was used extensively in new and emerging fields 

that required very precise models of complex loading problems such as aerodynamics. Because 

of the similarity in computational methods for both biomechanics and aerodynamics is not 

surprising then that biaxial testing was soon applied to natural biomaterials.   

 It was not until 1974 that the first attempt was made to use biaxial testing on biological 

tissues. Using an apparatus similar to Rivlin (88), Lanir and Fung (89,90) performed a detailed 

examination of the biomechanical properties of rabbit skin. Technological development has 

assuredly increased the precision and ease with which biaxial tests can be made but the 

principals are basically unchanged today.  

 A biaxial test machine is similar to two uniaxial testing machines laid on their side 

perpendicular to each other (Fig. 8). Each axis has a force gauge and independent actuators.  

Typically, a reservoir is fashioned to keep the tissue in simulated body fluid at body temperature 
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throughout the tests. A square of natural biomaterial is then  attached to the actuators by several 

threads or sutures. Square specimens are used because other shapes have effects on the overall 

accuracy of results (91). Though it is more convenient to use a cross shaped specimen to 

maximize the unaffected “internal” area by keeping the points of attachment distant creates a 

non-uniform strain field, which invalidates many of the mathematical assumptions used to 

calculate the material properties. A square specimen provides the least distortion of the strain 

field and if the measurements are taken from the central 1/4(87) then effects from stress 

concentrations can be safely ignored.   

 

 
Fig. 8. Schematic of a biaxial testing system.  A square specimen, marked with four dots for video strain 
measurement is immersed in a water bath and attached to four linear actuators using several thin lines.  
Floats can be placed on the attachment point of each line to maintain neutral buoyancy of the specimen.  
A computer controls the rate of strain using real-time feedback. 
 

 Each attachment suture must be independently adjustable to ensure that there are no 

unequal strains on the edges of the material. This can be accomplished with set screws, pulleys, 

or a combination of the two. This experimental design and setup allows this apparatus to apply 

strain along the orthogonal axes aligned with the square sides of the specimen with little or no 

shear. As each axis is tensioned and expands, the sutures move apart to accommodate the change 

in dimension, however the distance from point of attachment on the actuator to the specimen 

must be long enough that the forces are still essentially perpendicular (92).   

 Force is measured directly from load cells attached to the actuators and stress can be 

calculated. Deformation and subsequently strain is calculated by setting a camera above the 

specimen and tracking four or nine dots on the surface of the biomaterial away from the suture 
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attachments points. Newer, computer controlled machines calculate strain on the fly and are able 

to control the strain-rate precisely to give more accurate results. Because video systems are 

typically used to measure strain during biaxial tests, consideration must be given to the focal 

plane of the specimen. A natural biomaterial that is essentially neutrally buoyant in its natural 

state becomes much heavier when hooks, sutures, or other devices are attached to its edges.  

Keeping the specimen in the same vertical plane so that it neither goes out of focus nor changes 

size is paramount to accurate strain measurements. Some researchers have used floatation 

devices (87,93) as simple as small pieces of packing foam on each attachment point to counteract 

the added weight and keep the specimen at the surface of the bath. Others have used low friction 

glass platforms that support the biomaterial in the vertical direction while not impeding its 

expansion or contraction (Billiar et al. personal communication). 

 By varying the rate at which both sides are strained, different modes of strain, loading 

and cycling can be obtained. If the physiological range of stresses and strains is known, the 

material can be tested at those levels, otherwise it may be tested to find the envelope in which the 

material will not fail or plastically deform. Results from these types of biaxial tests are very 

useful when determining the usability of a natural biomaterial in a specific application, the 

relative strength advantages over other natural biomaterials or, of course, for characterizing the 

mechanical properties of a natural biomaterial. 

 

3.  Identifying fiber orientation 

Interspecimen variability can be very high when using natural biomaterials and can result in poor 

agreement between results of different specimen sets or research groups. Natural biomaterial 

specimens are generally not isotropic because of the many random fibers that compose the 

framework of natural tissues. Even within specimens taken from a single subject, results of 

mechanical tests can differ greatly depending on a variety of factors. One way of reducing this 

variability is to identify the principal axes of the material. The principal axis is the direction in 

which the greatest numbers of material fibers are oriented. Because of the large number of fibers, 

the principal axis of a material is the “strongest” axis. Consequently, the axis perpendicular to 

the principal axis is the weakest. Biaxially testing along these axes will give a maximum and 

minimum stress-strain profile of the material. Because of the way natural biomaterials grow, 

more fibers tend to align to the directions of greatest load.  If a researcher can directly measure 



Coburn & Pandit               Development of Natural Biomaterials 
  

 
20Topics in Tissue Engineering, Vol. 3, 2007. Eds. N Ashammakhi, R Reis & E Chiellini © 2007.   

these fibers, anatomic variations no longer play a role in specimen testing and the errors caused 

by them are reduced.   

 While determining the principal axes and degree of anisotropy is relatively simple with 

synthetic materials, which are made to exact specifications, there are no blueprints for natural 

biomaterials. Each parameter must be observed directly or experimentally derived. In some cases 

such as muscle and tendon, microscopic inspection can reveal the dominant fiber direction. In 

many cases however, the fibers are quite small and challenging to discern. Several methods have 

been developed to determine the orientations of these fibers.   

 Fiber orientations in natural biomaterials have been studied with techniques such as 

electron microscopy (94) and standard polarized light microscopy (95). These techniques, while 

effective in a limited scope, can only acquire local information and are very time consuming. A 

real time method would give a researcher a good understanding of the basic reactions a natural 

biomaterial will have in situ.   

 In 1990, a report by Choi and Vito (96) presented a study in which the biaxial properties 

of canine pericardium using an improved biaxial testing apparatus that allowed real-time 

feedback control of the strain rate and the ability to calculate both normal and shear strains.  

Problems of interspecimen variability (97) led Choi and Vito to develop a possible solution to 

this problem. The researchers took a circular piece of each specimen and attached suture loops to 

it at 15° increments. One pair of sutures was then mounted to a testing device that applied only 

enough tension to take the slack out of the tissue and then held the length between those sutures 

constant. Approximately 1N of force was then applied along the orthogonal diameter. The force 

stretched the tissue along that orthogonal direction and two marks were made along the stretched 

diameter with enamel ink 5.0cm apart. The specimen was then rotated 15° and the procedure 

repeated for 180°. When all possible pairs were marked, the tissue was released and allowed to 

relax to its unstressed state. The dots made at 5cm apart under tension created an ellipse in the 

relaxed state whose major and minor axes coincided with the with material symmetry axis, the 

minor axis representing the axis of maximum stiffness and the major axis necessarily 

representing the axis of maximum compliance. The ratio of the major axis to the minor axis was 

also an accurate representation of the anisotropy of the specimen compared to the material 

constants calculated after complete testing of the material. These axes were measured with 

respect to a predefined anatomical axis and it was found that this angle varied widely between 
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specimens, possibly contributing to the previously reported interspecimen variability and 

inconsistent assessments of material symmetry (98,99). 

 Choi and Vito’s study also raised the issue of improper or inaccurate measurement of 

sample size. Changes made in preconditioning are not permanent and may sometimes actually 

change between trials of the same specimen. As we stated earlier, a hyperelastic material is 

defined by the change in the deformation gradient and is depending on both the initial state and 

“current” state. Only when the initial state is defined accurate can a material’s properties be 

accurately measured. 

 Indirect methods can also be used to determine the principal material axes of natural 

biomaterials. Small Angle Light Scattering (SALS) was adapted by Kronick and Sacks (100) to 

identify the orientations of collagen fibers in cattle hide.  The technique had already been used to 

determine the quantity of collagen and elastin in tissues and the fiber orientation results were 

verified against x-ray diffraction results (101). In the SALS technique, laser light is passed 

through a tissue and uses the intensity of the resulting scattered light to reconstruct an average 

underlying structure. Using laser light of a wavelength on the same order of size as collagen and 

elastin fibers ensures the light will be refracted by those specific molecules. The network of 

fibers acts like a group of single slits. Measuring the intensity of light at 1° increments around 

the central optical axis provided an intensity distribution that coincided with the natural 

biomaterial’s primary fiber angles (100). The principal of SALS is very similar to that used by 

Vito et al. except this method required no physical intervention. It can also be done concurrently 

to a biaxial test without altering the specimen, giving a snapshot view of the specimen before and 

after strain is applied. Whereas the mechanical method of determining the principal mechanical 

axis of the material finds a bulk axis that was an average of the whole surface, SALS determines 

the fiber orientations at discrete points in the material. The discrete orientations can be coalesced 

to form a map of the fiber orientations over the surface of the material which  is very accurate.   

Similarly to SALS, Polarized light microscopy (PLM) and birefringence can be used to 

qualitatively determine fiber directions (95,102). Birefringence, or double refraction, is when a 

ray of light passing through a material decomposes into two rays depending on polarization of 

the light (103). When the light is split, the resulting rays have different velocities and when they 

are recombined in the analyzer of the microscope, they create constructive and destructive 

interference patterns (Fig. 9). The interference patterns (Fig. 10) are measured and the angle of 



Coburn & Pandit               Development of Natural Biomaterials 
  

 
22Topics in Tissue Engineering, Vol. 3, 2007. Eds. N Ashammakhi, R Reis & E Chiellini © 2007.   

the predominant internal structure of the material can be calculated from the sine of the phase 

difference,  

δ = 2π L(n2-n1)/ λ 

where L is the sample thickness, nx are the refractive indices of the material, λ is the wavelength 

of the light, and δ is the phase difference of the light (104). Unfortunately, this equation is 

ambiguously defined when only using image intensities and exact measurements cannot be 

derived. A quantitative method was developed using the rotating polarizer method and additional 

algorithms to remove the ambiguity. Geday et al. provide a detailed discussion of this method 

and its derivation (104). Typically, assessment of the fiber orientations of a specimen is 

performed before and/or after a mechanical test, showing an instant of the material’s state. 

 

 
Fig. 9. Diagram of a polarized light microscope showing the location of the specialized components.  A 
birefringent material on the stage transmits a characteristic interference pattern at each angle of 
polarized light. The rotating polarizer facilitates analysis of multiple angles for a complete picture of a 
biomaterial.   
 

 A new polarized light method, developed by Tower et al. as an upgrade to previous PLM 

techniques, assesses the fiber alignment of natural biomaterials in real time. The specimen is 

mounted in the microscope and loaded by a mechanical testing apparatus while the fiber 

orientations are detected over large areas of the tissue, enabling tracking of fiber orientations 

throughout mechanical tests (105). The analyzer accomplishes this by detecting the sinusoidal 

oscillations in the light intensity passing through the birefringent material, in this case a natural 

biomaterial. These oscillations are directly related to the orientation of the fibers in the material, 

which can then be determined for each pixel in the image. This method is advantageous over 
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standard PLM in that it provides quantitative real time data rather than qualitative measurements 

(105). 

 

 
Fig. 10. A low-magnification polarized light microscopy image of a midcusp region of a porcine aortic 
valve leaflet showing a characteristic banding pattern representing crimped collagen bundles.  
(Reproduced with permission 
 

4.  Material modeling 

Finally, with all this available data for a material, we are able to apply a model that will predict 

how the material will react when different stresses are applied. Modeling allows experimentation 

to happen inside a computer where there are unlimited supplies of materials and fabrication is 

just a few clicks away. Designs can be tested in a finite element modeling program, yielding 

results that are far more precise than any real world experiment could be.   

 Before delving into  what material models are and how they are used, we have to define a 

few terms mathematically for clarity. The change in position of a given point during a biaxial test 

can be described by the following:   

21111 XXx κλ +=   22122 XXx κλ +=   333 Xx λ=  

Where X and x are the position coordinates in the undeformed and deformed states, respectively.  

The λ variables are the stretch ratios along each axis and κ are measures of shear in the plane of 

the material. The nature of the biaxial test prohibits there being any shear in the x3 direction.  

Using this information, the entire deformation state of a material can be described by the 

deformation gradient, F.  The deformation gradient describes the changes in deformed position 

over all the original points and can be displayed in differential and matrix notation as follows:   
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F is asymmetric but because natural biomaterials can be thought of as incompressible tissues due 

to their very high water content, it is mathematically constrained in its values to preserve the 

volume of the biomaterial.   

 The next logical step in describing the material response is utilizes strain, which is a non-

dimensional way to describe physical expansion or contraction with respect to a reference 

position.  In this case, we are using Green-Lagrange strain E to describe the deformation with 

respect to the original unloaded state.  This can be calculated directly from F: 

( )IFFE −= T

2
1  

Where I is the identity matrix and E is a symmetric matrix.  Practically, this is one of the easiest 

forms of strain to compute and consequently, is one of the most popular formulations.   

 Finally, the most common measure of stress, the second Piola-Kirchoff stress, S, is 

calculated using force/unit area and stretch ratio measurements. The 2nd P-K stress, like Green’s 

strain, is a symmetric quantity. These symmetries come in handy when formulating models.  

Here again, the design of the biaxial test simplifies the calculations necessary to find the stress.  

Because the natural biomaterial is basically a thin film, the stress in the thickness-direction (3) is 

assumed to be zero.  Additionally, because the apparatus applies stress perpendicular to the sides 

of the square specimen, it induces negligible shear.  As a result, only two stress components need 

to be calculated: 
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Where P  is the force (because we already used F for the deformation gradient, h is the specimen 

height or thickness, and L is the specimen side length perpendicular to the force.  

 An elastic material’s behavior can be determined independently anywhere at any moment 

according to F.  A hyperelastic material responds to stress and strain according to the rate of 

change in the deformation gradient F&  meaning that it is dependent on both the initial state at 

time t = 0 and the final state at time t but it is independent from the path used to get from time 0 

to t. (106). This leads us to the development of a strain energy function W(F), mentioned earlier, 
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which is a function of the deformation gradient, that completely describes the internal energy of 

the material due to the external forces acting upon it. Because it is a function of F, W can also be 

described as a function of E. Generally, the strain energy equation is very difficult to solve, but 

by designing experiments correctly, researchers reduced the number of necessary parameters.  

Because natural biomaterials are incompressible, one degree of freedom is removed from the 

system. Properly designed biaxial tests produce negligible shear in test specimens, further 

reducing the complexity (92). Many different strain energy functions can be used to describe a 

material. Choosing the most effective and least computationally costly method is a large part of 

deciphering the correct properties for a material. 

 Luckily, researchers have already come up with ways of reducing the parameters of the 

strain energy equation and have developed models that fit most of the materials (natural, 

synthetic, or otherwise). Using their models, we can produce material constants that describe the 

material responses to other stresses and strains without the need for exhaustive experimental 

testing. The accuracy of the simulations depends on the accuracy of the experimental data used 

to make the model. With a little planning this accuracy can be very high.   

 Since the first experiments on rabbit skin, modeling has been one of the goals of biaxial 

testing and mechanical characterization. The strain-energy equation, is the key to material 

modeling. Tong and Fung (107) used the data they gathered on rabbit skin to build an equation 

that they thought might describe their specimens. Firstly, despite observed hysteresis in the 

loading and unloading curves, the load responses were basically strain-rate independent.  

Additionally, the principal axis of anisotropy or principal material axis varied based on the 

specimen’s anatomic orientation. Lastly, the specimens exhibited a biphasic behavior, initially 

very compliant then stiffening very rapidly. Due to the strain-rate insensitivity of the natural 

biomaterials, Tong and Fung were able to develop separate strain-energy functions for the 

loading and unloading states, thereby simplifying the problem. After fitting the data to several 

iterations of a basic strain energy functions, the most effective equation was decided upon:   

[ ]( )1EEEEexp
2
cW 22114

2
222

2
1110 −++= aaaρ  

Where ρ0 is the initial density of the material, c is a constant multiplier, and ai are material 

constants. The constant a3 has been omitted because it accompanied the shear term of this 

equation. The general form of this equation had 15 terms, most of which were eliminated 
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because of the negligible effect they had on the accuracy of the model. This model, called the 

“Fung” model, is a good approximation of many natural biomaterials and is used widely in the 

field.   

 The more data added to the model, the better the results are. Due to the difficulty of 

controlling the stress applied to each side accurately in real time, most protocols call for strain 

controlled trials. An effective set of data for a model must have both equibiaxial strain trials and 

several different non-equibiaxial strain ratio trials. Trials using strain ratios equally spaced 

around both axes, such as a regime of ε1 : ε2 = 8:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:8 provide a good 

starting point. Increasing the number of trials and strain ratios will provide a larger base from 

which the model can extrapolate the overall material properties. Too few trials will cause the 

model to make good predictions for that particular loading regime very well but makes it more 

likely to make poor predictions for any other loading regime it may encounter. Particularly, do 

not try to create a fit with data gathered from only a single strain ratio set of experiments, the 

strain energy density equation is particularly weak. In the Fung model, the constant relationship 

between E11 and E22 produces mathematical collinearities and can result in an inaccurate model.  

It is important to remember to ensure the conditions you are obtaining in your experiments are 

relevant to the application for which you are testing. Creating a complete material model for a 

natural biomaterial that is valid under all conditions is a much more daunting task than creating a 

model that is optimized for a precise range. For example, when designing an implant for an 

abdominal wall patch, pressures of 16MPa are not expected and pressures of 0.1kPa are going to 

be dominated by larger factors.   

 Many mathematical models have been developed subsequent to the Fung model 

(97,108,109) each improving on certain aspects of the previous formulations and arriving at a 

constitutive model that more accurately describes the data gathered in a certain set of 

experiments. The decision of which model to use is an important step in any biomaterials 

research. Appropriate models for natural biomaterials can be found in the literature and within 

any of several finite element modeling packages that are commercially available. Finite element 

packages simplify the task of generating models immensely by only requiring the biaxial data to 

be entered by the user, generating all the coefficients automatically once the desired model is 

chosen. The more data they are given, the more accurate the model. Using the experimental 

guidelines provided here, these models can be invaluable to experimentalists with expensive or 
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hard to process materials. After the model is verified, virtual design changes can be made, virtual 

loading conditions altered until a real “final draft” is ready to be produced and tested. 

 

Conclusions 
Any biomaterial implanted into the body has to interface well with the existing tissue while 

performing its function. The obvious implication of that statement is that the body receiving the 

implant should not reject it physiologically. The more subtle, but equally significant implication 

is that the mechanical properties of the implant should be appropriate for the location in which it 

is implanted. This entails insuring the correct anisotropy is maintained and the material responds 

appropriately to mechanical stimuli. Sometimes empirical evidence through simple burst or 

biaxial tests is all that is needed for confirmation. Other times, it is necessary and convenient to 

find the natural biomaterial’s properties and model using finite element analysis, expanding the 

limits of what experiments and conditions can be tested. Just as a structural engineer is able to 

determine if a high rise building will withstand the forces of strong winds when it is full erected 

before construction ever begins, a biomedical engineer can use these data to determine if an 

implant will fail mechanically when subjected to the wear and tear of daily living inside a 

person. We have come a long way from the beginnings of natural biomaterial implantation and 

we are at a point when the available technology intersects with the desire for knowledge. All of 

today’s available tools can yield valuable and accurate information. It only depends on the 

researcher to choose how much information they need and how best to use it. 
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