


ABSTRACT 

 Soft tissue mechanics attempts to describe biological tissues such as skin, tendon, 

and the reproductive organs using concepts found in mechanical engineering.  By 

approaching soft tissues using this framework, the complex biomechanical response of 

such tissues, which have been implicated in the development of disease and injury, can be 

ascertained and quantified.  Robust mechanical tests, in which tissue stress-strain behavior 

is characterized, are needed in order to inform constitutive models of healthy and diseased 

tissue.  The overall objective of this thesis was to design, construct, program, and validate 

a planar biaxial device capable of testing soft tissues.  Improvements and redesigns were 

made to the device to better suit the nature of testing required for soft tissue.  Custom grips, 

modules, and software were developed and fabricated to facilitate accurate biaxial 

mechanical tests.  Optimized for testing of small soft tissues, the biaxial device is an 

evolution of the standard approach towards mechanical testing. The overall device and the 

individual systems were validated internally and externally.  Pilot studies were conducted 

on murine skin, compared to existing data from literature, and observed to correspond with 

known stress-strain and load-displacement properties.  Further, experimental protocols 

were developed to evaluate the biaxial behavior of soft tissues, including cervical, uterine, 

vaginal, and uterosacral ligament tissue.  Studies were described in which experimental 

data could be used to establish structure-function relationships describing reproductive 

tissue.  Results from these studies could be used to elucidate the underlying mechanical 

etiologies of preterm birth and pelvic organ prolapse. 
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Chapter 1. Introduction 
A. INTRODUCTION 
 Biomechanics, as defined by Y.C. Fung in his book Biomechanics: Mechanical 

Properties of Living Tissues, is defined as the application of mechanics, a traditional field 

of engineering, to biology (Fung, 1993).  J.D. Humphrey expands this definition: 

biomechanics includes, in addition to its application, the development and extension of 

mechanics to better understand the pathology and treatment of injuries or diseases 

(Humphrey, 2003). By extending the principles of continuum mechanics (i.e. stress and 

strain) to biological components like cells, mechanobiological interactions can be 

determined and quantified.  How cells respond can be understood through the lens of 

growth and remodeling. The central hypothesis of this field, that cells seek to establish, 

maintain, and restore a preferred homeostatic state of stress, is reliant upon mechanical 

principles (Humphrey and Rajagopal, 2002). In response to a mechanical stimulus, cells 

can change phenotypes or change the composition of their extracellular surroundings to 

achieve a preferred stress state in a phenomenon known as remodeling. Remodeling can 

restore homeostasis, or, in the case of maladaptive remodeling, lead to a failure of the 

biological system to perform as required. 

 Understanding what leads to successful or maladaptive remodeling is therefore of 

paramount importance. Successful remodeling can be understood as the restoration of a 

preferred stress state within biological tissue. Maladaptive remodeling can be understood 

as failure to restore from or even an acceleration towards a detrimental mechanical
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 environment. It is then necessary to understand how the individual constituents within the 

extracellular matrix determine the mechanical environment and response of the cell.  

During growth or remodeling, these constituents could be augmented, diminished, or 

reoriented in relation to each other. This in turn can drastically alter the mechanical 

response of the tissue. By relating individual biological components to overall tissue-level 

mechanical stress and strain, structure-function relationships that quantitatively describe 

remodeling within tissue can be identified. 

 It follows that, to deduce these structure-function relationships, tissue mechanical 

behavior must be measured and modeled alongside the properties, geometry, and 

contributions of the individual extracellular constituents, which act as structural, load-

bearing components (Sacks, 2000). To this end, mechanical testing can be used to measure 

tissue response to mechanical loads. Mechanical testing, which creates stress-strain curves, 

was not traditionally applied to biomedical engineering. These methods were most often 

used to test the mechanical properties, such as stiffness and yield stress, of inorganic 

materials (i.e. metals, rubbers, and artificial polymers).  The testing of biological tissue 

produces results that are often substantially more complex than synthetic materials, with 

tissues exhibiting nonlinear, anisotropic, pseudoelastic behavior (Fung, 1993). 

 In addition to experimental mechanical testing methods, mathematical approaches 

have also been employed. In fact, the end goal of mechanical testing is to create constitutive 

models that are able to describe existing data and even predict tissue mechanical behavior 

as a function of its constituents.  Due to the complex behavior of biological tissue, these 

models are complicated and often computationally intensive. The most biologically 

relevant but also complex of these models attempt to correlate stress with strain by means 
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of several material parameters that describe constituents’ mechanical properties, structure, 

and presence.  The main advantage of a constitutive model for any tissue, however, lies 

with its predictive power.  With such a model, clinically relevant changes in tissue can be 

directly derived from changes in material parameters within the model.  Utilizing 

mathematical models to observe (patho)physiological changes in tissue properties is 

significantly more efficient than systematically analyzing tissue samples via experimental 

methods. With a sufficiently complete computational model, which requires rigorous 

experimentation and data input from many mechanical tests, a new paradigm for clinical 

treatment of tissue could be incorporated. Such a paradigm could include highly 

customized treatments based on a patient’s specific tissue properties.   

B. BACKGROUND 
B1. MECHANICAL TESTING 

Mechanical testing of tissue involves cutting a sample of the tissue of interest, often 

into an optimal shape to minimize boundary artifacts intrinsic to mechanical testing, 

gripping the sample, and then pulling it in tension and returning to reference in a prescribed 

protocol.  Force due to testing is measured, and strain within the tissue is recorded through 

non-contact optical tracking.  Mechanical testing can be broken into two main types: 

uniaxial and biaxial testing.  Uniaxial testing is the simpler of the two, involving only one 

test axis.  The data that comes from a uniaxial test can be valuable and is often a good 

starting point for testing tissues that have not yet been rigorously defined biomechanically.  

It cannot, however, be used to fully quantify the constitutive equations for many soft tissues 

which have anisotropic properties.  To this end biaxial testing, which has two testing axes, 

allows for the formation of more complex, physiologically relevant model and loading 

conditions that consider tissue anisotropy (Sacks 2000).  Tissue in the body is rarely loaded 
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in one direction and often experiences stresses along multiple axes; biaxial mechanical 

testing devices could thus better simulate the stress state of tissue in vivo and provide more 

physiologically relevant data.  Additionally, uniaxial tests could artificially inflate stiffness 

by allowing constituent fibers to realign in the single direction of loading since the test 

constrains tissue in only one direction (Mauri, 2013; Cooney, 2016).  Lanir and Fung were 

the first to utilize biaxial testing for soft tissue (Lanir and Fung, 1974); biaxial testing has 

since been used to quantify many tissues, including tendons (Szczesny, 2012), vasculature 

(Bell, 2013; Sommer, 2010), pericardium (Waldman and Lee, 2002), ureter (Rassoli, 

2014), and skin (Muñoz, 2008).  Despite the undeniable usefulness of biaxial testing, 

experiments must be carefully conducted and tend to be more complex than uniaxial tests.  

Of great importance is the design and interpretation of boundary conditions on a biaxially 

loaded specimen that is constrained in two directions.  As will be discussed in later 

chapters, an accurate biaxial test and analysis requires a multifactorial approach that 

accounts for grips, specimen shape and size, specimen behavior, and deformation tracking. 

Biaxial tests can run in either tension- or strain-controlled modes.  Strain-controlled 

protocols run tests based on feedback from tissue 

deformation and allow the incorporation of in-plane 

shear to the study, but limits the possible loading 

configurations compared to stress-controlled 

protocols (Sun, 2003).  Two main loading protocols 

can be used to mechanically test tissue: equibiaxial 

testing or constant-force or -stretch tests.  

Equibiaxial testing maintains both loading axes at 
Figure 1: Overhead illustration of planar 
biaxial device 
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equal strains or stresses during cyclic loading; constant-force or constant-stretch tests keeps 

one axis constant while another axis is stretched (Humphrey, 1987; Bai, 2014).  The latter 

test can also be modified to keep tissue stretch at a prescribed ratio (Lanir and Fung, 1974).  

B2. MICROSTRUCTURAL CONSTITUENTS OF SOFT TISSUE 
The three main load-bearing constituents which form the majority of the passive 

mechanical response of tissue are collagen, elastin, and glycosaminoglycans (GAGs) 

(Humphrey, 2014).  Collagen is the primary load-bearing constituent, which is, for 

instance, responsible for the high tensile strength and stiffness of tendon.  Elastin provides 

a spring-like component tissue, allowing tissue to be both highly distensible and elastic.  

GAGs are negatively charged molecules often found bound to protein cores in high 

molecular weight complexes called proteoglycans.  Their polar nature attracts water 

molecules into a “gel” that allows cartilaginous tissue to absorb compressive shock and 

recover.  These constituents are secreted by cells, notably fibroblasts, into the extracellular 

matrix (ECM), which provides structure, stability, and support to cells. 

The collective effect of the collagen and elastic fibers, their orientations, and their 

organization gives tissues anisotropic, highly nonlinear, heterogeneous behavior. This 

leads to the need for complex constitutive relations to describe them.  Changes to collagen 

and elastin in the microstructure of a tissue, due to age, trauma, disease, stress profile, or 

remodeling, often lead to dramatic changes in the mechanical properties of that tissue.  

Previous studies have shown that ECM constituents undergo continuous turnover and 

remodeling.  Collagen and elastin appear to be deposited and aligned in relation to loading 

direction, subsequently changing cell mechanical environment (Sander, 2011).  Regarding 

age, elastic fibers are present and organized in the body in a relatively fixed amount before 

maturity and thus can only decrease in number with age. Thus, damage to these fibers could 
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cause irreversible changes at the tissue level (Humphrey, 2014).  Due to early presence, 

elastic fibers contribute to pre-stress, known as residual stress for arteries, that can be 

observed through opening angle experiments.  The residual stress and opening angle can 

vary with location, tissue size, and remodeling (Fung, 1993).  Computational models based 

on mechanical tests on abdominal aortic arteries have shown that with increasing age, the 

contribution from elastic fibers becomes superseded by collagen fibers, leading to stiffer, 

more anisotropic arterial tissue with a diminished toe region in the stress-strain curve 

(Ferruzzi, 2011).  Diseases such as hypertension could also affect the ratio of elastic fibers 

to collagen fibers, leading to similar stiffening behavior (Eberth, 2011).  Collagen itself is 

subject to degradation by enzymes called metalloproteases, with evidence showing that 

physical strain could preferentially preserve collagen oriented along the strained axis 

(Flynn, 2010). 

Collagen exhibits 

well-known crimping 

behavior when unloaded.  

Microscopy has revealed 

that collagen fibers in 

tendons are organized in 

coplanar waves oriented 

along the axis of loading and, 

upon stress application, 

straighten out in a reversible manner (Nicholls, 1983).  Age can also affect collagen 

crimping, with increasing age decreasing the angle of crimping and thus the overall amount 

Figure 2: Representative stress-strain diagram for collagen.  
Region I is the low-strain toe region in which fibers are 
crimped.  Fibers transition through region II to become fully 
engaged in region III, increasing stiffness at higher strains. 
(Holzapfel, 2000) 
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of elastic deformation before plastic deformations occurs (Legerlotz, 2014).  Crimping can 

be observed in mechanical stress-strain graphs by the presence of three different regions. 

The toe region demonstrates a curve of relatively high compliance in which the collagen 

fibrils are straightening followed by increasing stiffness to a linear region in which most 

of the fibrils have straightened.  During mechanical testing of tissues, it is necessary to 

precondition the tissue by repeated cyclic loading and unloading. During this period tissue 

structure changes until it converges to a stable behavior appropriate for the designated 

testing conditions (Fung, 1993).  

Multiple subtypes of 

collagen exist, but the two main 

subtypes are fiber forming: collagen 

type I and collagen type III.  Type I 

collagen forms fiber networks of 

thick bundles while collagen type III 

forms thinner fiber networks. Both of these collagen types are present in most soft tissues 

and together modulate the fibrous network formed (Lapiere, 1976).  The base unit of 

collagen is a triple helix of α protein chains that form fibrils. Fibrils are in turn composed 

of staggered collagen molecules covalently bonded by lysyl oxidase-induced crosslinking, 

which are further grouped together to form fibers, forming a self-assembling hierarchical 

structure (Hulmes, 2008).  When under load, fibrils show lower local strain than the overall 

tissue strain, signifying that cross-link slippage and realignment may be significant 

contributors to collagen stress-strain behavior (Screen, 2003). The extent and type of 

crosslinking between collagen molecules appears to determine collagen mechanical 

Figure 3: Hierarchical organization of collagen from 
macromolecule to fibril to whole tissue (Fratzl, 2008) 
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behavior under load at an elementary level; the arrangement of collagen fibers further 

modulates mechanical properties (Avery and Bailey, 2008).  Hence tissues can exhibit 

drastically different mechanical properties despite similar constituents.  Skin and tendon, 

for example, have significantly different levels of compliance and stiffness due to structural 

differences in their respective oriented collagen networks.   

Tissues can be arranged in complexity of structure, ranging from the simplest, 

tendon, to skin, and finally to the most complex, blood vessels and the female reproductive 

tract.  In the female reproductive system, smooth muscle composes 30-40% of the uterus 

and 10% of the cervix in addition to structural fibers; changes in the ratio of ground 

substance to structural fibers has been linked to changes observed during pregnancy, 

further complicating quantification of such tissue (Fung, 1993). 

B3. CONSTITUTIVE MODELING 
 In order to determine the underlying factors of tissue mechanical behavior, 

constitutive relations must be informed by mechanical tests conducted over a range of 

physiological values.  Ideally, changes to material parameters in these constitutive 

equations would reflect mechanobiological changes within tissue, allowing the equations 

to predict mechanical behavior and the contributions of different components of the tissue.  

The goodness of fit to experimental data determines the validity of the model and its 

applicability to that particular set of conditions or constraints; the complex environment 

and behavior of tissue precludes the ability of any single one model to determine multiscale 

tissue behavior.  Constitutive equations, however, remain among the most versatile and 

informative methods of biomechanically quantifying a wide variety of tissues.  Many 

biomechanical studies of soft tissues incorporate constitutive modeling to better describe 

results from mechanical tests in terms of material parameters such as elastic modulus and 
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fiber orientation.  These models have been included with experiments on the ureter 

(Sokolis, 2017), thoracic ducts (Caulk, 2015), annulus fibrosis (O’Connell, 2009; Bass, 

2004), carotid arteries (Eberth, 2011), and linea alba (Cooney, 2015; Cooney 2016), among 

a multitude of other studies.  Descriptions of material properties can further be incorporated 

into finite element models of tissue that allow simulation of tissue behavior under different 

loading conditions and deformations.  Results from these theoretical analyses can then be 

used as feedback to design better physical experiments that optimize variables such as 

clamping pressure, sample size and shape, and region of interest. 

 Humphrey describes five general steps to the formation of a constitutive relation, 

which are colloquially abbreviated by the mnemonic DEICE: “delineation of the general 

characteristics of interest,” “establishing an appropriate theoretical framework,” 

“identification of specific functional forms,” “calculation of the values of associated 

material parameters,” and “evaluation of the predictive capability of the final relation.”  

Characteristics of tissue behavior include nonlinearity, pseudo- or viscoelasticity, and 

anisotropy.  The theoretical framework includes the establishment of independent and 

dependent variables.  A constitutive functional form is the mathematical formulation used 

to the describe the mechanical behavior as a function of material parameters.  Lastly, the 

material parameters must be calculated and the model verified for its ability to fit 

experimental data.  With modern computing power, it is possible to calculate many unique 

best-fit material parameters for a constitutive relation through a technique known as 

nonlinear regression, allowing for the formulation of more comprehensive and 

physiologically relevant mathematical models. 
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  One of the most important concepts belying constitutive relations is the use of the 

hyperelastic strain-energy function W to relate stress and strain, proven to be applicable to 

soft tissue by Y.C. Fung.  Briefly, strain energy is the energy stored in tissue when it 

undergoes strain and is seen in the following relation (Fung, 1993): 

!"# =
%('())

%+"#
 

S is the stress component, E is the strain component, W is the strain energy function, 

and po is density.  The first constitutive model for biaxial data was developed for rabbit 

skin and used an exponential functional form as the mathematical foundation for 

calculating strain energy (Tong and Fung, 1976).  It has subsequently remained the most 

popular constitutive model for biomechanical studies, due to is relative simplicity and 

goodness of fit. 

Despite the usefulness of the Fung-type strain energy relation as a first step, as a 

phenomenological model, the parameters calculated for the model do not directly 

correspond to material parameters.  It may therefore be more desirable to use a 

microstructurally motivated model such as the two-fiber family model (Holzapfel and 

Gasser, 2001), which contains material parameters that correlate with material parameters 

such as modulus and orientation.  A four-fiber family constitutive model has also been 

proposed (Baek, 2007) and applied successfully to modeling of vasculature (Gleason, 

2008; Lee, 2013). 

B4. THE NEED FOR TESTING OF REPRODUCTIVE TISSUE 
 Mechanical testing has been performed to great success for many varieties of tissue.  

The field of women’s reproduction, however, especially with regards to planar biaxial data 

describing the mechanical properties of reproductive tissue, remains largely unexplored.  
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During pregnancy and labor, the female reproductive organs are placed under immense 

mechanical loads, necessitating significant remodeling of reproductive tissue to 

accommodate the growing fetus and, during labor and parturition, the expulsion of the 

infant.  Ideally remodeling during pregnancy increases the distensibility of the tissue and 

afterward restores the reproductive organs to their original non-pregnant state, but this has 

not proven to be the case.  Pregnancy and parturition often produce long-term effects in 

reproductive tissue that remodeling does not seem to adequately negate.  In addition, 

maladaptive remodeling during pregnancy can lead to complications during birth, 

including the growing problem of preterm birth.  The causes of these syndromes are still 

relatively unknown and have yet been adequately elucidated.  Finally, many women 

experience non-life-threatening but greatly discomforting pelvic disorders, such as pelvic 

organ prolapse, of which the etiologies are still relatively unknown.  In short, identifying 

treatments for pelvic floor disorders could greatly increase quality of life for patients as 

well as decrease infant mortality and disability. 

 Treatments for these conditions may be found in computational models that take a 

microstructurally-inspired approach to tissue biomechanics.  Reproductive organs undergo 

dramatic changes in their mechanical environment and exhibit, as discussed previously, 

complex mechanical behavior.  Changing mechanical properties of reproductive tissue may 

contribute to complications that arise during and after parturition; these mechanical 

properties can be attributed to microstructural components such as collagen and elastin.  

Other components like smooth muscle cells may also play a role in the complex 

biomechanical environment latent in these tissues.  Creating comprehensive, predictive 

models that correlate mechanical properties with constituent components could allow for 
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the design of informed clinical studies, more quantitative diagnoses of these disorders, and 

the development of more effective treatments and reassessment of the efficacy of existing 

treatments. 

 To this end planar biaxial testing of tissue from reproductive organs, such as the 

cervix, vagina, and uterus, may help shed light on the mechanical behavior of these tissues.  

Although uniaxial tests have been performed, biaxial tests are needed for fitting full 

constitutive models that can then be used to inform in the clinical environment.  As 

discussed, biaxial tests better replicate the in vivo loading environment of tissue as well as 

account for anisotropy in the tissue.  Hence biaxial testing could be a powerful tool to apply 

towards the quantitative description of female reproductive organs. 

C. OBJECTIVES 
 With regards to the biaxial mechanical testing of female reproductive tissue, the 

objectives of this thesis were as follows: 

1. The first objective was to design, construct, and program a planar biaxial 

mechanical testing device to test a variety of soft tissue, including reproductive 

tissue.  Descriptions of the building and programming are provided herein.  

Components and software modules are examined for their efficacy, robustness, 

accuracy, and fit with the specimens to be tested.  Such components of vital 

importance include the custom grips that are used to hold the sample. 

2. The second objective was to validate the constructed biaxial testing device using 

murine skin, which has been mechanically tested in previous studies.  To test the 

skin biaxially required the development of protocol to dissect, grip, and finally run 

mechanical experiments on the tissue.  The results were compared with those found 

in literature. 
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3. The third objective was to develop experimental protocols for studies on 

reproductive tissues to examine their mechanical properties and the implications 

such properties have for describing the mechanical state of preterm birth and pelvic 

organ prolapse.  Concerning preterm birth, we hypothesize that the uterus and 

cervix may exhibit different mechanical properties and therefore perhaps different 

mechanical etiologies for preterm labor.  Concerning pelvic organ prolapse, we 

hypothesize that elastin degradation contributes to mechanical dysfunction of the 

vaginal and uterosacral ligament.  

These objectives will be further explored individually in the following chapters.  In 

common with the experimental objectives, the end goal is to create comprehensive 

structure-function relationships that describe the mechanical properties of these tissues as 

a function of the constituents that compose their extracellular matrix.  Changes in 

constituent balance and geometry may be observed via histology and used to inform 

constitutive models
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Chapter 2. Construction and Programming of a Planar Biaxial Testing Device 
A. INTRODUCTION 
 A planar biaxial mechanical test 

provides data on the response of a 

material to two directions of stress.  Soft 

tissue like skin, blood vessels, or 

reproductive tissue is the material of 

interest in the case of soft tissue 

biomechanics.  The tissues must often 

be prepared for testing by dissection 

and gripping of small, representative 

samples.  For quantifying these tissues 

biaxially, a quasi-static test is desirable 

in which forces experienced by the 

specimen due to acceleration from the 

motor system are negligible.  A planar 

biaxial device contains the sensors and 

actuators capable of running a biaxial test. 

 Uniaxial tests considering only one axis have been more commonly used in 

previous studies of tissue due to ease of preparation and testing protocol; however, biaxial 

tests are required to characterize tissue anisotropy and create 3D constitutive models (Sacks 

and Wei Sun, 2003).  Although individual uniaxial tests can be conducted

Figure 4: (Top) Overview picture of planar biaxial 
testing device (Bottom) Closer look at gripping 
system of device that holds tissue 
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 using orthogonal tissue strips to delineate anisotropy, comparison studies between uniaxial 

and biaxial tissue tests found significant differences in experimental results such as 

stiffness (Röhrnbauer, 2013; Mauri, 2013; Gregory and Callaghan, 2011; Lally, 2004).  

Because most tissues experience complex, multi-axial loading in vivo, there is a need to 

mechanically test tissues in biaxial configurations to attain more physiologically relevant 

conditions. 

 Many previous studies have utilized commercial uniaxial devices to test tissue.  

Commercial testing devices are often made for more robust materials, such as rubber and 

wood, which are also available in larger sizes.  Such devices are comprised of components 

that are optimal for the testing of such materials.  Tissue, especially human tissue from 

biopsies, can often only be harvested as small samples, necessitating a mechanical testing 

device that has been specifically optimized for the testing of such tissues to improve 

accuracy of results and ensure physiologically relevant conditions.  To this end, this thesis 

describes the construction and programing of a custom-designed biaxial device for the 

purposes of testing soft tissues.  The device reported herein provides testing conditions and 

loading closer to in vivo and can record small localized tissue changes throughout testing. 

 To accurately record data and minimize artifacts, a properly designed planar biaxial 

device must be more complex than a uniaxial one and meet certain criteria, as outlined by 

Sacks (Sacks, 2000): 

• The device must control boundary conditions in both axes of testing, ideally 

allowing free lateral expansion of tissue. 

• The region of interest, where strain is analyzed, should be in a state of uniform 

stress and strain. 
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• The region of interest should be appropriate distant from the grips that boundary 

effects present at the grips are minimized in the area of analysis. 

• The measurement of strain should be done in a way that minimizes tissue 

interference; non-contact methods such as optical strain tracking are recommended. 

In addition to the general requirements outlined by Sacks, the constructed biaxial device 

follows lab-specific requirements: 

• The device is capable of testing tissue with a region of analysis as small as 5mm x 

5mm and tendon in the millimeter range.  This is a requirement due to the scale of 

many soft tissue samples. 

• The device allows the sample to be placed into a bioreactor to maintain 

physiological conditions such as temperature and humidity. 

The basic modules of the constructed biaxial device are based on designs from David 

Simon (Yale, New Haven, CT).  In the following chapter, the construction and 

programming of such a biaxial device will be described.  Further, this report will delineate 

novel improvements and optimizations that have been made in comparison to previous 

designs and commercially available products.  

B. MODULES OF THE DEVICE 
 The planar biaxial device can be broken into five main modules: 

B1. MOTOR SYSTEM 
 Many commercially available devices used in previous studies fix the material 

sample at one end and then apply linear displacement at the other end, but this configuration 

only applies load at one end of the sample.  In the body, tissues are loaded multi-axially, 

hence the current biaxial device utilizes four stepper motors (Advanced Micro Systems, 

Liberty Hill, Texas), with two on each orthogonal axis.  In this way, tensile loading is 
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applied on four sides of the tissue, more 

closely mimicking loading in vivo.  The 

motors are connected to linear screws that 

move the grips, allowing linear movement 

along both axes.  Each motor is connected to 

its own independent controller (Advanced 

Micro Systems), which allows independent 

control via software interface.  Independent 

control allows feedback to tune each motor for optimal control of displacement during 

experimental protocol.  Multiple improvements were incorporated into software control to 

track real-time position of the motors through feedback from the controllers. 

 For the testing of small soft tissue samples, the motors and the backend system 

satisfy the following design criteria:	 

• Each motor should be able to move precisely enough that small strains in the order 

of micrometers are observable.  The device runs the motors at 3200 steps per 

revolution, allowing increments of 0.1125 degrees and a linear translation within a 

tolerance of 5 micrometers in optical strain without severely limiting strain rate. 

• Acceleration should be slow enough that quasi-static testing conditions are 

achieved.  In the current configuration, data is only recorded when the motors are 

not moving, eliminating accelerative forces.  Additionally, strain rate is limited by 

software to prevent tissue damage from high speeds. 

• The motor system should be able to keep track of each motor’s step location relative 

to an origin.  Unlike traditional DC motors, stepper motors move in discrete “steps” 

Figure 5: The motor system converts rotational 
motion into linear motion and runs at 
micrometer precision. 
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that are able to be precisely recorded. Motor and grip location, commonly used in 

simpler grip-to-grip deformation calculations, can be easily determined. 

B2. LOAD CELLS 
 Two high-precision load cells (Honeywell, Morris Plains, New Jersey) are located 

one per axis on the loading arms of the device. When an experimental test is run, they 

record forces due to the stretch applied by the motors.  These forces can later be converted 

to stresses in the principal axes. 

 Commercial devices use high-range load cells in the hundreds or thousands of 

pounds for testing of stiff materials.  When applied to soft tissues, measured loads only lie 

in the lowest loading regime of the sensor.  Because maximum voltage output from load 

cells are limited by their small excitation voltage, very small loads only cause sub-millivolt 

readings, possibly below the noise floor of the sensor.   The maximum loading that can be 

applied on the transducer should be above the maximum forces the tested tissue will 

experience to prevent damage to the load cell, but the load cell loading range should be 

closer to the physiological loading range of the tested tissue so that loading data can span 

the entire voltage range of the sensor for best precision. 

 The current load cells in the device were determined to be adequate to account for 

the variety of tissues that may be tested in the device, from more compliant uterine tissue 

to stiffer tendon tissue.  The first load cell selected had a maximum load of 50 grams, based 

on the original design.  This loading range has been applied successfully in mechanical 

testing experiments, such as for rat thoracic ducts (Caulk, 2015), and a similar load cell of 

60 grams was used for rabbit skin tests (Lanir and Fung, 1974).  It was found during 

preliminary validation of the device that the grips, two of which are supported by the load 

cells, placed a moment on the loading axis of the sensors, causing force normal to the 
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loading direction.  For 50 g load cells, this moment force was over half the maximum load 

that could be applied, severely limiting the stress testing range of the device and limiting 

the range of data that could be measured.  Mechanical tests on tissues like tendon could 

easily surmount the maximum loading range.  The construction of the load cells also 

necessitated complex adapters to secure to grips without significant grip rotation.   

 Load cell range varies from study to study but usually possesses a significantly 

higher loading limit than the testing range requires, which could cause the measurements 

of the lowest loads applied to tissue to be 

inaccurate.  Experiments on rat cerebral 

arteries used 20 N load cells, equivalent to 

about 2,000 g (Becker and Vita, 2015).  A 

4,500 g load cell was used in studies of 

ovine dura matter (Shetya, 2014).  Studies 

on human arteries used a 1,000 g load cell 

(Azadani, 2013), and uterine tissue 

experiments used both 1,000 g load cells 

(Omari, 2015) and 500 g load cells (Mondragon, 2017).  A 50 lbf. or ~22,500 g load cell 

was used to successfully mechanically test murine cervix (Barone, 2012).  Manoogian et 

al. have performed dynamic mechanical tests of pregnant uterus using both 10 lbf. or 

~4,500 g load cells for uniaxial studies on human uteri (Manoogian, 2012) and 100 lbf. or 

~45,000 g load cells for biaxial studies on porcine uteri (Manoogian, 2008).  Rubod et al. 

used 1000 N or ~100 kg. load cells to run successful uniaxial tests on vaginal tissue (Rubod, 

2007). 

Figure 6: Overhead view of device showing 
configuration of load cells on each axis.  Skin 
sample has been loaded into device. 
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 Because the biaxial device was designed to test and characterize small samples of 

soft tissue with focus on reproductive tissue, and because it was desirable to preserve 

precision, new 5 lbf. or ~2300 g load cells were selected for the device.  The range allows 

for multiple disparate tissues to be tested, where maximum loading differs between tissues.  

These load cells also feature overload protection and, unlike the first load cells, have 

asymmetric mounts to prevent grip rotation during testing, an important feature that 

maintains tissue plane. 

 The selected load cells satisfy the following requirements: 

• The load cells should have a high precision capable of measuring the differences 

between small forces.  

• The load cells and their cables should be submersible should the need arise to test 

tissue in a bioreactor system that maintains physiological conditions such as body 

temperature. 

• The maximum load rating of the load cells should be high enough that a mechanical 

test can be completely run without damaging the sensors. 

B3. CAMERA SYSTEM 
 A large advantage the present device has compared to other mechanical testing 

devices is the ability to image and compute tissue deformation in real time.  Other studies 

often record deformation to be processed separately from testing device data, but the 

imaging system discussed herein provides real-time feedback to inform running 

experimental protocol.  To this end, a high-resolution grayscale camera (Allied Vision, 

Burnaby, BC Canada) and macro lens system (Navitar Inc., Rochester, New York) was 

placed above the testing site.  For recording deformations, discrete dark markers can be 

placed on the specimen to allow for four-particle tracking to take place.  Alternatively, the 
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sample can be speckle-coated to increase texture contrast and deformation-tracked by using 

digital image correlation (DIC) techniques, allowing full-field strain visualization. 

 The camera in the original biaxial design only imaged at 656x494 resolution.  The 

current camera runs at a much higher resolution of 2048x2048.  This resolution allows for 

imaging to occur at lower magnifications, if high strain is expected, or for more precise 

sub-pixel strain calculations at higher magnification.  The improvement in imaging 

resolution yielded an improvement in maximum strain tracking precision by a factor of 3. 

 New components were added to the controlling software that allowed manipulation 

of camera properties and visualization of the image in real-time.  This allowed the user to 

optimize the image before running mechanical tests to ensure that strain tracking was 

reliable.  Additionally, the ability to see incoming data from the device is important for 

improving experimental protocol and to aid the experimenter in checking device accuracy, 

hence the software was improved to allow visualization of real-time video feed from the 

camera with overlaid tracking boxes. 

 The camera system and backend software satisfied the following criteria: 

• The camera should be capable of recording high resolution imagery, necessary for 

most precise particle tracking, that can be visualized in real time.  Gray scale is 

adequate for luma analysis of particles and texture and given the monochromatic 

nature of most isolated tissues.  Monochrome sensors also tend to be sharper since 

there is no need for a bayer filter to separate color channels. 

• The camera should record images at a high enough speed during mechanical tests.  

The current camera records images at 30 frames per second, more than enough to 

keep up with quasi-static tests.  It should be noted that in the case of dynamic tests, 
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where tissue is pulled at high accelerations and velocities, a high-speed camera 

recording thousands of frames per second may become necessary. 

• Lighting and exposure should be user controllable.  The current camera and 

programming system allow changes to gain and exposure time to keep the image at 

a quality suitable for strain tracking.  Exposure time should be quick enough that it 

doesn’t cause motion blur or a delay between the image feed and the experimental 

protocol.  Additionally, gain should be limited due to the noise introduced into the 

image at higher gains, which could interfere with tracking. 

B4. TANK 
 The mechanical devices used in 

previous studies often are vertically oriented, 

necessitating that tissue be loaded in a 

suspended configuration.  When loaded in this 

manner, however, tissue may become 

dehydrated and exhibit changed material 

properties.  In the discussed biaxial device, this 

issue was solved by using a horizontally-

oriented design to allow tissue to be tested in a 

custom tank.  The sample is held in a 

physiologically balanced solution to maintain tissue hydration and material properties 

during a test.  The total time that a tissue can remain loaded in the device is improved, and 

more experiments can be run on individual tissue samples before they need to be replaced, 

expanding the data that can be gathered.  Tank and specimen can also be placed into a 

bioreactor chamber that maintains physiological conditions while testing occurs. 

Figure 7: A tank is necessary to immerse 
tissue samples to prevent dehydration and 
changing material properties during testing 
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 During the design phase, the tank was optimized and enlarged.  In the original 

biaxial design, the tank was 7.5 in. x 7.5 in.  Commercial 3D printing processes were 

utilized, making a dense and nonporous tank that was not possible using consumer 3D 

printers available in the university makerspace.  During construction and testing, however, 

it was realized that the tank was too small for the grip, adapter, and specimen structure 

combined, limiting linear travel. 

Improving upon the original tank, a second tank was designed and created using a 

CNC machine from low density polyethylene.  The newly designed tank is 12 in. x 12 in. 

in width and length, with a similar height.  Because it was milled from a single block of 

plastic, the new tank is also watertight and nonporous.  The new tank fit the entire grip 

assembly and allowed ample linear travel for each motor.  The final design of the tank will 

be fabricated from glass-filled polycarbonate, which can withstand autoclave temperatures 

and so can be sterilized and placed in an incubator for possible future studies. 

The tank satisfied the following requirements: 

• The tank should be waterproof to contain the saline bath.  The current tank was 

milled using a CNC machine from a single piece of low density polyethylene and 

has no orifices or cracks that allow leakage. 

• The tank should be large enough to fully hold and test the specimen of interest.  The 

current tank measures one foot by one foot and provides ample space to test 

samples. 

• The material of the tank should not contaminate the solution bath or the sample, 

possibly affecting material properties due to degradation of the tissue.  The final 

tank will be made from polycarbonate, a plastic often used in medical applications. 
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B5. GRIPS 
 Properly designed grips are of 

vital importance for proper functioning 

of a planar biaxial device.  In the context 

of this thesis, the topics of grips will 

include both the physical component 

holding the tissue specimen and the 

shape of the tissue specimen.  Substantial 

improvements were made to the grips 

used in the original device design and in 

commercially available devices and will be further detailed in the next sections. 

 Briefly, grips should satisfy the following requirements: 

• Grips should minimize boundary conditions for the measure of accurate data that 

represents the sample rather than the sample and the grip. 

• Tissue should be held in place firmly and without any slippage. 

• The grips should be capable of holding samples with analysis regions as small as 

5mm x 5mm. 

• Samples should be aligned as much as possible with the axes of the grips so rigid 

body motion, shearing, and fiber reorientation issues are minimized. 

• Tissue plane should be parallel to camera plane. 

C. TISSUE GRIPS 
 Custom-made grips were used throughout the construction and validation of the 

biaxial device.  Because it is often not feasible to extract large tissue samples, it was 

important to design grips that would be able to adequately hold small samples without 

Figure 8: Skin sample, immersed in physiological 
solution, being held by grips.  Tissue is pulled in 
two principal axes. 
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slippage.  They also had to be designed so that all four grips when pushed together could 

contain a region as small as 5mm x 5mm. 

 In designing grips, several factors must be considered: the gripping method, the 

sample shape, and the manufacturability of the grip, each of which will now be examined. 

C1. TYPES OF GRIPS 
With mechanical tests of tissue, most discussion centers around two grips: clamping 

grips and suture grips.  Clamping grips were first used with testing of non-biological 

material.  Their advantage lies with the ease of setting and securing a sample and 

continuous force distribution along the tissue.  Uniaxial tests, for instance, often use custom 

clamping grips in the testing devices.  For holding tissue securely, sandpaper and adhesives 

are often used in conjunction with the grips.  Suture, or tether, grips instead use suturing 

thread to hold a sample to the loading axes.  Most often, several threads are placed in each 

side of the sample, while still allowing free lateral expansion of the sample.  Suture grips 

were used during the first biaxial tests (Lanir and Fung, 1974) and remain a popular method 

of gripping tissue.  Four sutures per side is generally sufficient to create the desired stress 

field in the region of analysis (Sun, 2005).  Suture grips, however, create forces that can 

lead to failure at points in the tissue and may not necessarily reflect optimal physiological 

loading conditions experienced in vivo since the suture points do not engage all tissue fibers 

under loading.   

C2. FACTORS AFFECTING ACCURACY 
Studies on clamping grips, using finite element analysis, have discovered that 

clamps introduce boundary conditions at the clamp-tissue interface that can lead to 

artificially inflated stiffness in the mechanical response curve (Waldman and Lee, 2005).  

Although it may seem more physiologically relevant to have a continuous force distribution 



26 
	

 
	

along the tissue sample rather than point loads due to 

suturing, the clamps introduce stress-shielding 

effects that limit transfer of force to the region of 

analysis while increasing stress in sample corners 

(Sun, 2005).  This effect may be contributed to the 

inability of tissue to laterally expand when clamped; 

suture grips have no such constraints on the tissue.  

Since tissue behaves in a complex nonlinear, 

anisotropic manner, such artifacts are a significant 

confounding factor in achieving accurate results, which generally require involved 

correcting functions and inverse finite-element-based methods to compute (Nolan and 

McGarry, 2016). 

Several methods can be used to increase accuracy in mechanical tests.  Sample 

shape can play a key role in the transfer of grip stresses to the region of analysis.  Square-

shaped samples, due to stress-shielding, have been found to allow only 37% stress transfer, 

while cruciform-shaped samples can transfer 73% of the applied stress to the central region 

because there is tissue directly between the grips and less stress concentration (Jacobs, 

2013).  Finite element simulations and physical experiments for optimized redesigns of 

cruciform specimens, incorporating multiple slotted arms, allow almost all grip stress to be 

transferred to the central region and have a reported error that could be lower than 0.5% 

(Zhao, 2014).  The use of fillets in the sample corners can also affect results, with “cut-in” 

fillets appearing to decrease the effective arm length needed to create a uniform strain field 

(Hu, 2014).  With standard cruciform specimens, minimization of the corner radius 

Figure 9: Cruciform sample design 
with 1mm corner fillets and optical 
strain tracking markers 
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increases stress transfer to the inner region but also increases stress concentration, possibly 

causing early failure; a small fillet of 1mm may still maintain stress transfer while 

minimizing deleterious concentration (Bell, 2012). 

Another factor that affects accuracy is the size of the region of analysis versus the 

overall sample size.  Due to St. Venant’s principle, the region of analysis should be 

sufficiently distant from the local stresses of the tissue-grip interface so that resultant strain 

is of a negligible magnitude and the stress distribution is uniform (Love, 1920).  Thus, 

using a cruciform specimen with longer arms, and thus a decreased aspect ratio, or a larger 

square specimen could decrease artifacts that lead to inaccuracies. 

Finally, a last factor that could influence accuracy is initial tissue fiber alignment 

and engagement.  It can be seen that if fibers were initially aligned between two adjacent 

grips in a biaxial test, most of the stress would be concentrated in those fibers rather than 

be transferred to the central region (Fan and Sacks, 2014).  The overall effect of misaligned 

fibers is increased stress concentrations and less stress transfer to the region of analysis 

(Jacobs, 2013).  Even slight misalignment between the testing axes and the preferred fiber 

orientations of anisotropic tissue creates shear stress that leads to inaccuracies in measured 

axial stresses and rigid body rotation (Zhang, 2015).  Evidence shows that the greater the 

degree of alignment between collagen fibers and the axes of loading, the more grip stress 

is transferred to the central region (Sun, 2005).  It should be noted that collagen fibers will 

reorient to the direction of loading regardless of gripping method; however, the two main 

gripping methods each have disadvantages that lead to different results.  Suture grips do 

not adequately engage all fibers and result in discontinuous loading; clamps transfer most 
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stress to orthogonally-gripped fibers, which become engaged before central fibers 

(Waldman, 2002). 

A more practical aspect of 

accuracy to consider is whether the tissue 

is exactly parallel to the camera lens.  

The acceptable focal plane of the lens at 

high magnifications is small enough that 

slight misalignments can cause some 

tissue tracking dots to become out of 

focus.  Changes in perspective that cannot 

be accounted for using a two-dimensional camera system can also affect accuracy.  It is 

therefore important to keep the tissue plane as parallel to the focal plane as possible, a feat 

that can be accomplished through grip design.  Another practical factor to consider is 

securing the sample to the grips.  The sample must be tightly held in place throughout 

testing or artificial displacement could be observed in results.  When a tissue fails, however, 

it must be observed whether it failed in the central region, indicating the ultimate tensile 

strength of the tissue, or at the grips, indicating an artifact of gripping. 

C3. METHODS OF GRIP MANUFACTURE 
 Multiple methods were explored to create custom-designed grips for the device.  

Novel use of filament-based 3D printers, such as the Ultimaker 2 (Ultimaker, Cambridge, 

MA) and the Lulzbot TAZ 5 (Aleph Objects, Loveland, CO), allowed for rapid prototyping 

and one-piece grips, but efforts were stymied by imprecisions in the technology and 

available filament material.  PLA is a safe biodegradable plastic that is popular for use with 

3D printers, but a sturdier, more robust material was desired for the final grips.  3D printers 

Figure 10: Finite element model deomonstrating the 
stress shielding effect of clamping a square sample 
versus a cruciform sample (Jacobs, 2013). 
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work by extruding layers onto a bed to build up a final three-dimensional object, a process 

that can take a significant amount of time if many complicated parts are involved.  The 

nature of this method leads to visible layer lines in parts and misalignments between layers, 

especially prevalent with small-scale prints, required for the grips.  Finally, the method 

causes the component to be structurally weak if shearing stress is applied.  Nonetheless, 

during initial design 3D printing was advantageous due to ease of fabrication and use. 

 Later grips were fabricated using a Helix 50W laser cutter (Epilog, Golden, CO), 

which has the ability to cut relevant materials such as acrylic.  While laser cutters were 

eventually used to create larger, less precise parts to the device like the base and various 

adapters, they proved insufficient to create grips.  The main advantage of this technology, 

as with 3D printing, is ease of use.  Designs can be directly printed at high speed, allowing 

rapid yet precise prototyping.  The main disadvantage is that laser cutters work in two-

dimensional space, necessitating complex component remodeling and fitting to ensure a 

3D part can be assembled.  Due to the size constraints of the grips, the compromises needed 

to create the final parts proved untenable. 

 CNC machining, though requiring more time, skill, and cost, was eventually used 

to create the final grips.  With this method, it was possible to create small parts that were 

still strong and stable since materials like aluminum were available.  CNC machining has 

near the three-dimensional capabilities of 3D printers along with the precision of laser 

cutters, thus allowing the grips to be created with few compromises.  Unfortunately, the 

skill required to machine parts using this method is much higher and required outsourcing 

of the fabrication to a company, while the first two methods could be done in the university 

makerspace.  
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 Finally, Ember 3D printers (Autodesk, Mill Valley, CA), which use resin-based 3D 

printing technology, were utilized to create supporting adapters to connect the grips to the 

load cells and rod support system.  The printers cure a proprietary solution in layers to 

create an object, allowing great precision and almost no striations in the final product.  The 

cost of solution is high, however, and printing beds are limited to objects of only about 

three inches in width or length.  Due to the proprietary nature of the solution, it is also 

difficult to know whether contamination of the test setting would occur.  It should be noted 

that the formulation has recently been made open-source.  Resin-based 3D printing was 

not explored until late in the build process of the biaxial device; its possibilities should be 

explored in later design iterations, including grip design. 

C4. GRIP ITERATIONS AND VARIATIONS 
 Initial grip designs were created using 3D printers 

and laser cutters and designed with modularity in mind.  

Different tissues may have different optimal gripping 

methods.  For example, suture grips on tendon would cause 

early failure due to fiber alignment parallel to loading.  

Initial grip designs were printed as a single piece with wide 

clamps or suture points.  Initial suture grips combined rake 

and suture methods to ease the suturing process and 

minimize space taken up by threads.  When 3D printing 

yielded structurally unstable grips, the 2D laser cutter was 

used to cut grips out in several pieces for assembly.  These 

initial designs, especially the multi-part grips, proved too large for small tissue testing; the 

grips interfered with each other.  Future iterations decreased grip size considerably. 

Figure 11: Initial 3D printed 
grip design for sutures (top) 
and clamps (bottom) 
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Simple suture grips were 

constructed by wrapping sutures around a 

screw in the loading area and passing the 

sutures through tissue.  A custom MatLab 

script was written to calculate required 

thread length for number of suture points.  

Using sutures and hooks can damage tissue, 

however, so new clamps were redesigned 

to be as small as possible.  Clamps have the additional advantage of streamlining the 

gripping process to one clamp per side instead of multiple suture points. 

C5. FINAL GRIP DESIGN 
The final grips were custom-fabricated by a machine shop and were designed using 

CAD software.  The final materials used were aluminum and polycarbonate, which are 

easy to clean and also rigid enough for mechanically testing tissue.  It was decided that, for 

ease of gripping and the size scale involved, clamps would be used to hold tissue, with their 

undesirable boundary conditions offset using cruciform-shaped samples as described in the 

previous section.  Prototype suture grips were created, using a bottom mounted screw to 

allow free pulley-like movement, but were eventually superseded by clamp grips.  Detailed 

drawings of the grips can be found in Appendix D.  

 The grips used in the first biaxial design were two blocks which were pressed 

together on rods to hold the sample in place.  Although this method could securely hold 

larger samples of tissue or tissue constructs, it was not capable of gripping small tissue 

Figure 12: Suture grip design using vertical 
screws as pulleys prior to alignment 
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samples.  Additionally, the blocks bent 

sample arms vertically in the grips, which 

introduces substantial boundary effects and 

is not physiologically accurate.  

Commercially available devices also 

utilize grips that are often much larger than 

tissue sample and not designed with 

gripping tissue in mind.  In biaxial testing 

of small samples, previous grips would 

interfere with each other.  

 In the improved grip design, the 

clamps are coplanar to the tissue sample and 

feature chamfered corners that allow for holding of a sample with a region of analysis of 

as small as 5mm x 5mm despite the larger dimensions of the clamp.  Because the grips are 

coplanar, there are no boundary conditions induced by tissue bending.  The grips are much 

smaller than previously used designs and are more applicable to holding small samples.  

When loaded into the device, the ease of determining whether samples are aligned and 

adjusting the samples are improved. 

Unlike in previous grip designs, which require two or more screws to secure a 

sample, it was determined that only one screw is needed to hold the clamp jaws together, 

with an elevation in the bottom grip preventing the top grip from freely rotating.  Friction 

between sample and clamp is increased by use of low-grit sandpaper, folded end-over-end.  

Figure 13: (top) CAD renderings of final grip 
design assembled in biaxial testing configuration.  
Grips without rods are attached to load cells. 
(bottom) View of individual grip assembly 
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Sandpaper has been used in previous mechanical tests to securely grip tissue (Lyons, 2014; 

Manoogian, 2012; Szczesny, 2012; Röhrnbauer, 2013). 

The clamps are composed of several smaller components.  The clamp to tissue 

interface is composed of two “jaws” that screw into each other.  This jaw superstructure is 

held by another single screw to a rod-to-grip adapter that allows the grips to be held by the 

existing biaxial rods.  The use of a single screw at this juncture allows the jaws to be 

tightened with an angular offset or even pivot freely.  Load cell grips are offset in height 

to remain level with the other grips to keep tissue coplanar with the camera. 

In addition to maintaining co-planarity to tissue, other substantial improvements 

were also made to the interfaces between the samples, grips, and the linear motor system.  

The previous design integrated the two systems together, while the new design allows the 

grips to be easily mounted and unmounted using a single screw.  The screw interface also 

allows adjustments to be made to grip angle to improve alignment of the sample.  With this 

redesign of the interface, the entire grip system can be removed to allow gripping of the 

sample and then mounted back into the device for testing.  The system is also highly 

modular; different tissue-specific grips can be easily placed into the device.  The 

construction of the grips themselves also allow for different top and bottom jaws that have 

been optimized for specific tissues. 

A grip assisting tool was created using a 3D printer that allows the four grips to be 

aligned during sample gripping.  Within this tool, the grips and mounted sample can then 

be easily transferred and secured to the biaxial testing area.  Stamping tools are used to cut 

the samples to predefined shapes to ensure uniformity between samples.  With the 
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improvements made to gripping method and process, a tissue sample can be more 

accurately and securely gripped in a manner closer to physiological conditions.  

D6. TENDON GRIPS 
 Most tendons are predominantly loaded in one direction in vivo and are transversely 

orthotropic.  They are stiff in the direction of loading while being compliant orthogonally 

to that axis.  Another grip was designed to facilitate uniaxial testing of tendon, such as 

murine supraspinatus tendon.  Clamping-style grips in a uniaxial configuration have been 

previously used to mechanically test tendon (Connizzo, 2014; Screen, 2003; Legerlotz, 

2014; Stäubli, 1999).  The final design, based on the work of Lin (Lin, 2004), used a 

modified version of the previously described final grip design and is indicative of the 

versatility of the improved grip design. 

 A tapered channel was cut into the top grip, while bone compaction mixtures was 

used for the opposite grip.  Dissected tendons were still attached to bone: the patella and 

femur.  The patella fits into the channel but, due to the taper, is not able to slide out.  The 

femur is crushed with polymethylmethacrylate and compacted to form a mixture that able 

to be held by the existing sandpaper gripping method.  During mechanical testing, the 

aspect ratio should be sufficiently high to satisfy St. Venant’s principle, with a testing 

length of greater than eight diameters appearing to satisfy the criterion (Jimenez, 1989). 

D7. GRIPPING PROTOCOL 
 Prior to testing, a sample is stamped into a cruciform shape, which as previously 

described minimizes boundary conditions.  The region of analysis must be at least 5mm x 

5mm.  Increasing arm length up to twice the central region length will improve the stress 

field of the central region.  Some of the arm will be contained by the sandpaper and thus 

will not be part of the effective arm length. 
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 Next, the biaxial device should be configured to accept the sample.  The adapters 

should be moved in until the grip holes fit over the adapter holes.  The camera is mounted 

on a magnetic platform and can be easily moved to the side to allow free access to the 

motion system. 

 Folded sandpaper is adhered to the top and bottom of each arm using cyanoacrylate.  

The bottom grips are then placed into the grip aligner assistant followed by the cruciform 

sample, with each sandpaper tab aligned with a grip.  The top grips are then aligned for 

each bottom grip and screwed in place tightly.  The entire grip complex, including the 

assistant, is then transferred to the biaxial tank.  The grips can then be screwed in at the 

same time into the device.  Care should be taken to prevent lateral forces on the load cells 

while tightening the screws.  After the sample and grips are secured, the assistant device 

can be removed. 

E. SOFTWARE DEVELOPMENT 
 Software was developed to interface with and run experiments on the biaxial testing 

device and also to analyze the resulting data.  Two main pieces of code are available: a 

LabView interface for controlling the device and MatLab (MathWorks, Natick, MA) code 

to perform more extensive analysis and display data.  Software development took a 

significant portion of design and build time.  This custom software builds upon biaxial 

program routines and was written specifically to facilitate tissue testing and is capable to 

applying and analyzing small strains and loads.  As will be detailed, a number of significant 

innovations have been made compared to mechanical testing control software used in 

previous devices. 

 During the software planning stage, it was determined that LabView was to be used 

to control the device due to robust built-in high-level hardware interfacing tools and 
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parallel-tasking-centric language.  During mechanical testing, several subsystems must run 

in tandem to ensure each data point and image is matched to a time point.  The diagram 

style of LabView allows for multiple simultaneous threads to be easily created and 

visualized. 

 MatLab is a popular high-level programming language that can be used to process 

large amounts of data.  It features informative debugging messages and many built-in 

functions that greatly ease the process of developing a script.  In addition, it features highly 

functional image processing and statistics toolsets.  Processes that did not need to run in 

real time could be made in MatLab, where more intense data processing could occur that 

may be less feasible to implement in LabView, including full-field displacement of tissue. 

E1. LABVIEW 
 The LabView program is composed of multiple subprograms, known as “virtual 

instruments.”  The program takes inputs from the camera and two load cells and feedback 

from four motor drivers.  It outputs a deformation gradient based on four points in the 

region of interest, assuming the central field deforms homogenously; force data converted 

to Newtons; raw pixel coordinates of point displacement; and images taken during 

mechanical testing.  The motion aspect of the program is capable of running mechanical 

tests with user-defined parameters.  A detailed description of how to use the LabView 

program can be found in Appendix M.  Description of VIs may be found in Appendix P.  

E1.1. MOTION 
 The motion subsystem utilizes serial data transfer protocol built into LabView to 

send commands to the motor drivers.  The motor drivers are daisy-chained together and 

handled by an additional controller that is able to parse incoming data streams to each 

individual controller.  All motors can thus be individually addressed but can also move 
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simultaneously through sending a single line of code.  Motor parameters that can be 

controlled include initial and slew velocity and step size.  The distance each motor moves 

per command is in the units of steps; the program converts millimeter displacements into 

steps, considering step size.  The motion subsystem also tracks feedback from the motor 

controllers, allowing precise determination of the step location of each motor. 

E1.2. FORCE DATA 
 The load cells run in a bridged configuration where voltage varies in proportion to 

load.  A LabView calibration tool is used to properly map load in grams to volts.  During 

calibration, the load cell is aligned towards the floor and precise, successively increasing 

test weights are hung to create the loading curve.  When absolute load is calibrated, the 

load cells can be further relatively calibrated by zeroing within the data acquisition 

subsystem. 

E1.3. IMAGE ANALYSIS AND TRACKING 
 A significant advantage the present custom biaxial device has over other devices is 

the use of strain-controlled experimental protocol.  Most mechanical testing devices run 

stress-controlled tests and measure grip-to-grip deformation, which is the distance between 

grips, whereas the present device optically tracks local tissue strain in the region of 

analysis.  Grip-to-grip tracking is simple to process, but fails to describe actual local tissue 

deformation.  It is a function of tissue deformation, shearing, boundary effects, and grips, 

and so does not adequately isolate tissue strain.  Additionally, since the device tracks local 

tissue strain in real-time, it has the additional advantage of being able to provide feedback 

when running testing protocols to ensure all experimental parameters on each axis are 

reached.  Experiments which utilize separate video recording can process local strain data 

but are not capable of providing real-time feedback to testing protocols.  The use of optical 
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strain tracking also allows more complex experimental protocols to run, including testing 

shearing deformation, although they are beyond the scope of this thesis.  The creation of 

an optical tracking system, however, is complex and difficult.  A significant portion of 

software, hardware, and protocol development time was spent ensuring real-time optical 

strain tracking could occur.  

The first software component, accurate image tracking, is of paramount importance 

when running mechanical tests.  In four-point tracking, the tissue being tested must contrast 

as highly as possible with the tracking markers, which can range from India ink or activated 

charcoal to poppy seeds or vanilla bean flakes.  It was found during validation of the system 

that overhead light should be bright yet diffused to prevent track-breaking specular 

reflections in the tissue and tracking markers.  These reflections, of high luminance values, 

often had the effect of causing the image analysis algorithm to break a single particle into 

multiple pieces.  Finally, imperfections and crimps in the tissue can also cause artifacts in 

the program. 

 Several settings and processing methods were incorporated into the software to 

improve tracking accuracy.  Low level settings on the camera, not previously accessible, 

were made into user-adjustable parameters and were visualized in real-time.  During 

preliminary testing, it was found that the starting image was vital for image analysis.  

Contributing most to image quality in tests were two settings: exposure time and gain, two 

parts of the “exposure triangle” that adapts to any lighting situation.  Since the camera is 

fixed-aperture system, any exposure adjustments must be accomplished through software.  

Exposure time allows the cleanest increase in exposure, but may lead to motion artifacts or 

image-capture delay if the exposure time is too long.  Hence gain is used as a secondary 
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factor to adjust exposure.  Gain changes the amount of digital amplification applied to the 

camera sensor, which can increase image noise, which may adversely affect tracking.  

During tests, it was found that a gain of 10, an exposure time of 15,000, and maximum 

brightness on the light source with diffusion was sufficient to expose the sample.  It was 

additionally found that immersing the sample in solution increased contrast and diffused 

light.  The combination of adjustment software, controlled lighting, and immersion 

substantially advances optical strain tracking reliability compared to other devices, which 

often rely on ambient lighting or separate camera equipment. 

The imaging subsystem allows all available camera settings to be adjusted.  The 

waveform of the image, which displays distribution of luminance values, can be invaluable 

in determining proper exposure.  In an ideal exposure, the dark tracking dots should cause 

a spike in the low end of the waveform while the rest of the image causes bunching of the 

waveform towards the high end.  This waveform represents a high contrast image that has 

the highest chance of being tracked accurately. 

 The second step of image processing involves thresholding the image properly.  The 

LabView and MatLab programs determines tracking markers by locating particles within 

the image; thresholding attempts to separate particles from background by forcing values 

below or above a certain threshold to become pure black or pure white respectively.  This 

step is accomplished through user input to isolate the particles and select the markers to 

track.  It should be noted that the thresholding algorithm is a general processing step that 

can also amplify artifacts.  Before thresholding, applied grayscale morphological 

transformations function effectively as low-pass filters to dampen high-frequency 

artifacting. 
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Figure 14: Flow chart describing image processing and analysis steps for particle tracking 

The third step incorporates built-in LabView image processing sub-VIs to extract 

particles from the image.  The program rejects borders and searches for particles using a 

linking algorithm that combines neighboring white points in a 3x3 pixel grid.  Often, many 

particles emerge from this processing; additional algorithms limit particles to a certain size 

and shape (low pass filtering which removes small particles) and conform each particle to 

a simplified shape (convex hull, fill holes). 

 The final step once again involves user input.  Four tracking markers must be 

selected in a processed image.  Despite processing, erroneous stray particles may still be 

present, which are masked out when the four markers are selected.  Although the stray 

particles are still present, the program will only heed to the selected marker. 

 Tracking occurs using a particle reporting VI that detects individual particles and 

generates a list of their subpixel locations.  Using this method, a high degree of accuracy 

can be achieved.  The VI additionally determines a bounding box that encompasses each 

particle, but the existing implementation did not allow room for whole particle movement 

or expansion, hence the calculated centroid might not be the actual centroid of the tracking 

marker.  A search region and recovery module was added that allowed the program to adapt 

to marker geometry change and whole marker movement that greatly improved strain 

tracking.  If tracking is temporarily lost, the program will adaptively adjust the bounding 

box to attempt to relocate the particle, minimizing disruption to an experiment.  This 
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system was a key feature in facilitating real-time optical strain tracking.  Tissue markers 

may deform with tissue under load and requires a system that can adapt during testing. 

During a test, tracking occurs via a simple implementation of the nearest neighbor 

algorithm, in which the deformed particle location nearest to the reference particle location 

is assumed to be that particle.  Although more complex algorithms could account for 

adverse situations and possibly increase tracking accuracy, the simple approach is robust 

enough for most mechanical tests, where tracking markers are unlikely to cross or change 

size significantly. 

E1.4. DEFORMATION GRADIENT CALCULATION 
 The deformation gradient is calculated by the LabView and MatLab programs using 

principles described by Sacks (Sacks, 2000) and finite element theories.  The deformation 

gradient F is defined as: 

, =
-.

-/
+ 1 (1) 

where u is the displacement vector, with respect to the original configuration X, and I is 

the identity matrix.  Within the deformed four points, from a reference configuration, it is 

possible to calculate the deformation at any point within the quadrilateral by using bilinear 

interpolation.  A simple method for determining any point deformation is to weigh the 

influence of each of the four corner points on the point of interest and then simply to 

average the results from the four points.  Because the shape of the four points may not 

necessarily align with the global x- and y-axis, isoparametric shape functions are used to 

interpolate the points’ locations and deformations to aligned axes, labeled r and s. 

 Sacks writes these transformations mathematically: 
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where un is the vector displacement of tracking marker n, fn is the described shape function, 

and r, s are the equivalent coordinates in the transformed system.  Equally weighing the 

four points through linear interpolation, equation (2) can be rewritten: 
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 The goal, however, is to describe the deformations with respect to the original axes.  

Because of the use of isoparametric functions, the original configuration X can also be 

written with respect to the aligned axes and the matrix inverted to write the aligned axes 

with respect to the original axes (Humphrey, 1987).  Thus, defining u as horizontal 

displacement and v as vertical displacement, F can be written as: 
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 In the deformation gradient subVI, the eight individual matrix components are 

calculated from tracked data.  Since the device only tests principal stresses, ideally with 

oriented tissue shear stresses should remain negligible during experiments.  Derivatives 

with respect to r and s can be computed easily from equation (3). 

E1.5. TROUBLESHOOTING 
 LabView’s wiring-diagram programming structure unfortunately rendered bugs 

difficult to diagnose.  To debug the program, use of the probe tool proved instrumental to 

finding errors; the probe displayed data in real-time as it was manipulated, allowing 

problem routines that outputted erroneous values to be repaired. 

 Most issues focused on the tracking and image processing modules of the program.  

It was found that testing a rubber glove supplanted testing a real tissue sample during the 
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debugging stage.  When testing the skin sample, it was difficult to decipher whether results 

were due to human error, sample variation, or programming issues.  Gloves, cut into 

cruciform shapes with scissors, provided a uniform, repeatable specimen that allowed 

isolation of most programming issues.  It should be noted that stress concentrations within 

the sharp cruciform corners tended to make the glove samples tear more easily than skin. 

The purpose of using glove samples, however, was not to evaluate mechanical testing 

results but to develop and debug program modules, hence sample mechanical differences 

were not deemed significant. 

E2. MATLAB 
 A custom MatLab program was developed to augment and expand the capabilities 

of the basic LabView software interface.  More complex image correlation techniques and 

tracking methods were written to process raw data from the device.  Additionally, in-lab 

constitutive model fitting scripts were developed in MatLab that could be used to determine 

material parameters for biaxial data.  Regarding image processing and tracking, any 

MatLab script does not need to heed real-time requirements and thus more intense 

computation can occur, such as full-field displacement.  A detailed description of program 

usage can be found in Appendix N and O.  The MatLab component extends the features of 

the device beyond the original design. 

 The MatLab code also performs additional calculations to convert the deformation 

gradient into the Green strain tensor: 

I =
1

2
(,J, − 1) 

 Where F is the deformation gradient.  Left and right Cauchy-Green strain tensors can also 

thus be calculated: 
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K = ,J,;M = ,,J 

 Both tensors are independent of rigid body rotation.  For Green strain, the strain in 

the principal directions can be simplified to: 

+:: =
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Where N" is the measured strain from the deformation gradient along the stretched 

axes of a biaxial test. 

Force is also converted into Cauchy stress by calculation of the theoretical cross-

sectional area of an incompressible material.  The data can then be used as the base to 

parameterize a constitutive model. 

E2.1. IMAGE IMPORT 
 The device stores camera feed in a *.tiff image sequence, which does not suffer the 

compression or smearing that may be present on devices which utilize separate video 

cameras.  A subfunction was written to import sequences of images in the *.tiff format. 

The sequence must be stored in its own folder, but the file names do not need to obey any 

specific rules.  A sorting algorithm ensures that each successive image is placed correctly 

in the sequence.  To save memory, images are loaded only as needed. 

 Once the image is imported, it displays a preview in the user interface.  Users can 

scroll through the sequence intuitively using a scroll bar or by inputting the specific frame 

number.  Image processing occurs as each image is loaded. 

E2.2. IMAGE PROCESSING 
 Preliminary image processing occurs in three steps.  The first step involves basic 

contrast adjustments to increase overall contrast and separate light from dark values.  The 
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second step inverts the image to bring out tracking particles as light against a dark 

background.  The final preliminary step applies a threshold to the image, like in the 

LabView interface.  The threshold is again changed by the experimenter.  Decreasing the 

threshold value may cause elements that are not particles to be located by the algorithm 

due to similar luminance values; increasing the threshold may fail to isolate particles that 

are not light enough. 

 Built-in MatLab particle reporting functions were used to isolate and report pixel 

values of particles.  For other tracking methods, the user must select the particles manually.  

Particles are automatically sorted into individual quadrants within the global axes to 

simplify particle selection and analysis.  In addition, tools were created to visualize the 

centroid of each search particle and tracking search regions. 

E2.3. TRACKING METHODS 
The user must select a search region to begin tracking.  The larger the search region, 

the greater the displacement rate of the particle can be maintained before tracking is lost; 

however, greater computational time is required and errant particles may be interpreted as 

the reference particle. 

Particle correlation 

methods utilize the subfunction 

SimpleTracker (Tinavez, 2011, 

MatLab Central).  More 

complex algorithms are used in 

the MatLab code, compared to 

the LabView software, that can 

fill and interpolate gaps in 

Figure 15: User interface designed in MatLab.  Tracking 
trajectories are shown after successful tracking has occurred.  
Program options are arranged on the right side of the UI to 
allow real-time adjustments of parameters. 
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tracking.  The first is the use of the Hungarian algorithm during initial tracking to minimize 

the distance between each particle’s reference and deformed configuration but also to 

minimize overall distances between all particles.  During this phase, particles may fail to 

be detected in the next image and are left blank in the tracking array.  During the second 

phase of tracking, after initial tracking has occurred, the nearest-neighbor algorithm is used 

to close gaps where a particle was not detected.  The tracking can thus fail across frames 

without inhibiting the ability of the program to perform a sufficient track of the particles.  

This double-checking approach would be difficult to apply in real-time to LabView 

because a full dataset of displacements is needed to re-link broken tracks. 

E2.4. CORRELATION METHODS 
a. FOUR-POINT TEXTURE CORRELATION 

 In other mechanical testing software packages, often only one tracking method is 

provided.  Besides particle analysis, two extra subfunctions were written, with the goal that 

different functions incorporating different correlation methods may account for image 

sequence where only one method may not work.  These methods utilized a computational 

rather than analytical approach to arriving at marker locations.  Four-point texture 

correlation was the name given to the function that bridged the gap between digital image 

correlation (DIC) and particle detection.  While DIC is capable of full-field displacements, 

particle detection is better suited to known numbers of particles.  With particle detection, 

each particle is found based on linking algorithms.  In cases where particles are not visible 

enough or do not contrast enough for the background, it can prove more useful to match, 

or correlate, small image sub-regions. A generalized tracking method that utilizes texture 

matching is given in the Figure 10.  Unlike particle tracking, this method cannot 
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spontaneously lose particles and can adapt to changes in marker shape or lighting 

conditions. 

 

Figure 16: Flow chart describing a generalized method for tracking via texture matching 

 In some cases, a simplified model of deformation that assumes a homogenous strain 

field is desired.  Where particle detection fails, texture correlation of the four points can 

possibly be used.  A reference region is first selected by the experimenter.  The next frame 

is then loaded and a search window used to look near the reference particle and find its 

deformed location.  A modified version of the Pearson correlation coefficient was used to 

match the texture of the sub-region in the reference and deformed states.  The deformed 

region with the highest correlation coefficient is selected as the probable area where the 

particle has moved. 

 Image subtraction is also used in tandem with the correlation coefficient.  Two 

identical images, when their luminance values are arithmetically subtracted, will return a 

pure black image.  This principle was used to find similar deformed regions to the reference 

region, with the lowest root-mean-square (RMS) error from an all-black image being the 

determining factor in choosing a region.  Unfortunately, image subtraction and RMS error 
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proved to be computationally intensive and, in its current implementation, not suitable for 

real-time use. 

b. DIC METHOD WITH TEXTURE CORRELATION 

 Previous iterations of mechanical testing devices either do not use optical strain 

tracking or only use simplified four-point tracking.  Full-field DIC tracks all local 

deformations within the region of analysis, fully describing the strain field during a test, 

and is the most accurate but computationally intense method of measuring strain.  A 

preliminary version of full-field DIC was implemented in the MatLab program to lay the 

foundations for full-field experiments.  It generates a grid of points within a user-selected 

region.  Each individual grid point is then tracked, and an individual deformation gradient 

can then be calculated for each set of four points.  

 For this method, it is better to speckle-coat a sample to produce local contrasts 

within the sample, enhancing texture, rather than place four particles.  Image correlation 

and subtraction is again used to match regions between images.  The built-in function 

corr2, which utilizes the Pearson correlation algorithm, returns a correlation coefficient.  

A high value indicates good correlation between the reference and deformed sub-image 

matrices.  Image subtraction arithmetically subtracts pixel values between the reference 

and deformed sub-images.  If the two images are closely matched, the resulting difference 

will look like a black image.  Deviances from pure black are calculated as RMS error.  The 

program weighs the two values and chooses the deformed sub-image that averages the 

lowest RMS error and highest correlation coefficient. 

F. LIMITATIONS 
 Planar biaxial testing, while a good starting point to developing descriptive models 

of tissue behavior, can only fully describe isotropic materials; for transversely isotropic 
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materials, as many tissues are characterized, additional methods are required.  Holzapfel 

and Ogden describe four constitutive strain-energy functions for a general transversely 

isotropic specimen; however, a planar biaxial test only can control for three unique 

components in two dimensions, thus rendering a full description of these materials 

impossible.  These three components are seen in the left Cauchy-Green tensor B below: 

, =
O:: O:@

O@: O@@
; M =

P:: P:@

P:@ P@@
 

 Further, they propose the addition of in-plane shear or a through-thickness shear 

test to obtain the fourth independent variable (Holzapfel and Ogden, 2009). 

 Additionally, when calculating Cauchy stress, it is assumed the cross-sectional area 

undergoes homogenous normal stress and the biaxial stress ratio remains constant, but 

finite element simulations show evidence that these assumptions are overly simplistic 

(Nolan and McGarry, 2016). 

 Lastly, the camera and recorded images operate in 8-bit monochrome color space; 

each pixel can be described by only 255 shades of gray, from 0 for pure black to 255 for 

pure white.  Color imaging or a high bit-depth could increase tracking accuracy by allowing 

more nuance in shading and texture correlation.  The existing pattern matching algorithm 

in the MatLab code also does not perform subpixel sampling, limiting precision to within 

one pixel.
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Chapter 3. Validation of Planar Biaxial Device Using Murine Skin 
A. INTRODUCTION 
	 After the construction and programming of the planar biaxial mechanical testing 

device, it was necessary to validate its results by running a pilot study on a sample tissue 

and comparing results from the device to those found in literature.  If calculated mechanical 

properties and stress-strain data were statistically comparable to those found from previous 

experiments, future data from the biaxial device would be validated with at least previously 

established mechanical testing methodologies.  If results were significantly different from 

previous results, without validation, it would be impossible to prove whether novel results 

were indicative of a new scientific discovery or device inaccuracy. 

 Murine skin was chosen as the test sample for device validation due to its wide 

availability within the research lab and its well-characterized mechanical properties 

(Groves, 2013; Muñoz, 2008; Karimi, 2015; Del Prete, 2004).  Additionally, many non-

murine skin models from previous studies can also be found in literature, including for cat 

skin (Veronda and Westmann, 1970) and rabbit skin (Lanir and Fung, 1974).  Murine tissue 

can serve as an analog to human tissue, which is a more ideal specimen but harder to obtain; 

murine skin exhibits similar morphology and anisotropic, viscoelastic properties to human 

skin (Groves, 2013), and can thus be used to provide insights into human skin structure-

function relationships.   

As Holzapfel argues, skin can serve as a simplified representative sample of soft 

tissue in general, mirroring many characteristics of these tissue (Holzapfel, 2000).  The 



51 
	

 
	

main structural constituent of skin is collagen 

fibers, followed by elastin, both of which are 

arranged in a three-dimension fiber network, 

like in other soft tissues.  In an undeformed 

state, skin exhibits isotropic behavior; 

collagen can be observed to be randomly 

organized and crimped while elastin serves as the main load-bearing component 

(Holzapfel, 2000).  As load is applied, the collagen fibers become uncrimped and, as the 

fibers gradually align to the direction of load, the tissue gradually stiffens to a linear region 

(Holzapfel, 2000).  This behavior is also observable in other collagen-containing soft 

tissues.  The objective of this chapter is to validate functionality of the planar biaxial device 

through internal and external validation of individual components and biaxial testing of 

murine skin and, further, to develop generalized protocol for biaxial gripping and testing 

of soft tissue. 

B. BACKGROUND 
 Skin is the largest organ in the human body and aids the body in regulation of 

homeostasis through heat regulation.  Skin additionally forms a tight barrier between the 

body viscera and the outside world and is the first layer of the immune system (Moore, 

2015).  The skin can be divided into two layers: the dermis and epidermis.  The epidermis 

is the thinner, superficial layer of the skin and is composed of keratinized epithelial cells; 

the dermis is the deeper, thicker layer.  The dermis is primarily composed of densely 

arranged collagen and elastin, the constituents which make skin strong and tough (Moore, 

2015).  The dermis can be further split into the papillary dermis, below the basal lamina of 

the epithelium cells, and the reticular dermis (Silver, 2006).  Deeper to the dermis lies 

Figure 2: Nonlinear stress-strain behavior of soft 
tissue due to collagen crimping (Holzapfel, 2000) 
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subcutaneous tissue such as fat, which is often dissected along with and must be removed 

from skin samples to ensure only the mechanical properties of skin are represented during 

testing. 

 In murine aging studies of skin, it was found that collagen type I and type III, which 

are the main structural collagen components of skin and many other tissues, decreased with 

age, where collagen type III decreased most significantly (Mays, 1988).  Collagen type I is 

the most common type of collagen and can be found in skin, bone, and tendon, while 

collagen type III is found more commonly in elastic tissues such as vasculature (Hulmes, 

2008).  Within the dermis, type I collagen is the main constituent in the reticular layer 

composing 80-90% of all collagen content while type III collagen is found in higher 

quantities in the papillary layer (Silver, 2006).  Reticular collagen forms a random, 

undulating network of thick fibers, while papillary collagen forms a denser but still 

randomly oriented network of thin fibers (Silver, 2006).  Unoriented fiber networks lend 

skin its high compliance (Avery and Bailey, 2008).  Elastic fibers are present in a 

continuous three-dimension network throughout the entire dermis, but it is collagen that is 

primarily responsible for mechanotransduction within the extracellular matrix (Silver, 

2006).  Skin viscoelastic behavior may be attributed to both elastic fibers, readily 

stretchable at low strain, and collagen fibers, stiffer but engaged at high strain (Silver and 

Landis, 2008). 

 As for mechanical properties, skin is generally considered to be anisotropic, 

presenting greater compliance in one direction (Lanir and Fung, 1974).  Investigations 

using a skin expansion device using a porcine model determined that skin was isotropically 

pre-stretched in vivo by 1.21 on average; however, skin deformation and growth occurred 
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in an anisotropic manner when expansion was applied (Tepole, 2015).  Thus, there is a 

need to load skin biaxially to elucidate more physiologically relevant mechanical 

properties, although difficulties may still be encountered when attempting to correlate such 

properties with collagen content (Del Prete, 2004). 

 During remodeling, as seen with wound healing, the extracellular matrix is often 

poorly regenerated, leading to fibrosis.  The collagen network, which is normally 

configured in a network structure, is reconfigured with dense fibers lying parallel to each 

other (Martin, 1997).  Mechanical tests run on scar tissue compared to normal skin 

suggested that scar tissue was much stiffer and less extensible than normal skin (Clark, 

1996).  Although not of focus in this thesis, biaxial investigations of skin to quantify 

material parameters in poorly remodeled skin and normal skin could suggest intriguing 

solutions towards describing structural changes required for improved remodeling of 

wounded tissue.  

C. METHODS 
C1. VALIDATION OF HARDWARE 

The hardware of the device was tested to ensure linear translation, optical strain 

tracking, and load cells were accurate and consistent.  Each motor was zeroed at a reference 

displacement, then moved 25.4 mm in tension and back to reference.  The resulting linear 

motion was measured using digital calipers with 0.01 mm precision.  Optical strain tracking 

was validated by loading a skin sample in the device and then applying 0.5 mm grip-to-

grip tension followed by 0.5 mm return to reference.  Load cells were externally validated 

through calibration of voltage output and creation of a load-voltage fit.  Briefly, the load 

cells were placed in a custom-built calibration tool and loaded in tension with successively 
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increasing weights from 0 – 2000 g.  Voltage values were compared to calibration data 

provided by the manufacturer, Honeywell, to externally ensure load cells were accurate.  	

C2. SKIN SAMPLE DISSECTION AND GRIPPING 
 Skin samples (n = 3) were obtained from previously sacrificed and frozen 

C57BL/6-strain mice (IACUC approved, Tulane University).  A full description of the 

dissection and gripping protocol may be found in Appendix J and L.  Briefly, when 

available, abdominal skin was dissected from thawed mice.  If such skin was not available, 

thoracic or hind leg skin was instead dissected from the mice.  As much as possible, skin 

sample dimensions were kept above 15 mm x 15 mm.  After dissection, skin samples 

underwent treatment with a commercial mixture of sodium hydroxide and calcium 

hydroxide to depilate the tissue samples.  Samples were harvested and refrozen for future 

testing.  Evidence has been shown that frozen tissues did not show changed mechanical 

properties from freshly dissected samples (Armentano, 2006). 

 Before gripping, samples were dethawed and 

cut using scalpels into a cruciform shape with a 

central region of 5 mm x 5 mm and arms of length 

5 mm for a region of interest of 11.1%, within the 

biaxial dimensions seen in other studies (Vande 

Geest, 2006; Humphrey, 1987; Waldman and Lee, 

2002) where only the central 4 – 20% of a region 

was considered.  Tissue hydration was maintained 

with Hank’s Balanced Salt Solution (HBSS).  Double-sided sandpaper was adhered to each 

side of the cruciform arms using cyanoacrylate.  After alignment with the lower grip using 

a grip assisting device, the arms were clamped and secured in the biaxial testing device.  

Figure 17: Illustration of the central 
region of analysis in a cruciform sample 
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Initial tissue thickness was measured using digital calipers with 0.01 mm.  Four dots were 

placed in a square configuration in the central region using activated charcoal for optical 

strain tracking.  The tissue was then immersed in HBSS.  From that point, all adjustments 

could be controlled by software. 

C2. EXPERIMENTAL PROTOCOL 
 The reference state of each skin sample was set to a small tare load where the 

sample lay flat to the imaging plane.  The origin and reference configuration was set via 

the software interface.  Preconditioning cycles differed in literature for skin, from four 

(Muñoz, 2008) and ten cycles (Karimi, 2015); biaxial experiments of other tissues ranged 

from four (Lee, 2013), nine cycles (Vande Geest, 2006) to fifteen cycles (Sacks and 

Chuong, 1998).  During experimental tests, six cycles were determined sufficient to ensure 

that results converged for each testing protocol.  Although data from all cycles were 

recorded, only data from the last loading/unloading cycle was used.  The skin samples were 

tested using an equibiaxial protocol, in which the stretch ratio F11:F22 was kept at 1:1, and 

constant stretch protocols using the X-axis as control and then the Y-axis as control.  Each 

cycle ran two equibiaxial tests, one for each control axis.  Details of the protocol may be 

found in Appendix M.  Sample strain was optically tracked in real-time assuming a 

homogenous strain field in the central region.  Samples were stretched at a rate of 

0.2%/second to a maximum stretch of 2-4 mm grip displacement to ensure tissue did not 

tear and with a maximum force of 2000 g.   

D. RESULTS 
D1. VALIDATION OF DEVICE HARDWARE 
	 The motion system was validated by individually and collectively moving the 

motors and then measuring physical displacement compared to expected software 

displacement.  Mean error for motor linear motion was acceptably low at 0.56% in outward 
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movement and 0.75% in inward movement.  Since the device utilizes optical strain 

tracking, it is possible to compensate for motor error through tracking feedback.   

 Optical strain tracking was validated by comparing a reference configuration to a 

tension-deformed configuration and then a return to the original reference.  Paired t-tests 

(p < 0.05) were used to compare reference 

distances between the four tracking points to 

both tensile and return to reference 

deformation.  Tissue tensile deformation 

was significantly different from reference 

values while returning to reference values 

were not significantly different from the 

original reference.  This indicated that the 

optical strain tracking system was accurately tracking and measuring particle distances. 

 

Figure 18: Output images after particle analysis showing distances between tracking markers 

 The load cells output an mV/Vex reading proportional to the amount of load applied.  

The load cells were calibrated by Honeywell and were re-verified in lab to ensure voltage 

was consistent with calibrated values.  A loading line was then created for the LabView 

interface to convert voltage to load in grams.  The loading characteristic of both load cells 

were highly linear with line fits having R2 = 1.  These results indicated the load cells were 

Reference (px) Tension (px) Return* (px) 
618.2 724.7 630.28 
754.38 833.22 755.65 
616.57 689.63 625.1 
648.8 700.87 624.74 
*To reference  
   
Significance Tension Return 
P (<0.05) 0.006 0.95 
Table 1: Paired t-tests were used to evaluate 
differences between reference-deformed and 
reference-return to reference tissue deformation.  
P < 0.05 was considered significant. 
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accurate and voltage could be directly converted to load.  Calibration data for the load cells 

may be found in Appendix R. 

D2. MURINE BIAXIAL PILOT TESTS 
 Biaxial data were compared to 

murine uniaxial data, which to our 

knowledge is	the only data available from 

previous studies.  Observed experimental 

results showed mechanical behavior 

indicative of soft tissues, including 

preconditioning and hysteresis.  Raw data 

was processed into load-displacement 

curves and fitted using nonlinear least-

squares regression with the Levenberg-Marquardt algorithm and LAR robust fitting.  Best 

fit curves were found to be exponential.  Experimental data was compared to murine skin 

studies performed by Groves et al. (Groves, 2013).  Using their data, a standard deviation 

between samples was calculated of ±0.7234 mm displacement in the circumferential 

direction and ±0.6945 mm displacement in the axial direction.  Respective load-

displacement curves from the present biaxial tests in the transverse and axial directions 

were observed to be within two standard deviations of their data.  All final load-

displacement curves may be found in Appendix T. 

Figure 19: Six successive loading and unloading 
cycles were used to precondition the samples to 
achieve converging results for loading and 
deformation. 
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Figure 20: Representative load-displacement loading and unloading data (black) compared to representative 
data from Groves et al. (blue, red, and yellow) 
 
	 Raw data was additionally converted into stress-strain curves and compared to 

murine data from Muñoz et al. (Muñoz, 2008), although only axial data was available.  

Young’s modulus was calculated from their data by fitting a tangent line to the linear region 

of the last loading cycle in their uniaxial tests.  Young’s modulus was calculated for the 

present experimental stress-strain data in the same manner.  All calculated Young’s moduli 

may be found in Table 2.  Anisotropy was observed for all samples with an increased 

stiffness in the axial direction compared to the transverse direction, which was also 

observed by Karimi et al. (Karimi et al. 2015). 

  Sample 1 Sample 2 Sample 3 
 Munoz 

et al. 
(2008) 

 
Axial 

 
Transverse 

 
Axial 

 
Transverse 

 
Axial 

 
Transverse 

Young’s 
Modulus 
(MPa) 

 
8.1 

 
7.89 

 
5.62 

 
9.99 

 
8.48 

 
4.58 

 
3.61 

Table 2: Calculated Young’s modulus for each stress-strain curve 

Finally, grip-to-grip strain was evaluated against optical strain tracking.  A linear 

fit was applied with an R2  >  0.9.  Local optical strain was lower than grip-to-grip strain 

for all tissue samples, ranging from 12% to 25% when comparing maximum grip strain to 

maximum optical strain.  
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E. DISCUSSION 
	 All components of the 

biaxial device were individually 

validated internally and externally 

and found to be accurate across the 

testing range.  The load cells were 

found to have a highly linear 

voltage-load relationship that 

corresponded to manufacturer 

calibration.  Optical tracking was able to 

discern small deformations between 

tissue deformed and reference configuration.  Finally, the motion system was able to 

accurately convert revolutions of the motors into linear translation. 

 External validation through biaxial tests on murine skin was proven through 

qualitative and quantitative means.  Results from the pilot study on murine skin follow 

trends in previous studies, although previous studies were limited by uniaxial testing 

configuration and use of grip-to-grip measurements.  Experimental results matched closely 

with data from Groves et al., demonstrating a compliant toe region with gradual stiffening 

and anisotropy between the transverse and axial directions.  Stiffness in general was 

qualitatively found to be within range of previous studies, including observations that the 

transverse direction was less stiff than the axial direction.  The stress-strain behavior of 

murine skin was best described by exponential fits, similar to what has been described by 

Fung (Fung, 1993).  Overall, the device was successfully able to measure the viscoelastic, 

anisotropic, nonlinear behavior of soft tissue. 

Figure 21: Representative stress-strain curve for 
axial and transverse directions in biaxial test. 
The axial direction was found to be stiffer than 
the transverse direction. 
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Though the present data correspond with data from previous studies, observed 

discrepancies can be explained by biological variations and differences in testing 

configuration.  In this pilot study, skin samples were dissected from female mice abdomen, 

while previous studies used skin from mice backs (Groves, 2013) or male mice (Karimi, 

2015).  Skin could have region- and sex-specific properties which could affect skin 

mechanical properties.  Previous 

studies have also observed wide 

variations among individual skin 

samples. 

Some stress-strain data, 

notably for the second sample, 

flattened to a sigmoidal shape at the 

high strain regime, deviating from 

expected exponential behavior.  This 

effect could be explained by decreased resilience compared to other skin samples, due to 

which the sample began to exhibit a plastic rather than elastic response at higher strains, 

perhaps attributable to fiber restructuring or reorganization.  Additionally, at low loading 

rates, viscoelastic stress relaxation may have affected the skin samples and manifested in 

stresses that were lower than expected at higher strains.   

Additionally, results from biaxial tests differ from uniaxial tests due to axial 

coupling.  Biaxial stress-strain results tend to be stiffer than uniaxial tests because the 

orthogonal axis is also pulling on the sample, decreasing strain in the measured direction.  

A uniaxial test that tests tissue in both directions allows free contraction and expansion of 

Figure 22: Optical strain followed a linear relationship 
with grip-to-grip strain. Local strain was less than 
grip-to-grip in all samples. 
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the orthogonal direction, which does not mimic the in vivo loading environment and may 

possibly exaggerate anisotropy. 

Optical strain tracking of local deformation was less than applied grip-to-grip 

deformation.  Local strain appeared to follow a linear relationship with grip-to-grip strain.  

Experimental results are in line with results from Butler et al. (Butler, 1984), which 

demonstrated that only 25 to 30% of grip-to-grip deformation was observed in the local 

region of analysis.  Because the performed tests were biaxial, less local strain is expected 

due to the opposing tensile load of the orthogonal axis. 

Overall, it was proven that the biaxial device could accurately apply stretch and 

record resulting deformation and load.  The device was used in pilot studies in murine skin 

to validate the data recorded from the device.  Experimental results corresponded to results 

from previous studies and prove that the planar biaxial testing device is capable of testing 

soft tissues.
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Chapter 4. Future Directions: Mechanical testing of reproductive tissue 
4.1. MECHANICAL TESTING OF UTERINE AND CERVICAL TISSUE 
A. INTRODUCTION 

Preterm birth is a serious medical problem and one of the leading causes of infant 

mortality.  As of 2010, preterm birth had a worldwide rate of 9.6% of all births. The highest 

incidence of preterm birth (12.5%) occurs in the least developed countries where infants 

born before 32 weeks have little chance of survival (Beck, 2010).  Additionally, children 

born preterm have higher incidences of developmental disability (Marlow, 2005) as well 

as vision and hearing disabilities (Moster, 2008). 

Despite its grave effect and cost, little is definitively known about the underlying 

causes of preterm birth.  There are also no real preventative measures that can be taken.  A 

large percentage of preterm birth (45%) occurs “spontaneously” without any obvious signs 

or warning and could have several causes ranging from infection to stress (Goldenberg, 

2008).  There is therefore a pressing need to create more effective ways to diagnose and 

treat women susceptible to giving birth prematurely. 

Concerning pregnancy, large changes in uterine and cervical tissue must occur 

before giving birth.  The reproductive tract must be able to distend remarkably in order to 

accommodate the growing infant; it must then also be able to return back to its normal non-

birthing state.  It is possible that maladaptive remodeling may be occurring in the uterus 

causing its constituents to prematurely change to a form that is like that of a uterus at term.  

Premature shortening and ripening of the cervix, such that it can no longer contain the loads 

of pregnancy, may also likewise arise in part from such remodeling.
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Shorter intervals between successive pregnancies have been correlated with an 

increased chance of preterm labor (Goldenberg, 2008), indicative of inadequately 

remodeled tissue.  In the field of biomechanics, it is understood that the mechanical 

properties of tissue, such as stiffness and yield stress, are generally related to the 

composition of the tissue.  Differences in major structural components of the extracellular 

matrix, including collagen and elastic fibers, and their interactions, including crosslinking, 

arrangement, and fiber ratios, affect overall mechanical behavior.  We can deduce these 

differences by evaluating uterine and cervical structure-function relationships via 

measuring changes in tissue mechanical behavior and quantitative histology. 

Precise mechanical testing using specialized testing devices is used to determine 

the properties of tissue.  A planar biaxial device allows stress-strain characteristics to be 

derived, and, eventually, constitutive models to be created.  Compared to a simpler uniaxial 

device, which can only stretch tissue on one axis, a planar biaxial device allows for the 

creation of a more complex, physiologically relevant model that considers tissue anisotropy 

(Sacks 2000).  We hypothesize that for preterm birth to occur smooth muscle phenotype 

and ECM constituent change due to the influence of the uterine distension.  We additionally 

hypothesize that incomplete repair or disrupted homeostasis of collagen and elastin 

turnover may occur in the cervix that cause premature dilation.  Before such complex, 

multifactorial conditions can be tested and modeled, baseline tissue stress-strain behavior 

must be established.  We hypothesize that the cervix and uterus may respond differently to 

mechanobiological stimulation which may elicit different underlying mechanical etiologies 

of preterm birth.  The objective of this study is to develop protocols to extract and compare 
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biaxial data from healthy uterine and cervical tissue, heretofore unknown to the field of 

reproductive biomechanics, through planar biaxial testing.   

Data from mechanical testing and histology can be used to inform descriptive and 

predictive constitutive models for reproductive tissue.  With such a model, clinically 

relevant changes in tissue can be directly derived from changes in tissue parameters in the 

model.  Modifying a model to observe changes is significantly more efficient than 

systematically analyzing tissue samples.  Eventually, by mathematically quantifying the 

changes that occur in the cervix and uterus before, during, and after pregnancy, the 

difficulty of creating precise, effective diagnoses and treatments is eased.  These diagnostic 

tools and treatment options could decrease infant mortality worldwide. 

B. BACKGROUND 
B1. PRETERM BIRTH 

Preterm birth is characterized as parturition that occurs before term (37 weeks).  It 

is a serious problem, associated with 75% of infant mortality, and a growing one, with 

incidences having increased 20% from 1981 to 2003 (Iams, 2003).  The causes of preterm 

birth are myriad and complex, including infection, inflammation, mechanical distension, 

and stress (Goldenberg, 2008).  The exact mechanisms by which preterm birth occur are 

still however poorly quantified, and birth often seems to occur “spontaneously,” without 

apparent signs.  It remains difficult to detect premature labor in its early stages. 

B2. BIOMECHANICS OF THE UTERUS 
B2.1. UTERINE ANATOMY AND CONSTITUENTS 

The uterus is a pear-shaped organ which functions to hold the fetus during 

pregnancy.  It is composed of three major layers: the endometrium, myometrium, and 

perimetrium.  The endometrium can be further divided into the functionalis, which is 

composed of columnar epithelia, and the basalis (Silver, 2006). The myometrium can be 
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divided into the junctional zone and outer 

myometrium (Brosens, 1998).  The principal 

active component of the uterus is smooth muscle 

cell (SMC) bundles, encompassed by connective 

tissue, arranged in a complex, interwoven 

network, especially in the myometrium, which is 

involved in the process of labor (Ramsey, 1994).  In 

the junctional zone, smooth muscle is longitudinally 

oriented and follows an increasing density gradient with depth while the main myometrium 

possesses unoriented woven smooth muscle; in the perimetrium, smooth muscle 

orientation is circumferentially oriented (Brown, 1991).  Other constituents include elastin 

and collagen.  Elastin is present in relatively low abundance in the myometrium, decreasing 

in a gradient from the outer myometrium to the inner myometrium (Metaxa-Mariatou, 

2002).  Collagen fibers, predominantly type I and type III, are present as a continuous 

network between the endometrium and myometrium; the superficial layers have no 

preferred fiber orientation 

while the deep layers 

connected to the 

myometrium contain 

many parallel lamellae 

(Goranova, 1996).  

Biomechanically, the 

uterus exhibits 

Figure 23: Illustration of female 
reproductive tract (Moore, 2015) 

Endometrium	

Myometrium	

Figure 24: Cross section of uterine wall, courtesy of Histology@Yale 
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anisotropic behavior and is composed of two intramural circular structures with aligned 

layers and an outer circular layer with random fiber orientation (Weiss, 2006).  Degree of 

anisotropy increases from nearly isotropic with onset and duration of labor and engagement 

of fibers (Mizrahi, 1980).  Anisotropic materials have direction-dependent material 

properties. 

The greatest muscle content is found at the fundus of the uterus, decreasing 

eventually from overall 30-40% (Fung, 1993) and 70% in the corpus uteri (Mahmoud, 

2013) to be continuous with cervical muscle content, about 10% (Ramsey, 1994).  

Additionally, the uterus is stabilized by several ligaments, the most important of which are 

the cardinal ligaments, which connect the uterus to the pelvic wall, and the uterosacral 

ligaments (Ramsey, 1994; Baah-Dwomoh, 2016). 

 

Figure 25: Cross sectional diagram of the uterus (Silver, 2006) 
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B2.2. UTERINE REMODELING 
During pregnancy, the uterus undergoes substantial remodeling to accommodate 

and eventually deliver the growing fetus.  Within the myometrium, the junctional zone 

eventually dominates and myometrial layers become continuous (Willms, 1995).  In the 

first trimester, myometrial SMCs proliferate and enlarge; SMC hypertrophy occurs until 

mid-gestation.  From this point, mechanical stretch determines uterine growth (Ramsey, 

1994).  Goranova found evidence that spatial remodeling of the collagen network occurs 

during pregnancy, due to distension of the uterus and an increase in estrogen.  In the 

endometrium, collagen fibers become more compacted; epithelial proliferation was also 

observed (Goranova, 1996).  Further, investigations in collagen content change during 

pregnancy and parturition showed dramatic collagen increase in the uterus and to a lesser 

extent in the cervix during pregnancy and rapidly falling collagen levels after parturition 

(Harkness and Harkness, 1954).  A later more in-depth study found that collagen type I and 

III levels increased in late gestation but decreased before full term; collagen type IV, 

fibronectin, and laminin increased on the day of parturition; and elastin expression 

increased and was maintained at an increased level from mid-gestation (Shynlova, 2004).  

Shynlova has 

proposed that both fetal 

hormonal endocrine cascades 

and tension induced by fetal 

growth in the uterus cause 

changes in the biomechanical 

properties of uterine tissue.  

In particular, the two pathways 
Figure 26: SMC Phenotype through phases of pregnancy 
(Shynlova, 2013) 
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are believed to cause substantial changes in smooth muscle cell phenotype from a 

proliferative to a synthetic (hypertrophic) and finally to a contractile phenotype, which 

leads to a highly active stage that induces labor (Shynlova, 2009).  The stiffness of the 

extracellular matrix, composed of elastin and collagen fibers, may play a role in remodeling 

by influencing SMC phenotype (Humphrey, 2014). 

Evidence exists that mechanical stretch due to the growing fetus is the primary 

cause of SMC hypertrophy in the gravid uterine horn (Shynlova, 2010; Csapo, 1965).  In 

Shynlova’s rat studies, SMC hypertrophy occurred most prolifically from day 14 to 19 and 

stabilized at term (day 22).  Notably, chronic, non-fetal obstructions also had a similar 

effect (Lindnér, 1988).  The role of SMCs may also change between different phases.  

Besides labor, SMCs may also play a role in uterine inflammation by excreting chemokines 

in response to mechanical stretch (Shynlova, 2013).  Removal of tension from the gravid 

uterine horn, such as by giving birth or by surgery, has also been correlated with a decrease 

in weight and collagen content in that horn.  When paired with an ovariectomy, thus 

removing hormonal influences, the effects are even more pronounced, causing more 

decrease in mass, suggesting that both hormones and local stress factors play a role in 

uterine growth (Wray, 1982). 

It has been proposed that local uterine and cervical inflammation contributes to 

labor onset, during which uterine tissue assumes a contractile state, partly as a result of 

mechanical stress and uterine distension instigating myometrial secretion of 

proinflammatory factors and permitting immune cell access (Shynlova, 2013).  It is 

possible that premature inflammation from, for example, bacterial infection may trigger 

uterine phenotype change and initiate labor-related processes that render late-stage 
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treatments ineffectual (Shynlova, 2013).  In late gestation near term, pro-inflammatory Ccl-

2 expression was found to have increased greater than twenty-fold in the myometrium and 

Ccl-2 proteins were found in both longitudinally- and circumferentially-oriented 

myometrial SMCs; progesterone was found to lower Ccl-2 expression, suggesting a role in 

maintaining pregnancy, while stretch was found to increase Ccl-2 expression in the absence 

of progesterone (Shynlova, 2008).  Broad Spectrum Chemokine Inhibitors were 

successfully used to prevent infection-induced preterm birth in mice by decreasing 

inflammatory chemokine presence (Shynlova, 2014).  Inflammatory cytokines have been 

associated with the release of proteolytic enzymes that digest ECM constituents (Shynlova, 

2013). 

Although a multitude of factors play a role in initiation of labor in the uterus, uterine 

distension may play a prominent role in the initiation of signaling cascades, inflammatory 

chemokine release, smooth muscle phenotype change, and extracellular matrix remodeling.  

We hypothesize that uterine overdistension may play a role in maladaptive tissue 

remodeling of structural constituents leading to changed mechanical properties and preterm 

labor.  There is a need to deduce these structure-function relationships to establish the 

mechanobiological causes of preterm birth. 

B3. BIOMECHANICS OF THE CERVIX 
B3.1. CERVICAL ANATOMY AND CONSTITUENTS 
 The cylindrical cervix is considered a part of the lower uterus that serves to keep 

the fetus within the uterus until term (Ludmir and Sehdev, 2000).  Like the uterus, the 

cervix is supported by the pelvic ligaments.  The vaginal facing, inferior aspect is known 

as the external os; the internal aspect continuous with the uterus is known as the internal 

os.  The cervix can be further split into two layers: an epithelial section and the cervical 
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stroma.  Although smooth muscle and elastin are present in the stroma, it is composed 

mainly of fibrous collagenous tissue (Moore, 2015), which are responsible for most 

mechanical behavior (Myers, 2015).  Smooth muscle cells and fibroblasts are densest in 

the inner stroma while extracellular space increases towards the outer stroma (deSouza, 

1994).  Elastic fibers are found only in a band throughout the cervix, tapering off at the 

internal os (Leppert, 1986).  In the nonpathological cervix, elastic fibers run parallel with 

dense collagen fibers, which assume a ratio of 70% 

collagen type I to 30% collagen type III (Ludmir and 

Sehdev, 2000).  Fibril orientation has been quantified in 

previous studies showing preferred collagen orientation 

in the radial direction for the inner stroma-epithelial 

region and in the circumferential direction for the outer 

stroma, although measuring difficulties were noted for 

the inner region (Yao, 2016).  X-ray diffraction studies showed three distinct zones with 

different preferred fibril direction: an inner and outer zone with longitudinally aligned 

fibrils and a middle zone with circumferentially aligned fibrils (Aspden, 1988).  It was 

proposed that circumferential fibrils controlled cervical dilation while longitudinal fibrils 

maintained uterocervical attachment (Aspden, 1988).  Collagen fiber dispersion was also 

found to be significantly lower within the outer anterior and posterior stroma (Yao, 2016), 

elevating anisotropic characteristics.  Another region-specific difference is evidenced by 

increased stiffness of the inner os compared to the external os (Yao, 2014).  Finally, the 

cervix possesses substantial viscoelastic properties, including nonlinearity, hysteresis, and 

stress relaxation in stress-strain relations that are typical of soft tissues (Myers, 2008).   

Figure 27: Drawing of preferred 
collagen alignment in the cervix 
(Aspden, 1988) 
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B3.2. CERVICAL REMODELING 
 To facilitate parturition, the cervix must become significantly less stiff and more 

distensible to allow for passage of the baby.  Deviations from the changes that must occur 

can cause preterm birth, such as with cervical insufficiency, or post-term birth, where the 

cervix failed to soften adequately (Yoshida, 2014).  During a normal pregnancy, the cervix 

undergoes four successive phases: softening, ripening, dilation, and repair.  During the 

softening phase, tissue compliance increases gradually.  The ripening phase, generally 

occurring at late term pregnancy causes rapid increase in compliance and decreased tissue 

competence.  Finally, the cervix dilates readily and to great strains to allow parturition.  

The cervix must then be restored back to its original nulliparous state.  These phases are 

regulated through a 

complex interplay of 

endocrinal and 

immunological systems 

(Timmons, 2010).  

Post-pregnancy 

remodeling may fail to 

restore the cervix back 

to its original non-pregnant state as seen in murine tissue (Barone, 2012).  Post-pregnancy 

incomplete remodeling may corroborate observations of a positive correlation between 

closely spaced pregnancies and increased probability of preterm birth (Goldenberg, 2008). 

During a normal pregnancy, a small proteoglycan called decorin that bonds to 

collagen upsurges in the cervix, causing collagen fibers to become dispersed and 

unoriented (Ludmir and Sehdev, 2000; Akins, 2011).  Within collagen networks, 

Figure 28: Representative graph detailing stages of cervical 
remodeling during and after pregnancy (Word, 2007) 
	



72 
	

 
	

decreasing collagen crosslink density (Yoshida, 2014) due to high turnover of mature 

collagen with new collagen (Akins, 2011) appears to be a key factor in progressive cervical 

softening.  In contradictory studies, collagen type I content has been found to remain 

similar or increase from nonpregnant to pregnant cervix (Akins, 2011) as well as to 

decrease by degradation or turnover (Iwahashi, 2003).  Taken together, these results 

indicate collagen crosslinking may play a large role in cervix mechanical behavior through 

pregnancy.  The orientation of the elastic fiber band may also play a role in cervical 

mechanics by allowing for recoverable high strain during labor (Leppert, 1986).  The 

biochemical causes behind cervical softening remain poorly quantified, although 

thromobospondin-2 deficiency has been implicated in premature softening of the cervix in 

murine models (Kokenyesi, 2004).  Prostaglandins and antiprogestins like RU486 were 

found to inducing symptoms of cervical ripening in rats, including increased strength, 

extensibility, and plasticity (Buhimschi, 2004) 

Mechanical tests have verified that pregnant cervical tissue is more compliant and 

possesses a less connected collagen network (Myers, 2008).  Interestingly, another study 

using a murine model found that cervical elastic stiffness unexpectedly increased through 

pregnancy, possibly to adapt to increasing stress from the fetus or due to reduced fluid 

movement in the tissue (Barone, 2012).  Similar to pregnancy-related mechanisms behind 

increasing uterine compliance, collagen degradation through MMP-9 and immune-

mediated inflammatory response may contribute to cervical remodeling; such systems may 

be prematurely activated and instigate preterm birth (Gonzalez, 2011).  Collegenase 

content was seen to increase alongside possible neutrophil infiltration during labor and 

cervical ripening, further supporting the hypothesis of immune-mediated cervical 



73 
	

 
	

remodeling (Rechberger, 1993).  Specifically, Interleukin-8 has been demonstrated to be 

significantly elevated in the cervix after parturition and throughout pregnancy (Word, 

2007).  

Premature cervical remodeling may increase the likelihood of preterm labor but is 

poorly understood.  It is hypothesized that a weakened cervix may fail to hold the fetus to 

full term.  Interestingly, uniaxial tests indicate cervical insufficiency may not be due to 

decreased collagen content or weaker fibers (Oxlund, 2010).  Measurements of non-

pregnant women with diagnosed cervical insufficiency revealed abnormal decreased cross-

linked collagen content, such that might occur during pregnancy with cervical softening 

(Schlembach, 2009).  There remains a need to delineate structure-function relationships 

within cervical tissue to deduce the extent to which cervical insufficiency is governed by 

remodeling of structural constituents. 

B4. RELEVANCE OF BIAXIAL TESTING 
The passive mechanical properties of the uterus are not well understood, but are 

integral to understanding the stretch-mediated response in gravid uterine horns.  Although 

constituent composition and changes have been well-characterized by histology and PCR 

analysis, their effect on uterine mechanical properties have not yet been robustly 

established.  Similarly, although indentation (Yao, 2014; Myers, 2008; Barone, 2012) and 

uniaxial mechanical tests (Oxlund, 2010; Myers, 2008; Yoshida, 2014; Petersen, 1991; 

Kokenyesi, 2004; Buhimschi, 2004) have been performed on the cervix, cervix mechanical 

behavior has likewise yet to be vigorously quantified, making the exact biomechanical 

causes of cervical insufficiency and cervix-related preterm birth unclear.  Uniaxial tests on 

the cervix have suggested region specific differences where the internal os is more 

compliant than the external os (Myers, 2008). 
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To elucidate these properties, biaxial testing can be used in physiologically relevant 

experimental protocols.  By measuring along two axes, the material can be represented as 

a three-dimensional entity in constitutive relations.  Anisotropy and axial coupling can also 

be accounted for since tension can be induced in multiple directions.  In the field of 

biomechanics, both uniaxial and biaxial testing has been successfully applied to other 

tissues, such as skin, tendon (Stäubli, 1999), pericardium (Waldman and Lee, 2002), 

vasculature (Vande Geest, 2006), and myocardial tissue (Gupta, 1994).  Uniaxial testing of 

cervical tissue has been described in previous sections of this chapter.  Manoogian 

performed a dynamic biaxial study on porcine uteri but with forces replicating those seen 

in a car crash, reporting failure stresses and evidence of nonlinear behavior (Manoogian, 

2012).  Quasi-static uniaxial tests showed uterine tissue to have significant viscoelastic 

properties, exhibiting hysteresis during cyclic loading (Omari, 2015).  Further, uniaxial 

mechanical tests showed that pregnant uterine tissue is significantly less stiff than 

nonpregnant tissue (Conrad, 1966).  Additionally, later quasi-static uniaxial tests found 

evidence that the outer myometrium was stiffer than the inner myometrium under tensile 

loading, possibly attributable to variation in fiber or muscle orientation (Pearsall and 

Roberts, 1978).  Recent uniaxial tests comparing uterine tissue between Antxr2 -/- mice, 

which have increased collagen levels, and control Antxr2 +/+ mice revealed poorly 

remodeled, collagen-rich uterine tissue is significantly stiffer and less distensible than 

normal tissue, which could interfere with normal parturition (Mondragon, 2017).  

Compression testing has previously also been chosen due to ease of preparation and 

running of experiments, but tension testing, especially planar biaxial testing, may provide 

more physiologically relevant results (Mahmoud, 2013).  To date, however, quasi-static 
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biaxial tests of uterine tissue at physiological loading and strain ranges have not yet been 

undertaken; such tests are needed to quantify passive uterine mechanical properties and 

response to mechanical stimuli. 

C. METHODS DEVELOPMENT 
C1. MECHANICAL TESTING 
 The internal os, external os, and uterus will be removed from sacrificed C57BL/6/F 

mice (IACUC approved, Tulane University) per the protocol detailed in Appendix K.  An 

axial cut will be made along the ventral aspect of the tubular cervix and uterus and the 

organs will be “unrolled” into a planar configuration. If testing does not occur immediately, 

samples will be frozen in an HBSS soaked KimWipe (Kimberly-Clark, Irving, TX).  The 

location at which the sample was taken, orientation of the tissue (circumferential and 

longitudinal), the side the samples were cut, and mouse information will be recorded.  Prior 

to testing, tissue will be thawed to ambient temperature and undertake biaxial experimental 

protocol within nine hours; previously frozen and thawed reproductive tissue does not 

appear to affect mechanical properties (Rubod, 2007). 

Sample dimensions including thickness will be measured with digital calipers with 

0.01 mm precision.  If samples are too thick, they will be frozen and then sectioned into 

thinner slices (Myers, 2008).  Samples will then be stamped into a cruciform shape and 

gripped as described in Chapter 3 for skin samples.  Briefly, the samples will be aligned so 

that circumferential and longitudinal fiber directions align with the principal orthogonal 

testing axes, cut into the cruciform shape to ensure optimal load transfer to the region of 

analysis, and gripped with sandpaper and clamps.  To satisfy St. Venant’s principle, only 

1 mm of each arm will be glued to each sandpaper tab, which was previously found to be 

enough for gripping (Szczesny, 2012).  For tracking markers, poppy seeds will be placed 
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at each corner on the central region, assuming a homogeneous strain field.  A syringe 

exerting a small amount of suction will be used to precisely place the poppy seeds.  Tissues 

will bathe in HBSS solution throughout testing at ambient temperature.  Gripping protocol 

is fully described in Appendix L. 

Unloaded reference configuration will be found experimentally through axial 

displacement until the tissue is parallel to the camera plane while minimizing tensile load.  

Previous tests on cervix and uterus have suggested 0.5 – 1 g is sufficient (Myers, 2008; 

Manoogian, 2012).  To quantify anisotropy, constant stretch and equibiaxial tests will be 

performed with the following stretch ratios +QQ: +SS = 1:1, 1:0.75, 1:0.75, 1:1, 1:0.5, 0.5:1, 

1:1 (Vande Geest, 2006).  The use of multiple stretch ratios ensures mechanical response 

over a wide strain domain is captured (Sun, 2003; Sacks and Chuong, 1998).  Equibiaxial 

results will be compared to ensure tissue is not damaged during tests (Vande Geest, 2006).  

To ensure convergence of results, each sample will experience 10 cycles of preconditioning 

for each testing ratio as described in Chapter 3.  Preconditioning cycles are only effective 

for their individual tension test, and samples must be newly preconditioned if the testing 

parameters change (Fung, 1993).  Data from the tenth loading-unloading cycle will be used 

to describe experimental results.  Displacement rate will be 0.2%/sec, comparable to 

previous uniaxial loading rates of human cervix (Myers, 2008) and uterus (Pearsall and 

Roberts, 1978).  Failure properties will not be formally measured; thus, maximum strain 

will be kept relatively conservative between 10 – 15% (Myers, 2008; Mondragon, 2013). 

C2. HISTOLOGY 
 Remaining tissue samples left from the stamping process will be embedded in 

paraffin and undergo histomorphometric analyses to quantify collagen, elastin, and smooth 

muscle content.  Specifically, staining with Picrosirius red, Movat’s Pentachrome, and 
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Verhoeff-van Gieson will make known collagen, smooth muscle, and elastin content 

respectively, which will be quantified with image processing and analysis.  Custom scripts 

developed in MatLab will be used to quantify collagen and elastin network organization. 

C3. STRUCTURE-FUNCTION RELATIONSHIPS 
 Using a custom MatLab script, the deformation gradient calculated during biaxial 

testing will be converted into Green strain and the right Cauchy-Green strain tensor.  

Tension loads measured by the orthogonal load cells will be converted into Cauchy 

principal stresses.  Bilinear fitting will be used to create stress-strain curves describing 

uterine and cervical tissues and allowing calculation of linearized stiffness.  Data will also 

be used to describe ultimate tensile strength of tissue.  Although assumed negligible, shear 

stresses may present issues with accurate principal stress measurement and decrease model 

fits (Sun, 2003).  As previously described, experimental stress and strain can be fit to a 

microstructurally-motivated constitutive model informed to known structural organization 

of collagen, elastin, and smooth muscle.  A four-fiber family model will be used to fit 

stress-strain to material parameters, as proposed by Baek (2007) and utilized for vascular 

modeling (Gleason, 2008; Lee, 2013).  The four-fiber family model is written: 
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 Where cV is the orientation of each fiber family; hence the fourth invariant 

describes the overall strain oriented to each family.  It should be noted that the k terms are 

not exponents but rather a notation that delineates the material parameter profile of the 

current fiber family.  The first term in the strain energy function is the neo-Hookean meant 

to describe the linear isotropic elastin-dominated ground matrix (Holzapfel, 2000).  The 

second describes the exponential strain energy function of each fiber family: 

circumferential, longitudinal, and two diagonal.  The sum of the individual strain energy 

functions, including the neo-Hookean, is the overall strain energy function of the tissue.  

The Marquardt-Levenberg algorithm will be used to perform multivariate nonlinear 

regression to fit the model to experimental data.  Goodness of fit, over- or under- 

parameterization, and correspondence with histological findings will be evaluated to 

determine the applicability of the model to uterine and cervical tissue. 

C4. STATISTICS 
 ANOVA will be used to evaluate overall significant difference in output parameters 

corresponding to microstructure from the constitutive model of the inner os, outer os, and 

uterine wall.  Tukey’s post-hoc tests will be used to evaluate individual pair differences 

between experimental groups. 

D. DISCUSSION 
 Experimental methodology was developed to biaxially test uterine and cervical 

tissue to quantify mechanical differences between both.  Previous literature has shown that 

collagen fibers have preferred alignments in both the cervix and uterus and thus show 

pronounced anisotropy.  Biaxial testing protocols were developed to measure the complex 

behavior of these tissues based on methods developed in Chapter 3.  Pilot studies must be 

conducted to determine optimal testing parameters, such as maximum stretch, stretch rate, 
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and reference configuration.  During pregnancy, dramatic remodeling occurs within the 

uterus and cervix that allow increased maximum distension and dilation to accommodate 

and deliver the fetus.  In the uterus, it has been posited that changes in SMC phenotype and 

ECM remodeling is due to a combination of inflammatory, hormonal, and mechanical 

stimuli.  In the cervix, similar EMC changes associated with remodeling of collagen and 

elastic fibers are thought to play a role in cervical softening, ripening, and dilation.  The 

exact structure-function relationships in both uterine and cervical tissue, however, remain 

unclear as does how mechanical dysfunction in each relates to preterm birth.  Histological 

data can be used to quantify constituent presence in uterine and cervical tissue and inform 

structure-function relationships that describe mechanical response.  Constitutive modeling 

was explored as a method to derive the contributions of individual constituents to tissue 

mechanical properties, which may be different between the cervix and uterus.  The four-

fiber family model has been proven to robustly describe the behavior of arteries and may 

fit data from the tubular components of the genital tract.  R2 values could be used to 

determine the goodness of fit to experimental data, although it should be noted that with 

an unlimited number of terms, any experimental data can be fit.  Hence it is important to 

not overparameterize a model to maintain maximum relevancy to physiology.  It remains 

to be elucidated what the ideal model for uterine and cervical tissue is.  Eventually, 

modeling and experimental data could be used to deduce microstructural differences 

between healthy and diseased tissue, how mechanical stretch affects each, and, finally, how 

preterm birth may occur from a biomechanical perspective. 
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4.2. FUTURE DIRECTIONS: MECHANICAL TESTING OF UTEROSACRAL 
LIGAMENT AND VAGINAL TISSUE 
A. INTRODUCTION 

Pelvic organ (urogenital) prolapse (abbreviated POP) is a common medical 

condition that causes the pelvic viscera, such as the bladder or uterus, to descend.  The 

vagina and uterus can protrude from the body as a result, which can cause a variety of 

uncomfortable symptoms affecting the lower body.  About 41% of women from ages 50-

79 have some symptoms of prolapse, although prolapse can often be asymptomatic.  Many 

women elect to have surgery to correct the prolapse; in the United Kingdom, 20% of 

gynecological surgeries are for pelvic prolapse (Jelovsek, 2007).  In the United States, a 

woman has a significant 11% probability of having surgery for prolapse or urinary 

incontinence, representing an extreme case where prolapse is considered severe enough to 

merit surgical intervention (Weber and Richter, 2005).  Women suffering from prolapse 

exhibit from symptoms spanning pelvic pressure, urinary incontinence, urethral 

obstruction, difficulty with defecation, and sexual dysfunction (Weber and Richter, 2005).  

Transvaginal meshes are often used to treat POP, but serious complications from erosion 

and exposure can arise, necessitating reoperation (Margulies, 2008).  Reoperation rate was 

found to be nearly 30%, with successive repairs decreasing the time between reoperations 

(Olsen, 1997). 

Despite its widespread prevalence and obvious effect on women’s quality of life, 

little is definitively known about the underlying causes of pelvic organ prolapse.  There are 

also no real preventative measures that can be taken until end-stage surgery.  Many risk 

factors may contribute to POP development, including obesity (Giri, 2017), age (Nygaard, 

2004), ethnicity (Hendrix, 2002), family or work history (Chiaffarino, 1999), and parity 
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(Hendrix, 2002; Mant, 1997).  

First, vaginal birth is the largest 

contributor to POP etiology, with 

each subsequent birth further 

contributing to a lesser extent 

(Mant, 1997). This suggests 

permanent changes occur in 

vaginal tissue during pregnancy 

and labor.  Diseases that 

negatively affect connective tissue, such as Marfan syndrome (elastin) or Ehlers-Danlos 

syndrome (collagen), have been known to contribute to developing symptoms (Word, 

2009, Lammers, 2011, Carley and Schaffer, 2000), although pelvic connective tissue 

deficiency can still be locally manifested in otherwise healthy women (Epstein, 2007). 

During pregnancy, the vagina undergoes significant remodeling.  The vagina must 

be able to distend remarkably in order to accommodate the passage of the baby; it must 

then also be able to return back to its normal non-birthing state.  Murine studies found that 

vaginal tissues in mice with pelvic prolapse were similar to those in pregnant mice (Rahn, 

2008).  Biomechanical test results from pregnant mice show greater deformation when 

subject to mechanical stress and also greater distension before failure (Rahn, 2008).  Failure 

strain for both pregnant and prolapsed mice was twice the failure strain for non-pregnant 

mice (Rahn 2008). 

In the field of biomechanics, it is understood that the mechanical properties of tissue 

are related to the composition of the tissue.  Collagen, the main structural fiber of the body, 

Figure 29: Overview of pelvic organ prolapse, courtesy 
of healthplexus.net	
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and elastin are present in both connective tissue and reproductive tissue.  Although POP 

etiology is likely multifactorial, several risk factors seem to indicate that mechanical forces 

play a role in symptom manifestation.  Parturition (Mant, 1997), obesity (Giri, 2017), and 

repetitive strenuous labor (Chiaffarino, 1999) are all known risk factors of POP 

development and place significant mechanical load and stretch on the pelvic region.  There 

thus remains a need to delineate structure-function relationships in the vagina and its 

supporting uterosacral ligaments and, further, to correlate such relationships with known 

risk factors.  We hypothesize that elastic fiber disruption is a contributor to POP induction 

and maladaptive remodeling of collagen and smooth muscle content in vaginal tissue.  The 

overall effect is decreased integrity of the vaginal wall, leading to mechanical dysfunction.  

Through investigations of prolapsed and non-prolapsed tissue, we will deduce elastic fiber-

oriented mechanobiological differences by evaluating vaginal structure-function 

relationships via mechanical testing and quantitative histology.  Understanding vaginal 

material properties can facilitate the development of more effective treatments yielding 

less complications.  The objective of this chapter is to develop an experimental protocol 

for determining elastin’s contribution to vagina and USL function. 

B. BACKGROUND 
B1. VAGINAL ANATOMY AND CONSTITUENTS 
 The vagina is the most inferior aspect of the female reproductive tract.  The external 

os of the uterine cervix opens into the vaginal fornix (Moore, 2015).  The vagina is 

composed of four layers: the stratified squamous epithelium, subepithelium, muscularis, 

and adventitia, with the latter three layers often folded during POP intervention surgery 

(Moalli, 2005).  The muscularis is composed of mainly smooth muscle and the adventitia 

of loose connective tissue.  In the subepithelium, the layer that contributes most to vaginal 
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load-bearing structure (Abramowitch, 2009), collagen type III appears to be the 

predominant fibrillar collagen over collagen type I and the primary constituent, arranged 

in a whorled pattern (Moalli, 2005).  In the muscularis, smooth muscle cells are arranged 

in circumferential and longitudinal directions coupled with dense collagen (Badiou, 2008).  

Elastin is also present in the vaginal wall as a network of long and straight fibers that bond 

the adventitia and levator ani (Drewes, 2007).  Minor constituents include glycoproteins, 

hyaluronan, proteoglycans, and collagen type V (Ambramowitch, 2009).  In pregnant 

murine models, maximum strain was found to increase to 24% from 14% and muscle 

contractility was found to decrease significantly (Feola, 2011), demonstrating that great 

distensibility is possible in vaginal tissue during labor.  During pregnancy, the vagina 

undergoes substantial remodeling to accommodate the passage of the fetus.  Notably, in 

parous mice, elastic fibers because more tortuous, possibly contributing to observed 

stiffness decrease (Downing, 2014).  Additionally, multiparous mice exhibit more tortuous 

fibers after recovery compared to virgin mice, indicating long-term damage due to the 

trauma of pregnancy may have occurred (Downing, 2014). 

B2. PELVIC SUPPORT LIGAMENTS 
The uterus, cervix, and vagina are supported by the pelvic floor, a grouping of 

muscles and connective tissue, including the endopelvic fascia and the levator ani muscle 

(Ashton-Miller, 2001).  The uterosacral ligament (USL), coupled with the cardinal 

ligament (CL), originates from the sacral vertebrae and terminates above the internal os 

and proximal vagina, providing support to the pelvic organs (Buller, 2001).  The CL 

originates at the lateral pelvic wall and terminates at the fornix of the vagina and cervix 

(Moore, 2015).  The main constituents of ligaments are collagen type I/III and elastin (Goh, 

2003).  In the CL, composition is mainly collagen type I fibers, densely and regularly 
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packed (Salman, 2010), coupled with elastin fibers (Ewies, 2003).  The USL is thought to 

have significant SMC content (>20%) mixed with moderately aligned collagen 

(predominantly type III) fibers (Gabriel, 2005) and greater elastin fiber content than the 

CL (Tan, 2015).  In swine CL and USL, collagen fibers are predominantly aligned axially, 

with CL bundles less densely arranged than USL bundles (Tan, 2015).  Ligament support 

of the vagina is also known as Level I support, where Level II support is the arcus 

tendineous fasciae pelvis and Level III support is the perineal membrane (Abramowitch, 

2009).   

B3. STRUCTURE-
FUNCTION CHANGES DUE 
TO PELVIC ORGAN 
PROLAPSE 
 Development of POP was 

found to correlate with a 

negative change in collagen 

type I:III ratio for the CL and 

lower elastin expression 

(Ewies, 2003).  Additionally, 

qualitative light microscopy revealed collagen fibers to be larger and less dense than non-

POP tissue (Salman, 2010).  Immunohistochemistry assays found similarly elevated 

collagen type III content but relatively unchanged collagen type I content in the USL for 

women with POP, suggesting that collagen type changes lead to modified tissue 

extensibility and stiffness (Gabriel, 2005).  The replacement of mature, strong collagen 

fibers with newly deposited collagen fibers has been postulated as the cause of decreased 

ligament (Word, 2009) and vaginal (Jackson, 1996) strength and integrity.  A less invasive 

Figure 30: Illustration of pelvic organs and supporting 
connective tissue (Petros, 2007) 
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POP surgical treatment has been developed than involves reinforcing the USL with a 

polypropylene sling to restore function (Petros, 2007). 

Other studies, however, found that collagen type III content decreased (Zhou, 2012; 

Lin, 2005) while stiffness increased in the vaginal wall in POP subjects (Zhou, 2012), 

delineating behavior different from pelvic ligaments; but these findings contradict findings 

that collagen type III content increases in women with POP (Moalli, 2005), which 

correlates with ligament changes.  In prolapsed cervical tissue, it was found that collagen 

type III content decreases (Iwahashi, 2010). Although results are somewhat contradictory, 

prolapsed vaginal tissue may follow this trend as well.  Additionally, in post-menopausal 

women, fiber preferred direction appeared to change from one preferred direction to two 

(Ruiz-Zapata, 2016). 

 Fibulin-5 knockout mice (Fbln5-/-) lack the capacity to create fibulin-5, a protein 

required for elastic fiber synthesis, and were found to be highly susceptible to accelerated 

POP development due to a lack of integrity in vaginal tissue, level II support, and level I 

(USL) support (Drewes, 2007; Rahn, 2008).  Elastase digestion of the posterior vaginal 

wall was found to induce POP comparable to Fbln5-/- mice (Drewes, 2007).  It has been 

suggested that continuous elastin turnover, unique to the vagina, allows the dramatic 

remodeling that occurs during parturition; thus, disruption of elastin synthesis after 

pregnancy may cause a loss of vaginal integrity (Budatha, 2011; Drewes, 2007; Rahn, 

2008).  Fibulin-5 may also downregulate connective tissue degradation by MMP-9 and 

MMP-2 metalloproteases, which were observed to be upregulated in human POP subjects 

(Budatha, 2011; Moalli, 2005; Zong, 2010; Jackson, 1996).  Human studies suggested that 

decreased elastin production with uninhibited turnover could lead to thinning and stiffening 
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of elastic fibers and induction of POP (Chen, 2004).  Similarly, POP has also been 

associated with decreased smooth muscle fractional count, disorganization, and 

replacement with fibroblasts which synthesize abnormal collagen, changing vaginal wall 

mechanical properties (Badiou, 2008).  Rapid elastin turnover may occur in POP partly due 

to the mechanical stresses associated with prolapse and the need to adapt to changes in the 

loading environment and hormonal influences (Zong, 2010). 

 

  

 

B4. MECHANICAL TESTING 

 In previous studies, uniaxial tests performed on healthy USL and CL swine 

ligament observed greater stiffness in USL ligaments than in CL ligaments as well as 

nonlinear behavior (Tan, 2015).  Uniaxial tests have also been performed on ewe vaginal 

tissue, showing decreased stiffness in parous tissue (Knight, 2016).  With prolapsed vaginal 

tissue, however, uniaxial tests show apparent increase in stiffness compared to healthy 

tissue (Zhou, 2012; Lei, 2007), results which indentation tests have further reinforced 

(Ruiz-Zapata, 2016).  Planar biaxial tests are needed to account for axial coupling and 

anisotropy in vaginal tissue (Abramowitch, 2009).  Previous results from studies on vaginal 

elastic fiber structure and function indicate a need to couple mechanobiological changes in 

vaginal tissue with POP etiology. 

Figure 31: Mice vaginal walls subject to elastase showed disrupted 
elastin fibers and developed POP (Drewes, 2007) 
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 Several studies have performed mechanical tests on vaginal tissue in uniaxial 

(Knight, 2016; Rubod, 2007; Rahn, 2008; Lei, 2007; Feola, 2011; Martins, 2010) and 

biaxial (Barone, 2015) testing configurations.  The USL and CL have also been tested 

uniaxially (Tan, 2015) and biaxially (Becker and De Vita, 2015).  Nevertheless, it is 

necessary to more robustly characterize the mechanical properties of vaginal tissue and 

USL/CL ligaments, especially in biaxial tests, and further to test human tissue and correlate 

changes in structure and function with POP development and predisposition. 

C. METHODS DEVELOPMENT 
C1. SAMPLE HARVESTING 

Prolapsed and healthy vaginal and USL tissue have been obtained from routine 

hysterectomies from both healthy and prolapsed women over 18 years of age.  No other 

information will be known during testing to ensure a blind study.  Other relevant indices, 

including POP risk factors, will be processed by the Department of Epidemiology and the 

School of Public Health at Tulane University to later be correlated with biaxial data.  

Samples are cryoprotected in HBSS and stored at -80 oC at the Oschner BioBank (New 

Orleans, LA) and will be transported to the testing lab in a cooler.  Care will be taken to 

ensure that samples thaw as little as possible during transportation.  It has been previously 

shown that previous frozen samples do not exhibit significantly different mechanical 

properties (Rubod, 2007).  The dimensions and orientation of each sample are recorded 

during extraction. 
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Sample Weight (mg) Length/Diameter (mm) Width/Thickness (mm) 

Left USL 400 8.5 8.5 

Right USL 500 9.5 9.5 

Vagina 390 20 6.5 

Cervix 2390 20.5 6.5 

Table 4: Representative sample of tissues extracted from hysterectomies 

C2. MECHANICAL TESTING 
 Tissue specimens will be allowed to thaw to ambient temperature in HBSS before 

mechanical testing and remain in a HBSS bath throughout testing.  Samples will be 

stamped into a cruciform shape with sample circumferential and longitudinal axes aligned 

with the cruciform arms, and tissue thickness will be measured with calipers.  Remaining 

tissue after stamping will be reserved for histological studies.  Sandpaper will be affixed to 

each arm using a small amount of cyanoacrylate, and the sandpaper-tissue composite will 

be clamped using custom-designed grips as described in Chapters 3 and 4.  A full 

N  Group  Inclusion criteria  Exclusion criteria 

22-23 Prolapse  

Females, ≥ 18years 
old, symptomatic 
prolapse at least 
stage 2 in one 
compartment, 
undergoing 
hysterectomy 

Male 
Cancerous tissue 
Connective tissue 
disorder 
< 18 years old 
Previous surgery for 
pelvic 
floor disorder 

22-23 
Control 
(Non 
Prolapse) 

Females, ≥ 18years 
old, no symptoms or 
evidence of prolapse 
> stage 2 on exam, 
undergoing 
hysterectomy 

Male 
Cancerous tissue 
Connective tissue 
disorder 
< 18 years old 
symptomatic 
prolapse at 
least stage 2 in one 
compartment 
Previous surgery for 
pelvic 
floor disorder 

Table 3: Inclusion and exclusion criteria for patients 
 



89 
	

 
	

description of the gripping protocol may be found in Appendix L.  India ink or poppy seeds 

will be used to apply four black markers to be used for optical strain tracking. 

Tissue reference configuration will be defined as the zero-strain configuration after 

which it is preloaded to lay flat to the camera plane per Chapter 4.  After reference is set, 

samples will undergo 10 cycles of preconditioning for each testing protocol as described 

in Chapter 3 and 4.  Data from the tenth loading-unloading cycle will be used to ensure 

results are repeatable.  Samples will undergo a wide range of equibiaxial and constant 

stretch tests to fully characterize anisotropy.  Samples will be tested with the following 

stretch ratios +QQ: +SS = 1:1, 0.75:1, 1:0.75, 1:1, 0.5:1, 1:0.5, 1:1 (Vande Geest, 2006).  In-

plane loads and optical strain will be measured throughout testing.  Equibiaxial tests are 

used at different testing points and results checked for consistency to ensure tissue is not 

damaged after constant stretch tests (Vande Geest, 2006).  Loading rate will be 0.2%, 

similar to rates chosen in vaginal (Rubod, 2007) and USL (Becker and Vita, 2015) 

mechanical studies.  To prevent tissue failure that may corrupt histological findings, 

maximum strain will be kept conservatively to 10 – 15%.  Following mechanical testing, 

samples will be subject to elastase digestion and re-equilibrated in HBSS, as previously 

demonstrated in our lab (Morris, 2016; Robison, 2016).  Samples will then be retested 

following the same protocols as the first stage to determine elastin contribution to vagina 

and USL mechanical behavior. 

C3. HISTOLOGY 
 Reserved tissue from stamping and post-elastase tissue will be embedded in 

paraffin and undergo histological analysis at the Tulane Histology Core Facility.  

Picrosirius Red, Movat’s Pentachrome, and Verhoeff-van Gieson will be used to visualize 

collagen type I and III, GAG/SMC, and elastin content respectively.  Image analysis will 
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be used to quantify constituent presence in terms of area fraction (Udelsman, 2014; Bersi, 

2012).  Elastic tortuosity (Downing, 2014) and collagen fibril crimping and geometry 

(Miller, 2012) will be quantified using custom MatLab scripts and image processing. 

C4. STRUCTURE-FUNCTION RELATIONSHIPS 
 Data processing and constitutive modeling was described in Chapter 4.  Briefly, the 

developed MatLab script will convert raw data from the biaxial device to Green strain and 

the left Cauchy-Green tensor.  The second Piola-Kirchhoff stress tensor and Cauchy stress 

will also be calculated.  A bilinear curve fit will be used to find tissue stiffness in the toe 

and linear region of the stress-strain graph.  The processed data will be used to fit a four-

fiber family model, programmed using MatLab, in which microstructurally-motivated 

parameters are related to mechanical response.  Multivariate nonlinear regression will be 

used to find best-fit parameters. 

C5. STATISTICS 
Differences in parameters, linearized stiffness, and strain energy pre- and post-

elastase in prolapsed and healthy tissue will be evaluated through individual t-tests.  These 

data will also be compared across known risk factors of POP, including parity, BMI, age, 

and sociodemographic factors such as race, using t-tests and ANOVA.  The risk factor that 

contributes most strongly to tissue properties will be ascertained through multivariable 

linear modeling. 

D. DISCUSSION 
 Experiment design, mechanical testing protocol, and histological methods were 

developed to test vaginal tissue and USL from prolapsed and healthy subjects.  While 

similar experiments have taken place on animal models, the use of human subjects confers 

a great advantage in physiological applicability and accuracy.  We hypothesize that elastin 

degradation plays a part in vaginal compliance and, further, that certain factors, including 
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strenuous, mechanically stressful activity, may accelerate degradation and increase POP 

risk.  An experiment was designed to isolate the contribution of elastin to vaginal wall 

function through mechanical testing before and after elastase digestion.  Samples were 

harvested and preserved; methods were developed to prepare the samples for testing in 

optimal, physiologically-relevant conditions.  Mechanical testing protocol was based on 

methods developed in Chapter 3 for skin tissue, although pilot studies must be run to 

determine optimum testing parameters for vaginal tissue and USL.  Histological methods 

were developed to characterize constituent fractional area and geometry in order to better 

inform constitutive models.  The end goal of this study is to create structure-function 

relationships that describe and predict vaginal and USL behavior in prolapsed and healthy 

tissue.  Of interest is the mechanobiological differences between prolapsed and healthy 

tissue and whether prolapsed tissue post-elastase will yield significantly different 

properties from pre-elastase results.  If this is the case, disruption of elastin synthesis may 

indeed significantly contribute to vaginal mechanical dysfunction.  Although our 

hypothesis may eventually prove incorrect, a well-informed constitutive model could still 

be created based on experimental data that can be used to predict tissue behavior based on 

ECM changes.
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Chapter 5. Conclusions 
A. INTRODUCTION 
 A custom planar biaxial device optimized for mechanical testing of small soft 

tissues was designed and constructed.  In Chapter 2, the device was divided into core 

systems, including motion, measurement, grips, tank, and software, each of which was 

individually examined to improve device compatibility with tissue testing.  Motion 

systems, imaging systems, and electronic interfaces were comprised of standard off-the-

shelf parts while machining and fabrication techniques such as 3D printing and CNC 

milling were used to create custom parts.  Notable custom parts included clamp grips, 

adapters, and a tank.  The device interface was programmed using LabView, and additional 

processing was programmed through MatLab.  The process of building and programming 

the device was reported.  Device design was improved upon to better mimic the 

physiological environment by redesigning, among other modules, grips, tanks, and optical 

tracking systems. 

Image processing techniques such as particle analysis were used to track four dots 

on tissue assuming a homogenous strain field.  The LabView interface ran strain-controlled 

mechanical tests, measuring local tissue deformation to more accurately describe tissue 

behavior.  The MatLab code could re-track images using additional techniques such as 

texture correlation and additionally had an implementation of full-field displacement 

tracking.  Raw data from the LabView interface, such as the deformation gradient and 

measured forces, were imported into the MatLab program to return strain and stress, which 

could then be used to inform constitutive models of soft tissue.  A significant amount of
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time was devoted to developing and making novel additions to software to run tissue-

specific protocols and track local deformations within tissue.  Biaxial device grip-to-grip 

displacement was validated by measuring linear displacement, while strain-field 

displacement was validated experimentally using murine skin, as described in Chapter 3.  

Skin was dissected from mice and biaxial tests were successfully run.  Experimental data 

were compared to results found in literature to validate the accuracy of the device. 

The tissue of the female reproductive tract exhibit complex behavior and have not 

yet been robustly quantified, especially for human tissue.  In Chapter 4, methods for 

ascertaining the mechanical properties of uterine, cervical, vaginal, and uterosacral 

ligament tissue using planar biaxial testing were developed.  A combination of mechanical 

testing, histology, and modeling were incorporated in an effort to quantify anisotropic 

nonlinear behavior and form a baseline for elucidating the mechanical pathogenesis of 

preterm birth.  For uterine and cervical tissue studies, the overall hypothesis is that, in cases 

of cervical insufficiency or uterine overdistension, poor remodeling of the uterus and cervix 

may cause early labor to occur under mechanical stress and strain.  For vaginal and cervical 

tissue, the overall hypothesis is that elastin plays a significant role in vagina and USL 

mechanical behavior and that decrease in elastin integrity may contribute to POP 

pathogenesis. 

B. LIMITATIONS 
 As has been described in previous chapters, the planar biaxial device has several 

limitations.  It was limited to four-point optical strain tracking, which assumed the tissue 

deforms homogenously.  Full-field displacement was not implemented in the interface 

code.  Additionally, clamping grips introduced undesired boundary conditions that led to 

less accurate results than from suturing techniques, although the use of cruciform 
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specimens to preserve high aspect ratio alleviated this effect.  Unfortunately, due to the 

small size of the tissue to be tested, cruciform arm length is limited, which may cause the 

stress field to be more heterogeneous.  In software, particle tracking methods proved to be 

unreliable at times.  Computed positions would differ slightly even when tissue was static, 

introducing a significant amount of noise into experimental data at small strains. 

 Although biaxial testing of human reproductive tissue is a good starting point for 

future experiments, more tests are needed to fully characterize mechanical properties and 

further to delineate differences between mechanically compromised and healthy tissue.  

Additional experiments will need to be designed correlate mechanical behavior with 

preterm birth or POP etiology. 

C. CONCLUSION 
 In this thesis, an improved planar biaxial device was created and evaluated as a 

method to ascertain tissue mechanical behavior, changes to which have been implicated in 

the underlying pathogenesis of many disorders, including pelvic organ prolapse and 

preterm birth.  In the field of women’s reproduction, there is a pressing need for advancing 

the current understanding of the mechanics of these disorders.  Preterm birth, for instance, 

is a leading cause of infant mortality and disability, while pelvic organ prolapse can 

significantly decrease a women’s quality of life.  To this end, a planar device capable of 

testing soft tissue, including reproductive tissue, was designed, constructed, programmed, 

and validated.  The custom planar biaxial device offers a novel evolution over 

commercially available devices that are often used in mechanical studies of soft tissue.  The 

constructed device better mimics physiological conditions and facilitates more accurate 

experimental data by substantially improving tissue gripping, strain measurement, and 

testing parameters and conditions.  Stress-strain data from this device could be used to 
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inform constitutive models which relate changes in mechanical properties with changes in 

biological constituents.  Eventually, such data could prove invaluable for the design of 

patient-specific treatments and quantitative diagnoses which acknowledge microstructural 

differences and underlying mechanical deficiencies in soft tissue.
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A1. BIAXIAL DEVICE PARTS LIST: PURCHASED PARTS 
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A2. BIAXIAL DEVICE PARTS LIST: RAW MATERIALS AND MISC. PARTS 
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B1. LOAD CELL SPEC SHEET (5 lb. load cell, Honeywell) 
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B2. LOAD CELL SPEC SHEET (cont’d, 5 lb. load cell, Honeywell) 
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C1. CAMERA SPEC SHEET (Manta G-419, Allied Vision) 

 



102 
	

 
	

C2. CAMERA SPEC SHEET (cont’d, Manta G-419, Allied Vision) 
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D1. GRIP DRAWINGS: BOTTOM CLAMP 
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D2. GRIP DRAWINGS: TOP CLAMP 
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D3. GRIP DRAWINGS: CLAMP HOLDER 
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E1. ADAPTER DRAWINGS: LOAD CELL TO GRIP 
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E2. ADAPTER DRAWINGS: RODS TO GRIP 
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E3. ADAPTER DRAWINGS: LINEAR SCREW TO ROD 
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F. TANK DRAWING (for 12” tank) 
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G. BASE DRAWING (for 12” tank) 
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H1. ASSISTING DEVICES (to align grips) 
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H2. ASSISTING DEVICES (for load cell calibration) 
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I. CAMERA MOUNTING PLATE (from David Simon, Yale) 
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J. SKIN DISSECTION PROTOCOL 

1. Lay down dissection pad at site.  A scalpel, forceps, and dissection scissors are 
needed for skin dissections.  Also lay down KimWipes, a disposable pipette, a small 
sheet of aluminum foil (about 4 in. x 4 in.), a small re-sealable plastic bag, and a 
petri dish containing HBSS. 

2. Remove mouse to be dissected from freezer and place on dissection pad for thawing 
while still in bag.  1.5 to 2 hours of thawing should be sufficient.  Remove mice 
from bag and unwrap from foil.  During dissection, the mouse should be 
periodically hydrated with HBSS to prevent tissue sticking and drying. 

3. A scalpel can be used to make an initial cut in the skin if needed.  Abdominal skin 
is the easiest to cut a large sample from, but thoracic and hind leg skin may also be 
cut away for tests.  Care must be taken to cut as superficially as possible to avoid 
internal damage.  Dissection scissors should be used if possible to cut the skin flap 
for testing. 

4. The final skin specimen should be at least 15 mm x 15 mm and square-shaped.  
Keep this sample hydrated with HBSS as well. 

5. If not testing right away, place the skin sample on the sheet of foil and hydrate with 
HBSS.  Then fold the foil over the skin sample and fold in each edge, ensuring the 
skin sample lays flat inside. 

6. Place the skin sample in the plastic baggie and mark it with mouse information, 
type of sample taken, dissection date, and dissector.  Rewrap mice in foil and place 
in bag.  Make a note on the bag with date, dissection type, and dissector. 

7. Place mice and skin sample in freezer. 
8. Clean tools by squirting soap solution into beaker and bathing tools in the beaker.  

After cleaning, tools should be removed, dried, and placed back in the tools drawer. 

 

Example of how to note a bag for frozen tissue samples 
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K. MOUSE REPRODUCTIVE ORGAN DISSECTION PROTOCOL 

(adopted from in-lab protocol) 
Materials: 

1) Diaper 
2) Tools: 

a) Forceps  
b) Scissors 
c) Micro-Scissors 
d) Angled Tweezers 
e) Straight Tweezers 

3) Aluminum Foil  
4) Tape 
5) Tex Wipes 
6) Petri Dish  
7) Syringe  
8) HBSS Solution 
9) Permanent Marker 
10) Gloves 
11) India ink 
 

Set Up: 
 *Everything from this point forward should be done with gloves on* 
1) Place diaper on worktop under microscope 
2) Fill petri dish halfway with HBSS solution 
3) Fill syringe with HBSS solution 
4) Set aside Tex Wipe for tissue disposal 
5) Place mouse on sheet of foil ventral side up, taping the front and back paws and tail to the foil 
6) Place mouse+foil configuration under the microscope on top of the diaper 
7) Turn microscope lights on and adjust microscope to appropriate magnification 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Methods: 

	Figure 1: Set up prior to dissection 
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1) Using tweezers and micro-scissors, lift skin and make incision at base of the abdomen. 
a) Be careful not to puncture intestines; you will have to tie off the punctured intestine with a 

suture and wash the cavity thoroughly with saline 
2) Cut superiorly to just below rib cage, then cut laterally from the top of the original incision to 

the lateral most part of abdomen 
3) Cut laterally from base of original incision to the lateral most part of abdomen 
4) Carefully move the intestines out of cavity by lifting from below  

a) Be careful not to cut intestines 
5) Under the microscope, remove superficial fat by pulling lightly on the fat with angled tweezer 

and cutting away excess with micro-scissors.   
6) Place all removed tissue on designated Tex Wipe 
7) Make sure that each uterine horn is visible. 
8) Remove superficial fat and muscle so that pubic bone is visible 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9) Place closed micro scissors between vagina and pubic bone (the pubic symphysis) and carefully 

separate the two 
a) Make sure that scissors are visible on inferior side of pubic bone 

10) Cut pubic symphysis  
a) Look at Figure 4 for reference 

	

Figure 2: Uterine horns exposed and some excess fat removed 
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11) Cut away at the protruding bone at least to the outer edges of the vagina to allow better access.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
12) Start removing the bladder and urethra from the ventral side of the vagina using tweezers and 

micro-scissors as a dissection method to separate the two.   
a) Hold bladder with forceps to create tension. 
b) Aim sharp part of forceps toward urethra in order to protect vagina. 

13) Once the bladder is completely dissected away, cut base and remove from cavity. 
14) Once entire reproductive system is visible get out india ink to mark 3mm dots. 
15) Using the calipers measure a 3 mm piece of suture under the microscope 
16) Using the 3mm piece of suture as a measuring tool, the india ink, and the angled tweezers, 

place dots on each uteri, spaced 3 mm apart, leaving a little room between the ovary and uterus. 
a) Place as many dots as necessary to reach cervix.  

1) Located where the uteri begin to bifurcate 
17) Figure 4 below shows the path of the dots.   

a) Go from end of one uterus to center of cervix then use the center cervix dot to start dot path 
up other uterus. 

b) Finally use center cervix dot to start dot path down vagina to introitus. 
18) Allow india ink to dry then begin separating repro tract from surrounding fat and tissue. 

	

Figure 3: Vagina exposed after removal of pubic symphysis 
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19) Using microscissors with the angled tweezers, separate the uterine horns and cervix from the 
surrounding connective tissue. 

20) Carefully separate the cervix and vagina from the colon 
21) Clean the vagina as close to the vaginal introitus (Figure 4) as possible  
22) Using micro-scissors cut around the vaginal introitus 

a) Some hair and skin remaining around the external portion of the vagina is fine 
23) Cut the uterine horns above the bifurcation from the cervix/vagina 
 
 
 
 
 

24) Place dissected tissue in petri dish with HBSS solution 

	

Figure 4: Location of dots and cuts to remove reproductive system 
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Clean-up: 
1) Fill large beaker with soap and warm water, place tools in bath and let sit for 5 minutes. 
2) Place Tex Wipe over dissected mouse and fold aluminum foil over mouse and all removed 

tissue. 
3) Place wrapped mouse in ziploc bag, label parts removed and date of dissection. 
4) Place removed vagina in a screw top tube with HBSS  
5) Freeze at    
 

L1. GRIPPING PROTOCOL (sample preparation) 

1. Set up dissection pad.  The tools needed are forceps, scalpel, KimWipes, cotton 
swabs, a disposable pipette, and a petri dish of HBSS.  If gripping mice skin, Nair 
is also needed. 

2. Remove sample from freezer and let thaw in bag.  For skin samples, this need not 
be longer than 30 minutes.  For cryopreserved human tissue, wait time may be hours 
for thawing, although samples can safely be left at ambient temperature for up to 
nine hours (Rubod, 2007).  Tissue can be checked periodically for thawing 
progress. 

3. If not gripping mice skin, skip to step 8.  Use the scalpel to gently shave off most 
of the hairs from the mice skin.  Tape can be used to temporarily hold the skin if 
needed. 

	Figure 4: Pubic symphysis cut away with bladder and urethra still 
attached. Figure from Abramowitch et al. 2009. 
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4. (Skin only) Flip skin over and use forceps to remove fascia and adipose tissue from 
beneath skin.  It has a reddish tint.  Mouse skin is gray-white.  Keep skin hydrated 
during this process.  It will bunch up and become significantly thinner. 

5. (Skin only) Flip skin over again to hairy side.  Apply a small amount of Nair to a 
cotton swab and apply to the skin, focusing on the remaining hair.  Be sure to push 
the Nair all the way out to the edges of the skin.  Wait for two or three minutes. 

6. (Skin only) Use scalpel and forceps to gently push hair from the depilated skin.  
Wipe gently with a fresh cotton swab. 

7. (Skin only) When all the hair is sufficiently removed, rinse the tissue thoroughly 
with HBSS.  Repeat rinses are necessary while wiping with a cotton swab. 

8. Orient the tissue so that known fiber alignment corresponds to the biaxial axes of 
loading.  Use the cruciform stamping tool to cut the specimen shape with the tissue 
fibers aligned along the arms.  Reserve the remaining tissue if needed for histology. 

9.  
L2. GRIPPING PROTOCOL (gripping samples) 

1. Tissue should now be ready for gripping.  Prepare the grip components (four bottom 
clamps, four top clamps, and 4 6-32 screws) and grip aligning device ahead of time.  
Four small sandpaper tabs, roughly 5 mm x 5 mm, and cyanoacrylate (Super Glue) 
are also needed.  A toothpick and India ink are needed in addition to previously 
required tools.  Place the bottom clamps into the grip aligner. 

2. Place tissue on KimWipe and hydrate with HBSS. 
3. Hold sandpaper tab with forceps and apply small dab of cyanoacrylate on the 

smooth side.  Lift one arm of the tissue specimen and place sandpaper tab beneath 
it with the glue side up, approximately 1 mm into the arm.  The sandpaper tabs are 
adhered to both the top and bottom of each arm.  Apply a small amount of pressure 
to fix the tissue to the tab. 

4. Repeat for the other three bottom tabs. 
5. Apply a small drop of glue to each sandpaper tab and then immediately fold the 

tabs over the top of the cruciform arms.  Then a small amount of pressure can be 
applied to fix the tabs.  Take care to ensure tissue or sandpaper does not become 
stuck to the KimWipe.  Care must also be taken to keep sandpaper away from the 
central region of the tissue specimen, and that each arm is about the same width 
and length. 

6. After ensuring tissue is hydrated, use forceps to transfer tissue to bottom clamp and 
aligner complex.  Each sandpaper tab should fit at the end of each bottom clamp.  
Try to not let them stick out of the grip. 

7. Place each top clamp on the bottom clamp, with the notch of each top clamp 
aligning with the extension on each bottom clamp. 

8. Screw down each top clamp tightly. 
9. On the biaxial device, ensure all settings for motion are activated.  Remove camera 

assembly from device. 
10. Transfer the entire assembly, assisting device included, to the biaxial device.  The 

device motors should be moved until the assembly can be slotted onto the grip 
adapters, with all four holes lining up.  Keep the assisting device for now as it 
prevents unnecessary loading and torsion of the tissue specimen. 
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11. Screw down each grip to its adapter tightly.  When securing to the load cell 
adapters, a small block can be used beneath the grip adapter to prevent introducing 
a lateral moment to the load cells. 

12. Snap down the grip assisting device and slide out from biaxial device.   
13. Using a toothpick, apply four small dots of India ink, forming a square, at each 

corner of the tissue specimen.  Dots must contrast sharply to the tissue sample and 
be relatively small and circular.  Alternatively, use a small pipette to hold a poppy 
seed.  The seed can be planted into the tissue with a small burst of air. 

14. Fill first level of tank with HBSS to ensure tissue hydration.  Replace camera over 
tissue specimen.  Tissue is now ready to test. 

 

Left: Mice skin before preparation. Right: Mice skin gripped and ready for transfer 

 

Left: Grips secured in biaxial device with sample. Right: Device with camera system on 
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M. LABVIEW PROTOCOL 

1. Turn on motor controllers and fiber optic light. 
2. Copy the template folder PBD Template and give it a name like TEST 

TYPE_DATE_INITIALS (example: Biaxial_033117_JN).  Rename the Excel file 
in the folder to the same name. 

3. Run Initialize.vi once.  If motors controller communication is successfully 
established, a character, using ‘&’ or ‘ӱ’, will appear in the command read out. 

4. Run the main program Mechanical_Test.vi.   
5. Input tissue information, height and width, as well as relevant testing parameters, 

including max and min strain, tolerance, and stretch rate. 
6. Click the folder pathway dialogue box and select the template folder you just 

created.  Click the OK button beneath the folder pathways to initialize the path 
information and subfolders for each image. 

7. Click Initialize for the motor systems and then the OK button for initial, slew, and 
step size parameters.  Ensure each textbox has the correct number (400, 3004, 
3200).  Motors can now be moved. 

8. When tissue is unloaded, zero the load cells in the data acquisition panel. 
9. Adjust light settings to illuminate tissue as well as possible.  Move camera stage 

and focus to center tissue.  Then adjust camera settings using the drop-down menu 
in the vision section.  Only gain and exposure time needed be adjusted.  Raising 
either will increase image brightness.  Pay attention to the histogram, which shows 
luma distribution.  There should be a large peak at the right end (bright background) 
and another peak towards the left end (tracking points). 

10. Adjust the motors until tissue is in reference configuration. 
11. Select Stop Image Capture and then save the first image.  Then adjust the upper and 

lower thresholds until particles are isolated.  The lower should always be below the 
upper.  Anything between the upper and lower will be white, while anything outside 
will be black.  Additionally, morphological operations and erosions can be changed 
to better isolate particles.  This step must be accomplished through trial and error.  
Confirm when particles are isolated. 

12. A window will pop up.  Click and drag a rectangular mask encompassing the 
bottom left particle and then press enter.  Repeat this for the next three particles.  
The order is: bottom left, bottom right, top right, top left.  Afterward you must select 
the Excel file that was previous created. 

13. Examine the tracking to make sure bounding boxes do not drift.  If they do, you 
must start again.  For standard 2D biaxial tests, you want the deformation gradient 
set to 2D mode.  1D mode is available for uniaxial tracking.  If tracking is accurate, 
click the Set Origin button and then click and briefly hold the Set Reference 
Configuration button. 

14. A deformation gradient should now be calculated.  If bounding boxes appear too 
close together, the search region may be lowered.  The search region helps the 
program relocate particles during a test.  It may be raised if tracking appears 
inaccurate.  This parameter is also arrived at through trial and error. 

15. Select the desired testing protocol.  Then, finally, click Start test.  The testing 
protocol will now automatically run. 
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16. Open the Excel file in Notepad++ and copy all the data to an empty Excel sheet.  
Data will now be properly formatted and ready for additional processing. 

 

N. MATLAB PROTOCOL 

1. Run UI.m, which is the main function file.  The window, detailed below, contains 
the tools needed to track a sequence of *.tif images. 
 

 
Main window seen upon running program for the first time 

 
2. Click Open Image Sequence and select but do not open the folder that the images 

are stored in.  Click OK to select that folder.  The sequence is now loaded into the 
program. 

3. The default tracking mode is ‘blob tracking’ which attempts to detect particles in 
the image.  The Object Processed View toggle may be used to see the final 
thresholded image.  Show Centroids refreshes and toggles an overlay that shows 
the center of each detected particle and the search circle for finding deformed 
particles from reference particles. 
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Processed object view with centroid and search radius 

 
4. The current image can be changed by dragging the slider, clicking the arrows next 

to the slider, or typing in a specific image number at the bottom of the window. 
5. The threshold textbox changes the binary threshold of the image.  In the image, any 

luminance, which will be from 0 – 255, below that value will become black while 
anything above it becomes white.  Keep in mind the image is inverted. An array of 
contrast and smoothing filters may also be applied in case thresholding is not 
sufficient. 

6. Create crop allows the creation of a rectangular ROI which masks out the unwanted 
borders of the images.  This may have to be done if particles are being detected 
outside the central region.  Additionally, it sets an origin for the particles, although 
one is already assigned based on image size. 

7. The Search (radius) textbox controls the max distance deformed particles can be 
from reference particles before they are interpreted as separate entities by the 
program.  A larger search radius is necessary if deformation rate is fast.  The 
perimeter of the visualized circle should overlay deformed particles. 

8. Select scale allows the placement of a line that can convert the pixel displacement 
to a custom scale, such as micrometers.  The known real-world length of the line 
drawn is entered into the length textbox. 

9. It may be necessary to change tracking methods.  This is accomplished internally 
due to some knowledge of MatLab required to complete these tracks.  Four point 
tracking was chosen as the main because it mirrored the LabView interface.  The 
method can be changed at line 347 in UI.main. 

10. The Grid textbox determines the dimensions, or how many points per axis, of the 
grid of points that tracks full-field displacement.  The ROI Rad textbox determines 
the size of the reference template image for each point.  Search is again used to 
determine max search distance, but must be shrunk due to the smaller displacement 
of each individual point. 
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11. The full-field DIC tracking method uses a combination of the corr2 MatLab 
function and RMS error of image subtraction, which is considerably slow to run. 

12. If all settings are satisfactory, click Track Points!  A loading window will pop up 
and provide information of the tracking progress. 

13. After tracking is complete, if ‘blob tracking’ was used, tracking lines will appear to 
verify the accuracy of the track. 

14. Computations can be performed based on the first image or the previous image as 
a reference image. 

15. Finally, click the Find Strain button to plot the experimental strains and stresses. 
 

O. DESCRIPTION OF MATLAB FUNCTIONS 

Create_image_array: reads an image into a MatLab matrix array 

DIC_tracking: Generates a grid on the region of analysis where each intersection 
point is a tracking marker for full-field displacement. Groups of 4 
points are clustered to form local deformation gradients. 

Draw_tracklines: Draws lines to show tracking information for four-point tracking 
(Tinevez, 2011, MatLab Central) 

Find_4pt_strain: Calculates tissue deformation from either the first image or previous 
image for four-point tracking 

Find_def_grad: Sorts four particles to their respective quadrants and calculates 
deformation gradient 

Find_def_grad_corr: Calculates deformation gradient for non-particle-tracking methods 

gaussSmooth: Applies Gaussian smoothing, but may be effective only for color 
images. Part of Piotr’s Image & Video toolbox(Dollar, 2008, MatLab 
Central) 

Hungarianlinker: Links found particles during tracking based on Hungarian algorithm 
to minimize Euclidean distance between particles. (Tinevez and Cao, 
2011, MatLab Central) 

Hybrid_im_corr_ser: Single-thread 4-point correlation function to locate similar patterns 
in image texture compared to a reference image and report new point 
location. Better for low-spec computers and less buggy. 

Hybrid4PtTrack: 4 point tracking that incorporates image correlation techniques 
instead of particle detection 

Im_corr: Parallel-thread correlation function for finding similar image patterns 
compared to a previous reference image 

Im_corr_ser: Single-thread image correlation function  
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Import_images: Preprocesses filenames to open individual images, calls function to 
sort files into absolute numerical, rather than alphabetical, order 

Munkres: Actual Hungarian algorithm function called for Hungarianlinker 
(Tinevez, 2011, MatLab Central) 

Nearestneighborlinker: Uses nearest neighbor algorithm to link detected particles (Tinevez, 
2011, MatLab Central) 

Process_object: Processes imported images to negative grayscale, thresholds images, 
masks images to remove non-central regions, and performs particle 
analysis on final image 

Refresh_image: For the UI, refreshes the image in the preview window with overlays 
and processing. Only called when image changed. 

Simpletracker: Overhead function for nearest neighbor and Hungarian algorithm 
tracking functions (Tinevez, 2011, MatLab Central) 

Sort_nat: Sorts files according to their natural order (File1, file2…file10, file11 
instead of file1, file10, file11, file2…) (Schwarz, 2011, MatLab 
Central) 

UI: The main script that builds the user interface and calls the 
subfunctions of the program. UI references design of UI.fig file. 

  

P. DESCRIPTION OF LABVIEW SUB-VIS 

Step Resolution: Changes the value of the step resolution for the duration of the VI 

Initial Velocity: Sets the initial, or ramping, velocity of the stepper motors 

Slow Velocity: Sets the slew, or constant, velocity of the stepper motors 

Step Position:  Sets the step position of the stepper motors 

Set Origin: Sets the origin, or home position, of the stepper motors 

Initialize: Before the motors can be moved or motor properties can be set, the 
controllers must be placed in party mode, which allows the user to 
set properties and move multiple motors at once. This VI places the 
stepper motors in party mode 

Linear Motion: Moves the stepper motors a certain linear distance (in mm) set by the 
user 

Data Acquisition: Uses NI-DAQmx to read and create moving average of load voltage, 
converts to grams and Newtons 

Marker Bounding: Allows creation of image masks to select particles to track 

Center of Mass 
Distance: 

Tracks particle markers in real-time and calculates center of mass of 
each particle and where it has moved using nearest neighbor 
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Steps to MM: Converts motor steps into millimeter displacements 

Deformation Gradient: Calculates deformation gradient of local strain from optical tracking 
based on reference configuration 

Mechanical Test: The main VI and user interface 

Uniaxial: Uniaxial testing protocol, uses independent motor code 

Equibiaxial: Equibiaxial testing protocol, uses independent motor code 

Constant Stretch: Constant stretch protocol, uses independent motor code 

 

Q. LOAD CELL CALIBRATION 

1. Weigh the following objects and record their weights: box & string, 1 200 gram 
weight and 4 500 gram weights. Determine the exact weights for every step of the 
calibration process. 
0 grams ~ 0 pounds 
200 grams ~ 0.5 pounds 
500 grams ~ 1 pound 
700 grams ~ 1.5 pounds 
1000 grams ~ 2 pounds 
1200 grams ~ 2.5 pounds 
1500 grams ~ 3 pounds 
1700 grams ~ 3.5 pounds 
2000 grams ~ 4 pounds 
2200 grams ~ 4.5 pounds 

  
2. Open a blank VI in LabVIEW. In the block diagram, search for “DAQ Assistant” 

and place it into the block diagram. Follow the prompts that pop up on the screen: 
Acquire Signals 
Analog Input 
Bridge (V/V) 
cDAQmod1 (NI 9237) 
ai0 and ai1 (select both by holding shift and then clicking on ai0 and ai1) 

  
3. Set the following values on the configuration tab of the channel settings for each 

channel selected in step one (should be ai0 and ai1).  
Signal Input Range 
Max: 25 
Min: -25 
 Scaled Units: mV/V 
Bridge type: Full 
Vex (excitation voltage) source: Internal 
Vex Value: 5 V DC 
Bridge Resistance: 500 O 
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4. Under “Bridge (V/V) Setup”, select the calibration tab and click “calibrate.” This 
will start the channel calibration wizard 

  
5. Input your name 

Expiration date (need to decide how long these calibrations will be good for) 
After calibration expires, do not apply the calibration and return an error. 
Acquisition Attributes 
Number of samples to average: 25000 
Sample rate (Hz): 25000 
Additional Information 
Load Cell: X or Y 
Serial No: X (1572180) or Y (1572181) 

  
6. Collect calibration measurement values. Tie string to box to place weights we 

have in lab (make sure to reweigh the weights after they are placed in the box) 
and box on the end of the load cell. Under the reference value, record the value 
for the weight of the weight itself and the string. Click “commit calibration value” 
and move onto the next weight. Allow five minutes between placing the weight at 
the end of the load cell and clicking “commit calibration value” so the 
uncalibrated voltage value can stabilize. Begin with no weight at the end of the 
load cell, and then increase the weight by the list in step 1 until you reach 2200 
grams. While unloading the weights after reaching 2200 grams, allow 5 minutes 
for the load cell to equilibrate. Move back down the list in step one every time 
until you reach zero weight. 

  
7. Open the excel file titled “Load Cell Calibration Template”. Copy and paste the 

load cell calibration data from the most recent calibration, and generate its chart 
and trend line. Input the weights and voltage values calculated and obtained 
throughout the calibration in the upper section of the sheet (you can fill this out as 
you go).  
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R. LOAD CELL CALIBRATION CHARTS 
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Y-axis: voltage ratio (mV/V); X-axis: load (g) 

S. STATISTICAL TABLES FOR STRAIN VALIDATION 

Paired	t-Test:	Reference	and	Tension	 	
   
		 Reference	 Tension	
Mean	 659.4875	 737.105	
Variance	 4221.793	 4319.609367	
Observations	 4	 4	
Pearson	Correlation	 0.941167	 	
Hypothesized	Mean	Difference	 0	 	
df	 3	 	
t	Stat	 -6.92127	 	
P(T<=t)	one-tail	 0.003092	 	
t	Critical	one-tail	 2.353363	 	
P(T<=t)	two-tail	 0.006183	 	
t	Critical	two-tail	 3.182446	 		
	   
Paired	t-Test:	Reference	and	Return	to	Reference	
	   
		 Reference	 Return	
Mean	 659.4875	 658.9425	
Variance	 4221.793	 4163.001758	
Observations	 4	 4	
Pearson	Correlation	 0.9683	 	
Hypothesized	Mean	Difference	 0	 	
df	 3	 	
t	Stat	 0.066832	 	
P(T<=t)	one-tail	 0.47546	 	
t	Critical	one-tail	 2.353363	 	
P(T<=t)	two-tail	 0.95092	 	
t	Critical	two-tail	 3.182446	 		

y	=	0.0009x	+	0.0088
R²	=	1
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T. GRAPHS FROM MURINE PILOT STUDY 

For load-displacement plots, colored dashed lines indicate data from Groves et al., 

while the solid black lines and markers indicate experimental loading and unloading curves 

Load-Displacement Curves 

 

Sample 1 

 

Sample 2 
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Sample 3 

Stress-Strain Curves 

 

Sample 1    Sample 2 

 

Sample 3 
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