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Abstract

Pathological wound contraction and chronic wound healing can lead to scleroderma,
hypertrophic scarring and fibrosis. chronic wound healing, fibroblast differentiation is
uncontrolled, resulting in the owproduction of myofibroblds. The stiffness of the surrounding
environment may contribute theexcessivalifferentiation of fibroblasts into myofibroblasts. In
order to better understand this process, wound healing is commonly studied in vitro using
collagen gels. In these modedsiffness is often determined using destructive methods, such as
uniaxial testing, which render the gels useless for future testing. The goal of this project was to
develop a nowestructive device which maintains the integrity of the gel during tegtingvel
device which implements transverse loading methods was developed to displace the center of
fibroblastpopulated collagen gels to assess changes in stiffness. The device measures force and
displacement with 0.1mN and 0.0254mm resolutions, resgégctiVhese measurements can be
used to determine the stiffness of collagen gels and the changes that result from remidgaeling.
device was validated by testing thin silicone membranes (PDMS) to compare with published
values of stiffness measurby transerse loading methodédditionally, testing was completed
on both acellular and fibroblapbpulated collagen gels to demonstrate repeatability and
illustrate that the device was compatible with relevant wound healing models. The device was
also integrateavith existing laboratory research focusing on the effect of varying boundary
conditions on collagen gel remodeling. The device achieved the project objective of non
destructively measuring stiffness while aiding in the advancement of novel wound healing

models.
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1 Introduction

Wound healing is a complex biological process of regenerating dermal and epidermal
tissue. This process is divided into three phagafammation, proliferation, and remodeling.
These three phases work together to repair damagpelbcing cell migration to the wound site,
forming of granulation tissue, and eventually producing collagen and fibronectin to form a new
extracellular matrix (ECM). During the remodeling phase of wound healing, it is necessary for
the resident fibroblds in the connective tissue to differentiate into contractile myofibroblasts to
aid in thesynthesis and remodelired theECM at the wound sitéTomasek, Gabbiani, Hinz,
Chaponnier, & Brown, 2002) he diffeentiation of fibroblasts to myofibroblasts is important
because wound contraction, a phenomenon in which the size of a wound is mechanically

reduced, is driven by myofibroblasts.

The different mechanisms through which fibroblasts differentiate into nrpblidists
have yet to be understood by researchers. It is widely accepted that myofibroblast differentiation
is modulated by both mechanical and biochemical stimuli and it lessshewn that the
increases of overall matrix stiffness within the ECM can plaignificant role in regulating cell
phenotypdFrederick Grinnell, 2000)Therefore, it is important to understand the link between
stiffness and the differentiation of fibroblagtsvivo by measuring and controlling the stiffness

of the surrounding matrix.

There are different 3D matrices which have been used in previoussstogamine the
effects of stiffnessmmyofibroblast differentiatiofFreyman, Yannas, Yokoo, & Gibson, 2002)
One example is an unrestrained gel which has a zero force boundary condition. In this type of
gel, cells are embedded in the dek boundary is not restricted, and the matrix cannot resist the
traction forces generated by fibroblasts. This can lead to the compaction of the matrix and the
inability of cells to differentiate into myofibroblagffomasek et al., 2002R\lternatively, if the
gel is rigidly anchored or restrained around its boundary, this creates a zero displacement
boundary condition and the matrix is able to resist thegeglerated force and develop
mechanical stress thin the matrix. In the presence of a stiff matrix, along with biochemical
stimdisuchasTGFbb, <cell s in a restrained gel (Fare abl e
Grinnell, 2003)
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Current methods in studying matrix stiffness cannot fully account for all of the stiffness
experienced by the cells. While unrestrained and restrained models provide two extreme
environments whichesult in two very different phenotypes of cells, they cannot account for
intermediate stiffness values that often ogowrivo. The Boundary Controlled Stiffness Device
(BCSD), a novel device developed by Dr. Kristen Billiar of Worcester Polytechnitutastvas
created to make it possible to study the effects of such intermediate boundary stiffness
conditions. This device employs the use of compliant springs, attached to the edges dbthe gel
vary boundary stiffness. Using the BCSD, changes in belhptype, which result from a change
in boundary stiffness, can be observed. In addition to observing cell phenotype, it is also
important for the matrix stiffness of the gel to be quantified. This measurement is necessary as
the stiffness experienced Hyetcells in the gel is a combined result of both boundary stiffness
and gel stiffness.

The primary goal of this project is to develop a novel device to determine the composite
stiffness of a gel as experienced by its resident cells. This novel deviteallle to measure
the composite stiffness, a combination of the boundary stiffness and the matrix stiffness, of the
gel. This project will evaluate current methods used for testing stiffness to determine the best
method for testing. The device will outgdoerce and displacement readings which will be used to
calculate the composite stiffness of the gel through finite element analysis. The deliverable for
this project will be a novel testing device which will work in conjunction with the BCSD to

provide irtermediate composite stiffness readings of gels.

12



2 Background

2.1 Importance of Studying Stiffness

Extracellular remodeling is an important stage in tissue healing as well as in
fibrocontractive diseases. One stage of extracellular remodeling is wound tonjrhe time
during which the size of a wound is mechanically reduced until a defect is closed. When wound
contraction is carried out incorrectiyd there is too much contractjamronic wound healing is
observed. In chronic wound healing the woundsdo& maintain structural integrity and there is
not an orderly progression of wound contraction. The driving force behind wound contraction is
the myofibroblast a transformed fibroblast thatx p r e-snmo@tsmustle actiiSMA).
Chronic wound healing resslin the overproduction of myofibroblastsvhichcanlead to

excessive scar tissgpeoduction(Stadelmann, Digenis, & Tobin, 1998)

The mechanism through which fibroblasts differentiate myofibroblasts has yet to be
completely understood. One theory suggests that fibroblast differentiation into myofibroblasts
could be caused by mechanical stresses on theGeallsbiani, 2003)In normal connective
tissue, resident dslare protected from such stresses by their accompaB@My(this is
commonly knoswmi elsdifilmgda,esas concept very famili g
damaged or remodeling tissue, @M is compromised and the stresses that were once
absorbed byhe matrix are transferred to the cells. This indicates that there is a correlation
between matrix stiffness and fibroblast differentiation. This concept has been verified by Pelham
et al. who proved that the stiffness of the matrix has a direct effegtligphenotype and
differentiation(Pelham 1997) Matrix stiffness can be controlléd vitro by altering the external
environment through the use of different models.

13



2.2 Two- and Three-Dimensional Models

Two and threadimensional modelsave been used to study wound healihgo-
dimensional models allow for simple analysis while tkat@eensional models more accurately
depictconditionsin vivo. When studying fibroblashteractiors with 2D substrata, the fibroblasts
are fixed in place and are asymmetrically distributed over the syfaGzinnell, 2003)

Flexible substrata have been usedi&ermire traction forces generated by cells in order to
chaacterize the mechanical interactigBeningo & Wang, 2002)ut this approach cannot
mimic the reciprocal and adaptive interactions that occur betweeblabte and surrounding
matrices in terms of mechanical responses and signaling in a dynamic envir@an@nmnell,
2003) Since fibroblasts are forced to adjust to flat and rigid 2D surfaces they are not able to
exert the mechanical foe and signal transduction required to induce expressiproteins

which are necessary f&CM remodeling(F. Grinnell, 2003)

In contrast to 2D matrices, 3D matrices allow fibroblasts to interact in an environment
where cells can mrgte and cause changes to the mechanical properties of the matrix. In a 3D
matrix, cells are housed in a more coexpphysical environment and have a more geometrical
pattern of distribution thaan 2D surfaces. As fibroblasts are able to contract unger th
environment, mechanical loading begins to develop. This mechanical loading causes an increase
in the ex-BMAewhih iessentid forUdifferentiation into myofibroblasts
(Cukierman, Pankov, & Yamada, 200Zurthermore, as the matrix is remodeled the
mechanical signals provided by thatmix direct cell phenotype and in part regulate fibroblast
differentiation.Due totheir ability to better replicat@ vivo conditions, 3D matrices provide a
more accurate model and are more commonly used in wound healing ré8éaaclock, Miller,
Bellincampi, Zawadsky, & Dunn, 1995)
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2.3 Determining Gel Stiffness

Currently, many methods of determining mechanical properties of biomaterials exist.
Simple methods such as uniaxial mechanical testing are some common ways to characteriz
biomaterials butcan lead to complications. Due to the compliant nature of these soft materials,
gripping can become difficult and slipping can occur. Additionally, misalignment and increased
edge effects can also lead to inaccurate results (Scott 20@4). Furthermore, to prepare for
uniaxial testing, a sample of the soft materials must be cut out and inserted at the grips of the
machine. This can be destructive to the matetiaésefore, ndurther testing can be performed.
During uniaxial testig, the fibers of these materials may also realign along the test axis and alter
the mechanical properties of the materiSisice these soft materials have very low moduli, the
test system should be highly sensitive to low force measurements and sniadledigmts. The
test system should also be ndestructive to the materials and be able to securely hold the

materials being tested.

2.4 Alternative Methods of Determining Gel Stiffness

In previously conducted studies, several different methods have bekto uktermine
the stiffness of collagen and other soft gels. These methods can be divided into two categories,
those that measured stiffness in plane and those that measured stiffness by transverskloading.
this studytwo cantilever beamseparatedypa thin layer of copper fqilwere used to measure
stiffness Figurel). In terms of transverse loading, the most common testing method was
transverse deflection, although methods involving inflation and positimegative pressure

were also used.

While transverse loading is a generally more simplistic and common approach to
mechanically testing soft gels, methods opliane measurements have also been conducted. An
example of this is the use of vibration tdetenine the viscoelastic properties of the gel as seen
in the study by Parsons and Co@002) In this study two cantilever beams were separated by a
thin layer of copper foil as seen lfigurel. One of these beams was used to propagate the

vibration while the other beam acted as a sensor for the signal. By vibrating the gel at a known
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rate and then detecting whhetactual level of vibration that was seen at another point in the gel,
the storage modulus and loss modulus could be determined. These factors show how much of the
vibration was allowed to travel through thel and from these, the stiffness of the gel lsa

determined. This method is susceptible to error due the nature of thefsiditfmnally,

complex computation is required as well as the manufacturing of small parts that need to be

placed with a high level of precision (such as the distance bethed®ams).

)’I ! al |5k Probe

X

Figure 1: Diagram showing the cantilever beams of the vibration
test. The copper foil separates the two by 33 um (Parsons &
Coger, 2002).
The most documented method of measuring the stiffness of collagen or sisoladgls
is by transverse deflection. This method involapplyinga load to the gel that is perpendicular
to the gel.This method involves a load being applied to the gel that is perpendicular to the gel.
This force is measured and the amount of defie®f the material caused by the force
application is also measured. Force and deflection can be measured through various means which
include using a beam attached to a force transducer, an actuator to control movement and
determine displacement, a wajetrto indent the surface, and ultrasound waves to measure
deflection or objects of known weight to cause the indentation. In studies using transverse
deflection, the gels were generally strained to betweg¥ 5n order to stay well under the 10%
strainl i mit as given by Buecklebds | imit, which st

disproportionately higiScandiucci de Freitas et al., 2006)

In one study, Ju et al. developed a method for determining the stiffness of thin

biomaterialg2002) This methd involved using a circularly fixed material that is transversely
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loaded in the center to cause a point indentafibe.displacement was measured with a
resolutonofnm and the force with a resolution of
calculations wee carried out, thia u t hdetermiged the stiffness of a rbanding ultra thin

material when loaded with a central point force.

Other studies have also been conducted using a similar appSeacidiucci de Freitas et
al. indented a gel with a flatdisteel rod attached to a force transducer capable of 0.001 N
resolution(2006) The deflection of the material was measured and controlled with a resolution
of 0.001 mm. The results of thisese testgielded stiffness values by creating a linear fit to a
stressstrain curve. This approach was similar to the study conducted by Juhetvegver, it was
more simplistic in nature and was conducted on materials that are more like the collagen

matrices that will be tested in this study.

A slightly different method oindentation was condtexd in an experiment using a water
jet for indentation and ultrasound waves to measure the deflection dalyeheng, & Huang,
2007) The test setup can be seefrigure2. The force used was determined based on the
pressure from the water jet. Additionally, there was a pressure sensing load cell placed under the
tissue to capture force data. The strain was held to 5% to keep inside of the linear elastic range
and then the stiffness was determined by the slope of the-strasscurve. This method used

photo analysis to look at the deformation profile.

Ultrasound
Transducer

Pressure
Sensor

Bubbler gt A { —
Wa ter

W 3
Mirasonnd Bea Ll!Ll I& Mozzle I Pipe
-------- [y e ater Jet 4

Water
& Contaimer

Figure 2: Diagram of the water jet test setup(Lu et al., 2007)
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Overall transverse loading methods are more prontitigan inplane loading methods
as they require fewer complicated equations to determine a closed form solution and testing is
generally more simplistic. Existing transverse loading methods each have their individual
strengths; however, many are incomplatiwith collagen gels and the gel clamping system. In
previously conducted experiments, many complex equations which are beyond the scope of this
project or sophisticated testing setups which are not available and beyond the budget of this
project were usd. Furthermore, approaches which feature a water jet or pressure change also
require the gel to be fixed either in placeoara platform, aconfigurationwhich cannot be
achieved with our current testimgquirementsBased on previous researenew deice which
determines the stiffness of the gels in a circular clamp using transverse loading must be

developed.
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3 Project Approach

Beforemoving forward with thelesign process, it is necessary to outline assumptions being

made andletailspecific aims ofhe project.

3.1 Assumptions

Several assumptions have been made for this project, most of them regarding finite element
analysis These assumptions can be seen below:

The behavior of the gel can be described by a clas®al solution

Bending effects areagligible

Finite contact effects are accounted for in the model

The gel may be modeled as a circular gel clamped with a fixed outer edge
The gel is of uniform thickness

Contact between the indenter tip and the gel is frictionless

Poissonbdbs aoCbti o is equal t

3.2 Specific Aims

The ultimate goal of this project is to create a novel device to be used to determine the
stiffness of circularly clamped collagen gels. The specific aims for this project are presented

below:

T

Develop a conceptual design in which gténess of the test matrix can be determined

through physical contact with the matrix.

Design a novel device to collect and output quantitative measurements of force applied

and displacement of the collagen gel.

1 Develop a modeling equation to predyet stiffness

1 Create a mathematical model to relate force and displacement in order to further quantify
composite stiffness.
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4  Design

4.1 Client Statement

The purpose of this project is to develop and validate a device to measure the stiffness of
circularly damped collagen gels. This new device will be used to determine the composite
stiffness experienced by the cells growing within the test matrix. The device will output
guantitative measurements of both force and displacement which will be used to cHieulate
composite stiffness. The device must be accurate, easy to use, safe for the user and material,

compatible with data acquisition software, and appropriate for the laboratory .setting

4.2 Objectives, Functions, Constraints

In order to develop a final dign, it is necessary to determine the best way to measure the
stiffness of suspended gel. In determining this, it is necessary to outline objectives, functions,
and constraints. The latter were identified and weighted to determine their importance in

deciding the appropriate final design.

4.2.1 Objectives

The design team identified over 10 objectives for this design. Based on the inputs of the
two clients,Dr. Kristen Billiar and Dr. Marsha Rolle, of Worcester Polytechnic Instithteg
pairwise comparisonharts {wo from two separate clients and one from the design)tdaee
main objectives were determinadd a table of objectives and solbjectives were created for

the final design. The weighted overall design objectives are shoWablel.
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Table 1: Weighted design objectives based on pairwise comparison charts

Objectives Sub-Objectives

- Results must be reproducible

- The device must be easily calibrated

- The device must mvide
measurements with high resolution

Accurate - 50%

- Must be easy to transport
- Must be easy to operate

- Must be easy to assemble
- Must betime efficient

Easy to Use 31%

- Must be made of parts that are easy
remove or insert
- Designed with costind maintenance
Easy to Maintain - 19% in mind
- Easytoclean
- Robust enough to withstand cleaning
chemicals and range of temperatures

Based orTablel, it is clear that the final prototype must produce accurate results in
terms of reprducibility, correct calibration, and high resolution. This is especially important
where accurate and reproducible data is netmtagsearch. The device must beyetscalibrate
and it must provide reproducible measurements with high resolution. rspmhaintenance of
the device in terms of cost and materials are only minor factors in this design. The ease of
transporting, operating, and assembling the result®igimportant than the cost of theulee,
but not as important ats accuracy and #hreproducibility. In this case, the importance of having

accurate results clearly outweighs the cost of the device and the cost of maintenance.
4.2.2 Functions

Based on the client statement, this novel device must be able to collect the quantitative
measurema of force and displacement upon contaith the gel. Since the goal of the project is

to analyze gel stiffness, one must be able to mediseferce the device is inflicting on the gel.

Additionally, it must be able to detect the displacement of the ge
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4.2.3 Constraints

In designing this device, several constraints must be taken into account during the design

process. These constraints are:

1 The device must not cause harm to the user.

1 The device must not inflict damagethetested gesothat it becomesnusable.
1 The device must use Data Acquisition software to capture data.

1 The device must be built and validated by March 2008.

Since the transverse loading device is used to measure stiffness of gels, the final device
must be compatible with circularblamped collagen gels. The device must also not cause any
harm to the user and must not inflict damage to the tested gel that it becomes unusable. It is
important that the tested gel can be reused for testing to create reproducible results. The device
musg wuse National I nstrument 6s Data Acquisitior
device as this is one of the few meanailable to the design teafinally, the device must be
built and validated by testing with cedéeded gels by March 2008.

4.2.4 Specifications

Once the objectives and the functions of the device were identified, the specifications of
the device were further evaluated to determine the parameters that the device must meet in
performing the functions. Table 2 illustrates the dedpecification and the parameters at which

they must be met:

Table 2: Device Specifications

Specifications Description
The device must be able to measure a minimum
Force Measurement force of 2N at a resolution of 2mN
Displacemen The device must be able to record the displacement
Measurement resolution of 0.1mm
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For the measurement of force, the preliminary study with collagen gel showed that the
gel can withstand a force of roughly about 2N. Studies have also shovim dhadér to
accurately record the force of the tested gel, the device must have a resolution at 100x smaller
than the forcg€Scott, Begley, Komaragiri, & Mackin, 20Q43imilarly, the displacement reading
must be accurate at a resolution of 0.1mm. Based on the preliminaigssiith different
materials, it was determined that the gel would be tested to a displacement of 3 mm in order to

collect thegreatst amount of da without causing damage to the gels.

4.3 Feasibility Studies

4.3.1 Jell-O Stiffness Testing

Mock gels were poured using Jélas a substitute for collagen gels. The purpose of this
testing was to perform mock testing on a low cost material-Q)etb deternme stiffness and
establish methods which would be successful for testing collagen gels. This testing was carried
out on October 3, 2003el-O was poured in rectangular foam anchors and paperclips were hung

from the JeHO to determine stiffnes3he prdocol for this testing can be seerAppendix |

4.3.2 Collagen Gel Stiffness Testing

Testing was done on collagen gels to preliminarily determine the stiffness of collagen
gels to compare with literature. Based ontdsting done prior to this with paperclips, it was
determined that paperclips were too heavy so
testing. Additionally, the amount of force applied and amount of displacement were recorded.
Testing was complet on October 4, 2007. The prototml this testing can be seenAppendx
I.
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4.3.3 Latex Mock Testing

Mock testing was carried out with a testing setup similar to the one which will be used
for actual testing. Inhis testing, a 509 force transducer was used in conjunction with an actuator
and both were operated using LabVIEW. Force and displacement readings were recorded during
the test and used to determine stiffness values of the mock material. The mock ossdrial
this test was latex. Testing was completed on November 28, 2007. Theopfotdbis testing

can be seeAppendix lll.

4.3.4 Circular Jell -O Mock Testing

These testbuilt upon the testing which was completadNovember 28, 2007 and was
also carried out with a setup similar to the one which will be used for actual testing. In this
testing a 509 force transducer was used in conjunction with an actuator and both were operated
using LabVIEW. The mock material e for this test was Jel). Two different concentrations
of JellO were used and the Jé&lwas poured into foam anchors of three different diameters.
Force and displacement readings were recorded during the test and used to determine stiffness
values otthe mock material. Testing was completed on December 3, 2007. Theopfotdbis

testing can be seem Appendix |

4.4 Alternative Designs

Uponidentifying the objectives, functions, and the constraints of the design, kevera
stiffness measurement prototype designs alternatives were crilagse design were drawn
from past researchs well as new ideas which came up during brainstorming sestmns.
evaluatelte design alternativea design selection matrix was used wisighted design
objectives and constraints to ensure the final design prototype were fully compatible and meet
the needs of the clierithe morphological cham table3 shows the possible means to carry out

each function.
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Table 3: Morphological Chart

FUNCTIONS MEANS

Measure Point Transverse Balloon Clamp | Free

Force Compression | Loading Inflation | Model Weight Magnet | Vacuum
LED

Measure Linear Displacement | Optic with

Displacement Actuator Transducer Laser Sensor | Straightedge

The design team came up with several design alternatives with the possible means stated
in the morphological chart to carry out each functibime first design alternative is known as the
Point Contraction ModelKigure3). This model works by slightly indenting two points onto the
surface of the gel. These points are then moved toward each other causing the gel and the springs
to deflect. This deflectiowould be measured and modeledREM to determine thstiffness

Figure 3: The point compression design alternative

The next design alternative is known as the Clamp m@dglire4). This model uses a
clamp thattompresses at the centéitioe gel and then slowly begins to retract. It is important

that the clamp be able to fit between two of the springs and that it clamps on the center of the gel.
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Figure 4: The clamp model design alternative

The next design alteative is known as thealloon Inflation modelFigure5). This
model uses a balloon to cause the deflection of the gel. Then by determining the pressure inside
of the balloon, the amount of deflection and thdasigr in contact with the gel, the stiffness

could be determined.

Figure 5: The Balloon Inflation design alternative

The Transverskoadingdesign is the next design alternatitég{ire6). This model uses
an indenter tip attached to a force transducer to cause deflection in the gel. The deflection is
measured by the position of the transducer and the force is registered by the transducer. This

information can then be used to determitifness.
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Figure 6: TransverselLoading design alternative

The next model for the design alternatives is the Free Weight Meidelr€7). This
design uses a weight of a know value iegplaced on the center of the gel. The deflection of the
gel is then measured by image analysis or a similar method and the stiffness can then be

calculated. This would then be repeated for weights of different magnitude.
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Figure 7: The Free Weight design alternative

The next design alternative is similar to the previous model in that it uses a round weight
on the surface of the gel, but this model incorporates a magnet underneathnthielyehakes it
possible to vary theofce applied to the geThe electromagnet under the gel can be used to
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attract the metal weight and with different currents can provide different amounts of force. This

design is known as the Magnet Modeigure8).

&

N

Figure 8: The Magnet Model design alternative

The final design alternative is known as the Vacuum madgu(e9) because it uses a
vacuum chamber underneath the gel. This vacudhpreivide an area of less pressure
underneath the gel, causing it to deflect into the chamber. The amount of deflection along with
the pressure inside of the chamber will be used in order to determine the stiffness.

Figure 9: The vacuum design alternative

Each alternative design has its own advargage disadvantageln order to determine
which means o&pplyingforce andmeasuringlisplacemenaremost suitable for our device,
each device was evaluated in relation to weghibjectivesAdditionally, eachdesign

alternative was evaluated with tdesign constrainfgreviously outlinedA decision matrix was
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created to compare each weighed objeatiith each design alternative to ensurefthal design

best met the objestes of the projeciThe decision matrix is shown irable4.

Table 4: Force and displacementmeasurement selection matrix with objectives and constraints

DeSign _ Side . . Balloqn Vacuu
Weight | Compressio Point Transverse | Inflatio Clamp Free Magnet m
(%) n Compressin Loading n Model | Weight Model | Design

Design

Constraints

and Objectives

C: Must not

cause

harm to user Y Y Y Y Y Y Y Y

C: Must not

inflict damage to

tested gel that it

becomes

unusable Y Y Y Y Y Y Y Y

C: Must use

Data

Acquisition

software to

capture data Y Y Y Y Y N Y Y
0.6 x 0.6 x 0.9 x 0.7 x 0.6 x

O: Accurate 50 0.8 x 50% 0.7 x 50% 1.0 x 50% 50% 50% 50% 50% 50%
0.7 x 0.4 x 0.9x31| 0.7x31| 0.7x

O: Easy to Use 31 0.5 x31% 0.6 x 31% 0.8 x31% 31% 31% % % 31%

O: Easy to 0.7 x 0.6 x 0.8 x 0.8 x 0.8 x

maintain 19 0.6 x 19% 0.6 x 19% 0.8 x 19% 19% 19% 19% 19% 19%

Totals 100 66.9 65.0 90.0 71.4 53.8 88.1 71.9 66.9

Among all the alternative designs, transvéoselinghas the highest score in terms of

accuracy, ease of use, and ease of maintenance. The tratsagirsgmethod also meets all the

constraintf this project. As a resultransversdéoadingwas selected abe finaldesign

4.5 DesignDecisiors

4.5.1 Force transducer selection

After deciding on thelesign tausefor the deviceaforce transducer needed to be

selectedForce transducers from 10 different companies were researched and the best one was

29




selected according to five different criteria: cost, resoitytiorce range, overload, and typée

force transduceselection matrix is shown ihableb.

Table 5: Force transducer selection with criteria

Criteria Weight | Singer Cooper WPI (Lc()Srl\T;I(Ie(gls) I;iﬁi?;j:;
Cost 10% X 3 7 5 10
Resolution | 50% 50 50 35 35 35
Force Ranggd 25% 25 15 25 15 15
Overload 10% 10 10 X 5 5
Type 5% 5 5 3 2 2
Total 100% 90 83 70 62 67
Criteria Weight | SMD | Omega (LCUB)| A.L. Design| Sol Tech| Futek
Cost 10% 9 3 5 5 2
Resolution 50% 50 30 50 25 50
Force Rangg 25% 15 10 20 20 20
Overload 10% 5 3 6 3 10
Type 5% 1 3 2 3 4
Total 100% 80 49 83 56 86

Costi 10 points for under $100, less points as the price increases

Resolutioni 50 points for .1% or betteB5 points for .25% and 25 points for .5%

Range 25 points for 5 grams, 20 points for 10 gram, 15 points anything higher

Overloadi 10 points for better than 500%, 5 points for 150%, 1 point for 100%

Typei 5 points for in plane, 3 points for cantilevérfor hard to use design
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4.5.2 Indenter Tip Selection

Once the Transverse Loading design was selected, a proper tip to apply the force to the
gel needed to be selected. Many differing types of indenters used for other types of hardness
testing were considere@hese different types included spheritp) diamond tip, cone tip, blunt
tip and several other variations. It was decided that a spherical tip would be used as previous
studies have shown the spherical tip to provide a betten profile (Scott et al., 2004)

Additionally, a spherical tip is the most ideal for soft materials such as collage as it will eliminate
the potential of the tip pieirtg effect of other shaped tip@nce the project team decided on a
spherical indenter, quotes were obtained from various companies and one certified indenter was
even found on eBay. This indenter was the lowest cost option to purchase at a pricetof $65. |
was then recommended that a spherical indenter tip be made out of standard materials such as a
rod and ball bearing. This will help save cost while providing a simatézomeas the more

expensive options.

4 5.3 Frame Material Selection

Inordertosavemie i n the construction of the of toh
website, 8020.net wil/l be purchased. The site
Setdo. The site provides custom cut abadtmi num p

This will save the design team time in the machine shop to custom make the frame out of
aluminum stockCompared to the price of the stock aluminum and other pieces needed for
custom machining, the 80 20 opinion is hot much more expensive arallaillthe group to
assemble the frame quickly and efficiently with a more professional look than probably could be
achieved by our project group which have limited maalgiexperience. The difference in cost

is minimal because the amount of stock malt¢hiat is needed to machine the frame would

result ina lot of excess material.
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45.4 Actuator Selection

In order to select an actuator, the project team researched many different companies
which make actuators. The most significant specification for¢heator, as outlined in project
specifications, ishatthe actuator must be accurate within 0.1mm. Furthermore, the stroke length
of the actuator must be at least five inches to accommodate for the height of the BCSD.
Additionally, the actuator must belalio support at least 50g, the weight of the force transducer
and indenter tip. Seen below is the actuator selection magie). The first column outlines
the specifications the actuator must meet. Followedhigsy €¢ach column outlines a different
actuator. The cells highlighted in blue are cells which meet the design specifications, whereas the
cells highlighted in red are cells which do not meet the design specifications. Columns which are
highlighted in grayand have a price highlighted in green are actuators which meet all design
specifications. Based on this table, it was determined that actuator whidatisfgtdthe
requirements of this project was the Ultramotion actuasat was the lowest cost ankt all

specifications.

Table 6: Linear Actuator Selection Matrix

Color Meaning
. BlueCell | Meets design specification
. RedCell | Does not meet design specification
Green Cell Price of actuator which meets design specificati
GrayColumn Actuator meets all design specifications
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Company Firgelli Automations Cleveland Motion Controls McMasterCarr McMasterCarr
Model Mini Style (FAMS-15-12) Platform MS 65 6500K83 Unguided Linear Motor

Stroke Length
(5" minimum)

(2280K17)

Load Capaq_ty (50g Up to 65Ibf
minimum)
Input Voltage 12VDC, 2A at full load N/A 12vDC 12vDC
Maximum Speed 0.0125in/min 0.875in/min 120 in/min 2.75in/min

Resolution
(0.2mm minimum)

http://www.firgelliauto.com/product_inf

7.87E7 0

http://www.cmccontrols.com/linear_ag
uator_ms65.asp

Has start/stop pin

http://www.mcmaster.com/

URL 0.php?cPath=110&products_id=128
Price $63.99
Notes

$203.80

http://www.mcmaster.com/

Also need to buy servo controller

($575.62) and power supply ($320

these are included in price listed
above
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Company Trossen Robotics Ultramotion Precision Technology Digital Linear Actuators hayaon switcr and
Instument
Model LACT6P The Digit Wiesel POWERLine 35DMB-K 8700 Series

Stroke Length
(5" minimum)

Load Capacity
(50g minimum)

110lbf

1970

6.3E5Ibf

10.1Ibf

Input Voltage 12vDC 24VDC 12vDC 5VDCor 12VDC
Max Speed 0.0013n/min 0.0042n/min 1.64in/min 425 steps/s
Resolution Controller only three prsets

(0.1mm minimum)

which it extends to

http://www.trossenrobotics.com/sto

0.00004" 3.93E4 0

http://www.ptusa.net/products/pdf

Precision%20Technology%20PO
ERLine%20WM606

370%20Specification%20Sheet.pd

www.ultramotion.com/products/d
igit.php

0.0001"

http://www.hst
inc.com/hybrid_linear_actuators.ph

Did not getquote because
insufficient stroke length

Did not get quote because
insufficient stroke length

URL /p/51846-STROKE110-LB-12-
VDC-LINEAR-ACTUATOR.aspx
Price $143.63
Also needs a controller ($57.44
Notes

included in price listed above

This is the actuator the other
MQP group is using, has
insufficient stroke length
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4.6 Optimization

The design chosen as the best for our testing purposes was the Transadisgmodel. In
order to get the most out of this design, it has been determined that it must conform to the
following specifications:

- Frame must be constructed of mgelminum or other) to provide a solid base for the
sensitive measuring equipment.

- Frame will be equipped with antibrationfeetto reduce noise.
- The indenter tip will be round and of a known diameter.

- The frame will be larger enough to allow easy lagdf theclamping systemvhich will be
fixed into the frame.

- Theclamping systerwill be fixed in such a manner that the center of the gel will be
positioned irline with the indentation tip.

4.7 Preliminary Data

4.7.1 Jell-O Stiffness Testing Data

Data gather from the preliminary JelD stiffness tests was more qualitative than
guantitative in nature. The purpose of this testing was to determine the feasibility of applying the
testing methods to actual gels. From this testing it was determined that papesctifiso heavy
to be used as an incremental measurement of weight. The paperclips weighed on average 1.3g so
an alternative of 1IJ0 kidney wire which was mu

testing when collagen gels were used.

4.7.2 Collagen Gel Stifness Testing Data

The collagen gel stiffness testing allowed project team to estimate the stiffness of
collagen gels which would be used in final testing once the device was constructed. This testing

used collagen gels which had been allowed to confpatiiree days in an incubator. After each

35



weight was added a picture was taken which was analyzed using ImageJ Analysis to determine
how much each weight displaced the gel. It was assumed that there were no bending effects in
this testing. Of the six testvere run, three were elinated from analysis based on observations
made during testingr'he cross sectional area that the force was applied to was equal to the width
of the gel multiplied by the thickness (0.079cm@)e data from this testing can lmaihd in
AppendixVI. Of the stiffness values calculated for the collagen gels, 10.6kPa was used for future
testing as this data had the be$vBlue and also the least amount of standard deviation for the
stiffnessreading.

4.7.3 Latex Mock Testing Data

Similar to the JelO stiffness test the purpose of the latex mock testing was also to
determine the feasibility of the proposed testing setup before csilagen gelsThe latex used
in this testing was much stifféhanpredicted foithe collagen gelwith whichthe project team
will be working. As a result of this, tHatexdid not fail with 50g of force applied. However,
since a 509 force transducer was being used, when the load reached 50g the test waslterminate
In thesetess, the project team was able to come up with a mock indenter tip, calibrate the
actuator,and makeapeex i sting LabVIEW program compatible

requirements.

4.7.4 Circular Jell -O Mock Testing

Below is a summary of the informai found in the preliminary study conducted on two
different concentrations of J&l). The first samples ardentified ashe Blue samples which
were made with 2 packets of Jéllto one cup of water. The secoset of samples, identified as
the Red sanlps, wasmade with 3 packets of J&l) to one cup of water. Sample$ B were the
flarge sizéwith 70 mm outer diameter and 55 mm inner diameter. Samplé&were the
fimedium sizeé with a 55 mm outer diameter and 33 mm inner diameter. Samples 7 avd 8 w

thefismall sizé with a 28 mm outer diameter and 20 mm inner diameter. All ofjthehsand

36



data analysis erecompletedn Microsoft Excel 2007A sample graph can be seen belaw

Figurel0. The stiffness othis samplavas determined to be 57.05gf/cm.
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Figure 10: Top: Force vs displacement for sample R7; Bottom: Measured vs Calculated
displacement for sample R7

Table7 below showghe sampleidentification number paired with the stiffness reading for
the testThe mean and standard deviation was calculated for each size of the samples.
Additionally, the mean and standard deviation was calculated for all Bldleesamples and all
of theRed samples. Atest was performed on the data assuming unequal variances and it was

determined the stiffness of the two sets of samples was statistically different with a 90%

confidence.
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Table 7: Circular Jell -O Testing Stiffness Measurements

Sanple ID Stiffness Sample ID | Stiffness
12.6 29.6
18.8 16.7
19.1 25.7
Mean 16.8 Mean 24.0
Stdev 3.7 Stdev 6.63
B4 15.9 30.1
B5 29.9 31.2
B6 28.3 29.3
Mean 24.7 Mean 30.2
Stdev 7.7 Stdev 0.96
B7 ‘ 34.9 R7 57.1
B8 ‘ 37.9 R8 48.7
Mean 36.4 Mean 52.9
Stdev 2.15 Stdev 5.90

MEAN

All Blue Samples

24.7

MEAN

All Red Samples

33.5

STDEV

9.33

STDEV

13.0
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Table 8: t-test for Circular Jell-O Testing ComparingRed and Blue Samples

t-Test: TweSample Assuming Unequal Variances

Variable 1 Variable 2

Mean 24.6838 33.54361
Variance 87.04718 168.5091
Observations 8 8
Hypothesized Mean Difference 0
df 13
t Stat -1.56757
P(T<=t) onetalil 0.070496
t Critical onetail 1.350171
P(T<=t) twotail 0.140993
t Critical two-tail 1.770933
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5 Validation

Several experiments were done to validate the device. The first set of experiments
conducted was indentation testing on circularly clamped BB3&mples. The purpose of this
testing was to match results found in the article by Scott et al. (2004) to determine the stiffness of
PDMS. The next set of tesisedircularly clamped acellular collagen gels to shbatthe
device is compatible with tesg collagen gels. Following this, testing was done on cellular gels
with varying concentrations of cells and collagen to demongtraténe device can accurately

detect differences in stiffness resulting from changes in these variables.

5.1 PDMS Testing

The PDMS testing was set up to mirror testing done by Scott (@084) Samples were
tested with an h/éhickness to span radiusgtio of 0.005 which ensures they are in the
membrane region rather than the plate region because bending effects beglgitgenand
accurate notlinear analytical solutions exist (Scott et @004).Below a figure can be seen

illustrating a cross section of the testing setup with labeled varidbipsd€ 11).

> —>

a
Figure 11: Schematic diagram of indentation testing

For this series of testing, two samples of PDMS were testath fofive time, using the

device. The first sample was 0.18 mm thick with a radius of 32mm, giving an h/a r&g56f
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which is in the membrane regiofhe second sample was 0.3 mm thick with a radius of 35mm,
giving an h/a ratio of 0.00857. Both samples were tested with a 1.5 mm radius spherical

indenting tip giving an R/a ratio of .047 for the first sample and f0dthe second sample.

Samples were tested usingttemviceand f orce ( P), orhdissf)lanadc e ment
film thickness(h) were used to determine stiffness according to the following equation from Scott
et al:

PN
0= f {I i (ﬂ) . (4)

Wheref(v)is equal tal.049.0146/-0.1587 andv is equal to 1/3. Equation 4 is a modified

equation of the classical Schwerin solution for point loads and has been shown to be appropriate
for use with circularly clamped gels (Scott ef 2D04). This approximation has showrbt®

accurate for small R/a ratios (Scott et 2004). In Scott et.aan R/a ratio of 0.03 was used and

for the testing done with thaevicea similarly small R/dindenter tip radius to gel span radius)

ratio of 0.04 was used. Figurel2, a plot can be seen showing the R/a ratio of 0.03 with the

point load solution as well as the data.

0.12} - Daa -
AT Point Load Solution ;
| — Finite Contact Solution
008} :

d (N)

0.04}

0 2 4 6 8
Displacement {mm)
Figure 12: Load vs Displacement for Point Load Solution (Scott et al., 2004)

The plot of loadrersus displacement of the data veasnpared td-igurel2. A plot can be
seen below which contains test data from one of the trials of PDMS testing, The R/a ratio for the

test data was 0.04 and the test data caebe below in blue.
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Figure 13: Load vs Displacement Comparing Test Data to Scott et al

Also on this plot are the load and displacement pairings from the Scott article which can be
seen in pink. Additionally, displacement pts which were calculated using Equation 4 and the
stiffness value determined for the sample. To solve for the stiffness of the sample, calculated
displacements were compared to measured displacements and the difference was minimized by
altering the stiffless value using the Solver function in Microsoft Excel.

Below a summary table can be seen of the Stiffness values calculated for each trial for
samples 1 and 2. It should be noted that the percent deviation for each sample is less than five
percent. Thislemonstrates that tlids able to take measurements with a relatively high
precision. Additionally, it is also important to note the calculated stiffness for sample 2 is equal
to 1.15MPa which is equal to the stiffness for the sample used by Scott Eigalre12.
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Table 9: Summary of PDMS Data

Sample Trial Stiffness (Pa)
Trial 1 2.01E+06
Trial 2 2.00E+06
Trial 3 2.04E+06
Trial 4 1.98E+06
Sample|  Trial 5 1.97E+06
1 Mean 2.00E406
Sgl‘gt‘f‘éﬂ 2.49E+04
Coefficient
of Variation 1.25%
Trial 1 1.15E+06
Trial 2 1.23E+06
Trial 3 1.16E+06
Trial 4 1.07E+06
Sample|  Trial 5 1.15E+06
2 Mean 1.15E+06
Standard 5.74E+04
Deviation
Coefficient
of Variation 4.98%

The potocol for this testing can be foundAppendix VIl and rawdata can be foundhi
Appendix VIII.

5.2 Circularly Clamped Acellular Collagen Gel Testing

Acellular circularly clamped collagen gels weested with thelevice The gels were be
poured in 60mm Petri dishes with a foam anchor that is 7.5mm thick to provide an inner
diameter of 45mm. Force, displacement, span radius, and film thickness will be used to
determine stiffness of the gels using Bgon 4 to derive E.

Table10belowsummarizes the stiffness data for each tiN. data is provided for sample
1 as the sample was pierced on the first tfiae standard deviatiomas very high for thiset d

tests
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Table 10: Circularly Clamped Collagen Data

Sample Trial Stiffness (Pa)
2 1 5.51E+05
1 1.71E+06
3 2 3.67E+05
3 1.06E+06
1 1.61E+06
4 2 1.55E+06
3 1.00E+06
1 1.64E+06
5 2 1.54E+06
3 2.51E+06
Mean 1.35E+06
Standard Deviation 6.24E+05

Percent Deviation 46.08%

However, when the data is analyzed by Trial for each sample rather than all grouped
together the standard deviation decreases significantly. For the first trial the percent deviation is
only threepercent while for trials two and three this increases to 58% and 60%. From this it was

concluded that each sample can only be tested once.

Table 11: Circularly Clamped Collagen Data, Trial 1

Sample Stiffness (Pa)
3 1.71E+06
4 161E+06
5 1.64E+06
Mean 1.66E+06
Standard Deviation 5.01E+04
Percent Deviation 3.03%
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An FEM was made through which for a given force, the derived displacement from the
model should match the displacement reading from testing. The purpose of ihgsisetst show
that the FEM model works for acellular gel$ie protocol for this testing can be foundiand
the rawdata for this testing can be foundAppendix X

5.3 Circularly Clamped Collagen Gels with Cells Testing

Circularly clamped collagen gels seeded with cells were tested witletiee Force,
displacement, span radius, and film thickness were used to determine stiffness of the gels using
Equation 4 to derive E. The same FEM modefrfithe circularly clamped acellular collagen gel
testing was used to analyze the results. The E for the collagen gels seeded with cells was
expected to be higher than the E for the acellular collagen gels. The purpose of this testing is to
set up a contrdbr testing other variables.

Circularly clamped collagen gels seeded with cells were tested with the device. Force,
displacement, span radius, and film thickness were used to determine stiffness of the gels using
Equation 4 to derive E. The same FEM maufahe circularly clamped acellular collagen gel
tess was used to analyze the results. The E for the collagen gels seeded with cells was expected
to be higher than the E for the acellular collagen gels. The purpose of this westitogset up a
controlfor testing other variables.

Proposed variables for testing include varying the concentration of collagengels and
varying the concentration of ceils the gels The varying concentrations of collagen in the gels
include 0.5, 1.75, 3.0 (mg/mL) hE purpose of testing other variabless to demonstrate that
the device is able to detect differences in stiffness which result from altering gel properties. It is
believed that the stiffness of collagen gels increaseghe concentration of collagen géthin
the matrix increasgDelvove et al, 1991). Theestingprotocol can béound inAppendix X1 An
overview of the LabVIEW program which was used to carry out this testing can be found in

Appendix XII.
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5.4 FEM Analysis

Finite element analysis was conducted using both ANSYS 11.0 and ABAQUS 6.6. Both
pieces of software are industry standard for finite element anasISY S was selected
primaily for its simple user interface and quick caldalatimes and advanced features
including interactive time stepping, animation creation, and advanced CAD integration with
other drafting programs.

The first FEM test that was conducteds ofPDMS. This test used a PDMs&ample with
a radius of 32mm andthickness of 0.18 mm (dimensions measured from PDMS sample
testing). The modeled PDMS was given an elastic modulus of 1.72 MP&Paadas s on6s r at i
1/3. Additionally, the PDMS was subjected to forces ranging from 0.01 Nto 0.1 N
(approximately 1 to 1@rams). Unexpectedly, these material parameters do not yield to a
calculatablesolution through ANSYS. Thisaybe attributed to inherent problems with ANSYS
and extremely thin substances.

Alternatively, when a sample was given a higher thickness (icalsis, 3mm), ANSYS
was able to calculate a reasonable deformation (as seen bdtayuiald). Because of this
inherent inability for ANSYS to account for extremely thin samples ABAQUS, another Finite
Element Moding program was used. This program was also used gyétihnof the
Worcester Polytechnic Institute Tissue MechanicsMadhanobiologyabto create a model

thatmatched withthe theoretical data from Scott et al.
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Figure14: Comparison of Scott et al. to PDMS FEM (left) and
deformation of PDMS model subjected to up to 100 mN of Force (right)

Using ABAQUS, asecond deformation analysis was performed using a simulated 3.0

mg/ml collagen gel subjected to varying forcesirO to 80 mN. When compared to the actual

results from the 3.0 mg/ml trials, there is a strong correlation between the modeled displacement
and the measured displacement.
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Figure 15: Modeled vs. Measured ForceDisplacement Cuves for collagen at 3.0 mg/ml

To reference all of the points generated from FENS analysis is reproduced Appendix XV.

In addition to deformation analysis, strain analysis was performed on the finite element
models in oder to assess tmondestructiveness of the indentation method. In order to
accomplish this, the ANSYS model was changed so that it would account for strains instead of

deformation A picture of the strain analysis can be seen beloviguare16.

Model Color Strain (%)
17.6
15.8
13.9
12.0
I 101 |
8.19
6.29

4.39
2.49

— 10.000 (mm)——
——

Figure 16: Strain profile on collagen FEA Model subjected to 90 mN of Force
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Additionally, a table can be seen below soanizing the strains encountered at different

distances from the center of the {Edble12).

Table 12: Strain away from center of FEA model

Radial Distance .
From Center (mm) Strain (%)

0 4.4
2 4.2
4 38
8 4.39
10 2.50
12 3.19
14 11.1
15 18.0

As can be seen in the table, very low strains are present in the majority of the gel. It is
only at the outer edges of the gel near the clamping where high strains are pressmtesults
suggest, aspecified by our device objectives, that our indentation method is mostly

nondestrugve, despite the large displacement in relation to the thickness of the sample itself.
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6 Analysis and Discussion

Circularly clampedtollagen gelpopulated with 0.5milbn fibroblasts/mlwere tested
with the deviceGels were poured at three different concentrations: 0.5mg/mL, 1.75mg/mL and
3.0mg/mL. During testing, force and displacement were recorded. Two separate sets of testing
were completed; one was completed Math2008" April 1, 2008 and the other on April 4,
2008. On March 31, 2008 testing was conducted on a batch of gels at 3.0mg/mL. These gels had
been allowed to remodel for four days as technical difficulties were encountered on March 30
which prevented téimg on that day. The rest of the gels which were not tested on March 31
were tested on April 1 and they were the 0.5mg/mL and 1.75mg/mL concentrations. The gels
tested on April 4 were allowed to remodel for 3 d&yse to difficulties encountered while
removing the 0.5 mg/mL gels, the testing was not conducted on these samples and therefore

they are not included in the data analysis sections.

6.1 Reproducibility

For both sets of testing, force and displacement was recorded. One of the important
requirement®f the testing was that reproducible results were achieved between trials for
samples at the same concentration of collagen. Below are two plots, one for the 3.0mg/mL
concentration and one for the 1.75mg/mL concentration, which visually show reproducible
results Figurel7andFigurel8).
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Figure 17: Collagen gel of 3mg/ml were tested showing reproducible results between trials
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Figure 18: Collagen gel of 1.75mg/ml were tested showing reproducible results between trials

Additionally, to determine how numerically similar the trials were, a comparison of force

at different displacements was completed. The foreexatifferent displacements (0.5, 1.0, 1.5,
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2.0, 2.5, and 3.0mm) were determined. To get these force values, the average of the force
readings for each of the above displacements was taken. The average of these values was then
taken to determine the measrde value at each displacement. The standard deviation and
coefficient of variation was also computed. It is important to note that the tare load at which
displacement began to be recorded was not the same for trials on 3/31 and 4/1 as it was on 4/4.
Forthe testing on 4/4, displacement was recording starting a force reading of 1g. In contrast, the
displacement recording began at higher forces for 3/31 and 4/1 which is why a lower
displacement, 2.5mm, was reached. A table can be seen below which sumthanmzean,

standard deviation, and coefficient of variation for both sets of testing at the two different

concentrations:

Table 13: Force-displacement measurements for testing of collagen gels on 3/31/2008, 4/1/2008, and 4/4/200

3.0mg/mL
Displacement{mm) 0.5 1 15 2 2.5 3
Mean(mN) | 5.66 | 12.39 | 20.65 | 31.36 | 48.80 | 62.75
4/4/2008 Stdev(mN) | 1.37 1.06 1.88 3.02 3.84 2.07
Coeff Var 24% 9% 9% 10% 8% 3%
Mean(mN) | 13.78 | 32.19 | 56.22 | 88.38 | 123.21
3/31/2008 Stdev(mN) | 2.90 | 3.02 5.84 6.05 4.31

Coeff Var 21% 9% 10% 7% 3%
1.75mg/mL
Displacement 0.5 1 15 2 2.5 3

Mean(mN) | 4.99 | 10.96 | 16.17 | 26.39 | 38.25 | 46.31
4/4/2008 Stdev(mN) | 251 | 2.17 | 3.07 | 3.17 | 3.46 | 4.54
CoeffVar | 50% | 20% | 19% | 12% | 9% 10%
Mean(mN) | 3.83 | 4.11 | 9.52 | 1817 | 32.25
4/1/2008 Stdev(mN) | 0.74| 055 | 1.83 | 244 | 2.20
Coeffvar | 19% | 13% | 19% | 13% | 7%

For testing completed on the 3.0mg/mL gels the force values at the given displacements
are higher for those tested on 3/31/2008. It is believed that the reason tis¢repancy is
because the gels tested on 3/31/2008 were allowed to remodel for an extra day, leading to higher
stiffness values. For testing completed on the 1.75mg/mL gels the stiffness values are much

closer between the two trials and are higher fersit tested on 4/4/2008. This is the opposite of
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the trend seen with the other concentration of gels. A possible explanation for this difference is
that since there was less collagen in these samples there was not a significant increase in the
stiffness ad in fact the gels began to degrade due to the remodeling period of five days. The
Forcedisplacement pairings were also plotted for both of the testing days and can be seen below
in Figure19. These plots visuallreinforce the low standard deviation and coefficient of

variation seen between samples in the same trials.
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Figure 19: a) Average force versus displacement for 3/31/08'1/08 testing b) Average
force versus displacement for 44/08 testing. Note the low standard deviation in both
trials.
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6.2 Determining Stiffness

In addition to showing reproducibility, it was also important to show that the device was
capable of determining the stiffness of gels with varying stiffness propdrtiese varying
stiffness properties were achieved by using different concentrations of collagen in the samples.

The plot below contains representative data from a trial at each concentration of collagen.

80
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Force (mN)

35
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Figure 20: Represengtive plot of 3mg/ml and 1.75mg/ml of collagen gels.

As can be seen in the above plot, there is a clear visual difference between the 3.0mg/mL sample
and the 1.75mg/mL sample.

Beyond establishing that higher forces were generated for the samples adhithigher
concentration of collagen, stiffness values also had to be calcigaiffaess values were
calculated using three different equations to model the data in order to determine the equation
which fit the data best. There are three different comepts of which some are present in each
eqguation. The first component is the membrane deflection component which accounts for how
much the membrane is deflected. This component was obtained from work completed on
transverse loading by Scott et @004)and can be seen below:

8 d &

P= Eak@f—g (v)a@
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The second component is the Hertz component. The purpose of this component is to

account fohow much the indenter tip indents to the gel and can be seen below:

o \/16RE2(kd)3
9

The third component is the bending stiffness component. The puopdtisis component is

to account for any bending stiffness which may be present in the gel and can be seen below:
_ 4p Bn’
3(1- v?)a®

The variables itomponents one, two, and theeefor ce ( P), di spl acement

radius (a), film thickness(h), radius of indenter &), (nitial force o), displacement
proportionality factor (k), and(v) which is equal to 1.049146/-0.1587 for av of 1/3.

It is important to note that only reggentative plots and tables of the stiffness values for
data collected on 4/4/2008 can be found in this section. Due to inconsistencies in testing
procedures and incubation periods the stiffness values from 3/31U/@B were believed to be
unreliable. Adlitionally, it is evident from the average fordesplacement plots found in the last
section, there were different forces present on the two days, further supporting the idea that data
from the two days will not coincide. Modeled data and stiffness vébnessting completed
3/31/084/1/08 can be found iAppendix XV.

6.3 Membrane Deflection Equation

The first equation used to analyze stiffness was the membrane deflection equation. This
equation is made up of the membraneeat#ibn component previously discussed as well as a

tare load. Equation (1) can be seen below:

_ d (1)
P=E +F
a%r—g (v)a@ 0
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A representative plot of the measured data and fitted data along with residuals can be seen below

for both collagen concentrationsigure23).
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Figure 21: Collected data of collagen concentration of (a) 1.75mg/rfitted with the membrane deflection equation and
residual plots below (b) 3.0mg/mil fittedwith the membrane deflection equation and residual plots below (a) has & R
value of 0.987 and a RMS value of 0.006mN while (b) has & ®lue of 0.968 and a RMS value of 0.006mN

As can be seen on the representative plots, the model is not an ideahi data as it
apparent in the residuals that there is some systematic error. Comparatively, the fit for the
3.0mg/mL data is a better fit than that for the 1.75mg/mL datather way to evaluate the error
of the fits is to analyze the?’Rnd RMS valuewhich can be seen below Trable14.
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Table 14: R? and RMS values for Equation 1 for both 3.0mg/mL and 1.75mg/mL collagen concentrations

Trial 1 2 3 4 5 Average
RA2 0.992 | 0.981 | 0.990 | 0.992 | 0.982 0.987
RMS (mN) 5.22 5.95 5.90 5.01 5.74 5.56
1.75mg/mL R"2 0.965 | 0.979 | 0.970 | 0.959 | 0.970 0.968
RMS (mN) 5.48 4.57 6.18 6.35 6.66 5.85

3.0mg/mL

As can be seen in this table thevRlue is very high for both concentrations (greater than 0.96
for both). Howeer, the RMS value is high for both concentrations. The RMS value is above

5.5mN for both concentrations which is significant since the maximum force76rall.

In addition to observing the plots of the data, it is also important to determine how the
detemined stiffness values from the models vary between trials. A plot can be seen below of the
stiffness values for the trials conducted on 4/4/Cib(e15):

Table 15: Stiffness values determied using Ejuation 1 for 3.0mg/mL and 1.75mg/mL collagen gels

Trial 1 2 3 4 5 Average| Stdev| CV
3.0 E
mg/mL| (MPa) | 0.445 | 0.435 | 0.506 | 0.484 | 0.456 | 0.47 0.03 | 6.29%
1.75 E
mg/mL| (MPa) | 1.31 | 1.28 | 1.49 | 139 | 1.6 141 | 0.13 | 9.34%

Both stiffness values have a coefint of variation of less than ten percent, indicating consistent

stiffness value among trials.

6.4 Membrane Deflection and Hertz Equation

The second equation used to analyze stiffness was the membrane deflection and Hertz
eqguation. This equation is madp of the membrane deflection component, Hertz component,
and a tare load. The purpose of this equation is to account for both membrane deflection as well
bending of the collagen gel. Equation (2) can be seen below:

o ~3 2 3
3 d 8 \/16RE kK, eo

P= Ea@f—g (v)ag +
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A representative pt of the measured data and fitted data along with residuals can be seen

below for both collagen concentratiofsgure23).
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Figure 22: Collected data of collgen concentration of (a) 1.75mg/miitted with the membrane deflection and Hertz
equation and residual plots below (b) 3.0mg/ml fitted with the membrane deflection and Hertz equation and residual
plots below (a) has a Rvalue of 0.978 and a RMS value di.009mN while (b) has a Rvalue of 0.975 and a RMS value of
0.005mN

As can be seen on the representative plots, the model is a very good fit for the measured data for
both concentrations. This is further supported by the residuals which show no systeratic
Also supporting this fit are the low’Rnd RMS values. A table can be seen belbable16)

summarizing these values:
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Table 16: R? and RMS values for Equation 2 for both 3.0mg/mL and 1.75mg/mL collagen concentrations

Trial 1 2 3 4 5 Average
R 0.992 0.990 0.995 0.993 0.991 0.992
3.0mg/mL RMS
(mN) 0.002 0.002 0.002 0.002 0.003 0.002
R 0.981 0.976 0.989 0.979 0.988 0.983
1.75mg/mL| RMS
(mN) 0.003 0.003 0.002 0.003 0.002 0.002

TheR?value is greater than 0.98 for all trials and the average RMS value for both concentrations

is 0.002mN which is very low.

In addition to comparing how well the model fits the data, it is also important to compare

the stiffness values among trialssummary table can be seen beldwal§le17) of these values:

Table 17: Stiffness values determined using Guation 2 for 3.0mg/mL and 1.75mg/mL collagen gels

Trial 1 2 3 4 5 Average| Stdev v
3.0 | E(MPa)] 0.297 | 0.201 | 0.263 | 0.360 | 0.243 0.273 | 0.060 22%
mg/mL k 0.027 | 0.056 | 0.048 | 0.019 | 0.045 0.039 0.016 40%
1.75 | E (MPa)| 0.00343| 0.00054| 0.00341| 0.00052| 0.00348 0.002 | 0.002 70%
mg/mL k 1.249 | 4.111 1.346 | 4.507 1.395 2.522 1.639 65%

It is important to note that despite the good fit of model to the data, the stiffness values
generated are very inconsistent. The coefficient of variation for 3.0mg/mL is 22% and for the
1.75mg/mL is 75% which are both significantly higher than the generally acce}ésl
indicating inconsistency between trialdie reason for the inconsistency in the E and k values is
due to the solving of this equation. Both variables were solved at the same time using MATLAB.
Because of this sometimes a better fit was achievétabiyng a high k and low E and other

times the better fit was achieved by solving with a low k and high E.
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6.5 Membrane Deflection and Bending Stiffness Equation

The third equation used to analyze stiffness was the membrane deflection and bending
stiffness equation. This equation is made up of the membrane deflection component, bending
component, and a tare load. The purpose of this equation is to account for both membrane
deflection as well bending stiffness of the collagen gel. Equation (3) can beetaen b

a d o 4p @n°

3)
r%f (v)a_ 3(1— v?)a’®

+Fo

A representative plot of the measured data and fitted data along with residuals can be seen below

for both collagen concentrationsSigure23).
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Figure 23: Collected data of collagen concentration of (a) 1.75mg/r(th) 3.00mg/ml fitted with equation (5) and residual

plots below. (a) has a Rvalue of 0.984 and a RMS value of 2.43mN while (b) has & ®alue of 0.984 and a RMS value of
2.18mN

In observing the fit of the model to the measured data, in both cases it is apparent that the
model is not a good fit for the dafEhere is systematic error for both concentrations, as can be
seen by the plots of the residudlbe poor fit is also suppodeby the RMS values which can be
seen below imablel8.

Table 18: R? and RMS values for Equation 3 for both 3.0mg/mL and 1.75mg/mL collagen concentrations

Trial 1 2 3 4 5 Average
R"2 0.964 | 0.983 | 0.982 | 0.972 | 0.987 | 0.978
3.0mg/mL
RMS (mN)| 4.85 | 3.17 | 396 | 556 | 3.38 4.18
R"2 0.971 | 0.983 | 0.977 | 0.966 | 0.977 | 0.975
1.75mg/mL
RMS (mN)| 5.09 | 430 | 566 | 598 | 6.07 5.42
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Despite this poor fit, there is however a low coefficientariation among tria as seen

below inTable19.

Table 19: Stiffness values determined usingquation 3 for 3.0mg/mL and 1.75mg/mL collagen gels

Trial 1 2 3 4 5 Average| Stdev Ccv

3.0
mg/mL | E (MPa)] 1.15 1.14 132 1.24 1.18 1.21 0.07 6.19%

1.75
mg/mL | E (MPa)] 1.16 1.12 1.31 1.22 1.41 1.24 0.12 9.42%

While thestiffness values among trials are consistent (less than ten percent variation) they do not
make sense physically. The average stiffness value for esich cbncentrations is

approximately 1.2MPa and they should not be the same for the two concentrations. If the two
gels were of the same stiffness they would produce the samedisptacement curve and they

do not. The 3.0mg/mL concentration has a forfc@dmN for a displacement of 3mm while the

1.75mg/mL concentration has a force of 60mN for the same displacement.

6.6 Selected Equation

The equation selected for use in this project B@sation 1, the membrane deflection
eqguation. This equation providedoav coefficient of variation between the determined stiffness
values among trials. The determined stiffness values for the second equation had a coefficient of
variation among trials which was too high to allow that equation to be applied. Additionally,
while Equation 3 had a low coefficient of variation among trials, the stiffness values were the
same for both concentrations of collagen which should not be the case. Because of the
aforementioned reasons, Equation 1 was selected for use. It is importatg that it is believed
that there is indentation component to the equation but more research needs to be conducted to
determine what this term is and how it changes as the gel is displaced and becomes thinner.
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6.7 Comparison to Literature

In addition tocomparing stiffness values among trials, it was also important to compare
the stiffness values derived from testing to those found in literature. One past study-on three
dimensional type | collagen extracellular was by Roeder et al., 2002 in which uniaxial
mechanical testing on collagen gels was performed. In this testing collagen gel concentrations of
1.0mg/ml, 2.0mg/ml, and 3.0mg/ml were tested. The corresponding linear moduli were 10.7kPa,
16.6kPa, and 24.3kPa. The stiffness values in this trial wénenbgher than this range, 470kPa
and 1.41MPa however this difference can be attributed to the gels in this studied being populated
with human fibroblasts while the previously mentioned study used acellular gels which were not
able to remodelAnother stugt conducted by Wakatsuki et al. (20006und the stiffness of
fibroblastpopulated matrice® be 0.8 MPa. This value is within the range of the values that
were found in this trial. These values from literature show that stiffness values found in this
study are within a reasonable range when cortptr similar studies. The variations are most

likely due b different methods of testing and how the test samples are prepared.

6.8 Noise Testing

In order to determine therror associated with noiséthe data gathered from the force
transdweer noise testing was completedoille testing waperformedooth on the bench top and
on the air table (where testing was condddbr the collagen gels). Noise data was recorded
both while the actuator was moving and while the device was still atdm#ttidns. The dataas
recorded for a period difty seconds at each of the locati@s sampling frequency of 1000Hz,
resulting in 50,000 data pointsor this testing the device was completely set up however no
sample was used. The testing was coneplét air.

Noise testing was completed usingast Fourier Transform or FFT was also performed on
the data. The purpose of an FFT is to detect frequencies of noise which can be filtered out of the
data. Generally, a FFT will produce a distinct peak catiing the frequencies which should be
filtered out. When an FFT is performed in MATLAB, the program will display a plot of different
frequencesand also display how ofteachfrequency appear&. F T6s wer e perf or me
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collected in four different &ing conditions. First, noise testing was completed with the actuator

movingon both the air table and benchtop FFT6s f or this tkguei ng can
24,
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Figure 24: FFT for force transducer moving; Top: testing performed on air table;

Bottom: Testing performed on bench top

For the moving force transducen the air tabl¢here are two distinct peaks at frequency
of 100Hz and 110Hz. There is no difference in the locatidheopeaks between testing surfaces

however the magnitude of the peak frequency is increased for the air table.

The second set of noise testing was completed with the actuator not moving. This testing
had the same setup as the testing completed withcthator moving. The FFT for the second

set of testing can be seen belowigure25.
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Figure 25: FFT for force transducer not moving; Top: testing performed on air table;
Bottom: Testing performed on bench top

As compared to the transducer moving, the peaks are in different locations. This is because
these peaks are a result of electrical noise rather than mechanical noise from the actuator. These
peaks appear at 60Hz and every odd harocnaiter that, representative of electrical nolse.
should also be noted scale of the FFT graphs as for the moving data the range is fre@0Dabout

to 20 while for the still data the range is from ab@uto 4.

Based on the results of the FFT, filtericmuld be done postata collection to filter out
some of the noise present in the data which is a result of the actuator movement. To do so a

bandstop filter would be used which would filter out frequencies of100Hz.
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7  Future Work

7.1 Varying Stiffness

The work completed in the project regarding the quantification of stiffness of circularly
clamped gels provides an accurate and reliable means to measure gel stiffiteeslsl on this
foundation, one of the next steiggo apply the device ttesting sarples in which stiffness has
been varied by different methodStiffness is generally varied through one of two ways, either
biochemically or mechanicallgel stiffness can be altered through both chemical and physical
crosslinking and by changing bounga&onditions. Because crosslinking often results in a
change in the structure of the collagen or cytotoxic byproducts, it is desirable to study the effects
of purely mechanical changes on the cell environm&here are several different methods
which curently exist for controlling stiffness mechanically. Methods used in previous studies
include a free floating model, a restrained (fixed) model and a method which used weights to
provide a variable boundacpndition(Frederick Grinnell, 2000; Knezevic, Sim, Borg, &
Holmes, 2002)

7.2 Methods for Mechanically Varying Stiffness

In the floating model, the collagen gel is released from its boundaries immediately
following its polymerization. This immediate release pregsghe matrix from developing
tension during culturéGrinnell, 2000) Additionally, cells do not form stress fibers and
mechanical properties of the gel soon diminish as the cells become apoptasemvironment
(Grinnell, 2000) The floating model results in the most compliant gels of the different models.
This high gel compliance, along with the lack of stress fibers, contributes to an undetectab
effectcof TGFb on f i brobl asts. Because of the | ack of
ineffectivenessof TG, t he amount of differentiation see

is minimal(Arora, Narani, & McCulloch, 1999)
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In the fixed, or restrained, model the collagen matrix is not removed from its boundaries
after poymerization and tension is developed in the gel. This is the application which was used
in this project with the circularly clamped collagen gels. This tension causes the collagen fibers
to remodel and alter the structure of the gel. This isometric teakiog with the formation of
stress fibers and large cellular extensions is observed in all these fix¢Brgdksick Grinnell,
2000) The matrices under this tension have been shown to provide aoreneirt in which
TGFb can be successfully use@rohetall®®itise fi brob
important to note that once these fixed gels are released from their boundaries, the cells become
apoptotic as they do in the free mo¢ielederick Grinnell, 2000)Tension is not only critical to
the survival of the cells, as other studies have shown that mechanical tension is a crucial element
in the differentiation of fibroblast cel(&arrett et al., 2004)

fiFreed andi ikedd models make it possible to successfully investigate two extreme
boundary conditions, which result in two very different phenotypes of cells. Because it has been
shown that stiffness has a significant effect on myoblast differentiation, it is important to
investigate the effects of a range of different stiffness beyond the free and fixedstattdsr to
obtain boundary stiffness levels that are between that of the free and fixed models, a method was
developedn which different size weights were attached to the boundaries of gels to create a
compliant boundary that provided varying degrees of resistance to the contractive forces caused
by the collagen remodeling. This isotonic boundary model created incongstangel
formation and did not allow for any method to determine the magnitude of the mechanical forces
as seen by the cells. Also, this study did not investigate the relationship between boundary

stiffness and fibroblast differentiatigknezevic et al., 2002)
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(a) (b) (c)

Figure 26: A depiction of the different types of collagen matrices.
(a) Free Floating (b) Fixed (c) Isotonic Boundary (Billiar)

Another investigation of intermediate stiffness values includes a study performed by
Freyman et a2002) In this study the effect of stiffness on contractile force is examined. In the
experiment a gel seeded with fibroblasts was clamped at one end and attached to a compliant
beam on the other end. Beams of different geometries were used to actiezeatdevels of
stiffness and the total force, force of the beam and matrix, was measured. It was shown that an
increase in stiffness decreased both displacement and rate of displacement. This study concluded
that the forces per cell, as well as the etevhich these forces were generated, were not affected
by stiffness. This is an important conclusion as it shows the effect of varying stiffness on forces
generated by cells. However, this study fails to address completely the effects of stiffness on the
cells. This research does mobvide values o$tiffness the cells are experiencing but rather
guantifies a force per cell. The level of stiffness seen by cells is an important piece of

information as it provides insight regarding how cells respondriongastiffness.

7.3 A New Approach toModulating Stiffness

In order to quantify the effects of varying stiffness without changing the biochemical
environment, the Boundary Controlled Stiffness Device (BCSD), a novel device developed by

Dr. Kristen Billiar & Worcester Polytechnic Institute, was built. The BCSD makes it possible to
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study the effects of intermediate boundary stiffness by changing only mechanical properties. The
device uses compliant springs, attached to edges of a gel to vary boundarysst@fmegs of

varying diameters are used to change the amount of stiffness. The ability to tailor stiffness is
essential in order to develop biomaterials which meet specific neen®. By developing a gel

with a stiffness that causes the correct amotiifferentiation of myofibroblasts it is possible

to develop tissues which can avoid fibrocontractive diseases. Of additional importance is the fact

that this novel device varies stiffness only by mechanical means.

With the development of the BCSD # possible to measutiee effects oboundary
stiffness through image analysigeam stiffness can be calculating by measuring the force
generated by given displacements. To do so, the beams are connected to a clamp and laid on a
scale. The end of the beardnnected to the clamp is then displaced incrementally to given
displacements. Force versus displacement is then plotted and the slope of the line of best fit is the
stiffness of the beanBy measuring the change in location of the springs based on the
compaction of the gel it is possible determine the force at which the cells remodelgtile
this is valuable information, it is not the only information needed; also important is the stiffness
of the gel. The stiffness the cells experience is a resbltbfboundary stiffness and gel
stiffness.

7.4 Compatibility with the BCSD

The device produced in this project is unique as it was designed to also be compatible with
the BCSD. To demonstrate that the device could be used in conjunction with the BCSD
preliminary testing was conducted. Gels were poured at a concentration of 3.0mg/mL and
populated with fibroblasts at a concentration of 0.5million cells/mL. One gel was poured in the
BCSD with a compliant spring setup while another was poured with a stifsgtap.

The first set of graphs shown beléuwgure27, are plots of the raw data that was
gathered by the device. Using only this data, there appears to be too much noise to make any
conclusions about the difiemces between the two gels. This is due to the forces being lower

than was expected based on the preliminary and circularly clamped gel testing.
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Figure 27: Raw data collected from BCSD testing; Note the large amount of noise ment in the data

There is a small difference in the measured forces which can be seen for the two setups;
the compliant setup has slightly higher forces. Overall however, the data is rather inconitlusive.
is important to note that testing conditions rhaye affected the foredisplacement curves for
the samples. Both samples were removed from media for a period of time and then resubmerged.
Additionally, one of the four springs in the stiff setup became disconnected from the sample and
it had to be reglued which may have affected testifgirthermore, it is believed that in order to
evaluate this data many other variables need to be taken into account which are not in-the force
displacementurve. These include sample thicknéasyyancy and amount ofompaction
which has occurredddditionally, another important concern with testing using the BCSD comes
from the notion of understanding the environment in which the gels are tested. Specifically,
whether those gels are tested while submerged or testkdinvthe air. With air testing, the gel
is taken out of its growth environment and there is a chance that the gels could dry out during the
test period. However, if the gels were to remain submerged the existence of buoyant forces may
affect the measurddrces during the test.
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8 Conclusions

The main outcome of this project was validation of the device. Two sets of testing were
completed to validate the device: testing with PDMS and testing with circularly clamped
collagen gels. The purpose of the PDMSting was to validate the device against literature.
Additionally, since PDMS is an elastic polymer, it is easier to work with than a biological
substance for a first round of validation testing. The results of the PDMS testing show a high
correlation beveen the measured data and data collected by Scot{20@4.). Establishing this
correlation was an important step in the development of the device as it showed that the device

was able to output similar results to previously conducted researchmewerse loading.

Following the PDMS testing, transverse loading on circularly clamped collagen gels was
performed. Circularly clamped collagen gels were used because they are commonly used and it
was necessary to show the device could be used in conjumétiothis medium as the device
will ultimately be used to test soft biological substances. Collagen gels of three different
concentrations were tested in order to mimic different stiffaaksesof gels that could be
encountered in the lab. It was detémed that the lowest concentration of collagen gels
(0.5mg/mL of collagen) could not be reliably tested as they were very fragile and prone to
breaking upon handling. As this concentration is very low compared to the concentrations which
are generally usk trials were not repeated to try and obtain more data on this concentration.

However, data was successfully collected on the 1.75mg/mL and 3.0mg/mL concentration.

One of the main points which was important to illustrate was that the device produced
repedable results. To ensure this, the 6 samples at the same concentration within each round of
testing were compared. To compare these samples, the force values at 6 different displacements
(0.5, 1.0, 1.5, 2.0, 2.5, 3.0) were compared. This coefficient @fticar was approximately 10%

for most samples, demonstrating repeatability.

In addition to repeatability, it was also important to establish that the device could
measure the stiffness of gels of varying stiffness. To determine the stiffness of the stmaples
measured data of each of the samples was fitted to a model in MATLAB. As compared to
literature the stiffness values wdrigher for the measured dakdowever, the stiffness values
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determined by fitting Equation 1 to the data had a very low coafficf variation between trials

for bothconcentrations.
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9 Recommendations

Although this project accomplished the goal of creating a device capable of determining
the stiffness of collagen gels while meeting specifications, it is believed that this dasittes
potential to be used in @ven greater manner. Due to constraints (time, money, scope, etc.) on
this particular project, it was not possible to fully exploit the capabilities of this device and
concept. With more time, more thorough and extertsistng with the BCSD is recommended.
While the project did prove that the device is compatible in both theory and practice with the
BCSD, testing did not go beyond proof of concept. Future testing could be done with the BCSD
to determine the effect oblindary conditions on a number of different variables with the gels,
including but not limited to cell differentiation, cell viability, and gel remodeling. The data could
be collected with our device and then using this information along with an FEM rtialel,
stiffness of the more intricately shaped BCSD gels could be determined. This project began to
demonstrate how FE models could be used to accomplish this, but did not apply this theory to the
BCSD.

Also, for future testing it is recommended that theside be validated for use with other
similar materials such as fibrin gels, another commonly used wound healing model. This could
be done easily but was not done in this project due to time constraints and the scope of the

project.

In the future, changecould be made to this device in order to better suit it for different
uses. Because of the ability of this device to accurately measure both force and displacement, it
could be used for a variety of different applications other than gel stiffness eintord
accommodate this, simple changes could be made to the device. In this project, low strains on the
gel were achieved due to the shape and size of the indenter tip. This tip, however, can be easily

changed and different kinds of tips could be usedufimre applications.

Also, the actuator used in this project was thought to be the main source of the noise in
the data. While this noise was found to be acceptable for this project, this might not hold true for
future testing or applications. To countrthis, a less noisy, probably more expensive, actuator
could be used. Where a stepper motor was used in this project because of its accuracy, cost and

integration with available equipment, perhaps a less noisy type of actuator, such as a servo
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motor, cold be used to replace it. This would hopefully help to decrease the noise that is
inherent with the current setup. Also to help reduce the noise level, the bracket holding the linear
actuator and linear encoder should be remade out of aluminum or a seliédy rather than the
current acrylic material. This along with the addition of a rubber gasket between the actuator and
bracket should help reduce the noise levels. A picture of how this would look can be seen in

Figure28 below.

Figure 28: Modified bracket with rubber gasket

The compact size of the device gives it the ability to be easily moved and transported
within the lab. This size could also allow it to be used within a stenleamment, which would
create the potential for a whole new type of testing. Currently the device is not meant to be
sterile, but this could be changed with little effort or a slight redesign. Those using this device for
future applications may wish to caider their need to sterility and how they can integrate this

device in a sterile environment.

Another addition that should be made to the device in order to aid in the BCSD testing
process is an attached water bath for the BCSD to sit in. This wouldalkhe removal of the
gel from the Petri dish that it is cultured in, with minimal disturbance. Also, the gel could then be
tested in a controlled environment were the material properties would not change significantly. A

concept of this additional watbath can be seen Fgure29.
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Figure 29: Device with additional water bath

In future testing, more research should be conducted in order to find an equation that
better fits the complettansverse loading method done in these experiments. Initially, the
membrane deflection equation was used as our first approximation of the stiffness of the gel
sample. This model fit the data relatively well, but in order to obtain an even better Fitettz
indentation part of the equation was added. This addition to the equation, however, introduces
some new issues to the validity of the equation. The Hertz component of the equation is based on
the assumption that only indentation and not trans\dsfection is taking place. Because of
this, the Hertz equation assumes the stiffness value to be constant. This constant displacement
and stiffness value does not hold true when the sample is being stretched. This is due to the
changes in density and tkitess of the sample during the stretching caused by transverse
deflection. In simple terms, the Hertz component of the equation is not able to adapt to the
changes in the sample during transverse deflection; the indenter tip does not deflect nearly as far
into the gel once it has been significantly deflected as it would if the gel was not being deflected.
This leads to a complex situation where the stretching value of stiffness, the indentation depth
and indentation stiffness would all be changing at theestame. The goal of this project was to

guantify stiffness, but in order to do so at as high a level as just previously mentioned is far
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beyond the scope of this project. This project was designed in order to provide a first level
approximation of stiffngs, but in order to obtain the best model possible, these factors should be

taken into account for future testing.
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Appendix | Rll-O Stiffness Testing Protocol

Materials:

- Rectangular foam anchors with inner dimensions of 2cm X 0.5cm and outer dimensions
of 24cm X 0.7cm

- JellO

- Paperclips

- Suture

Methods:

1. Cut foam anchor into rectangles with inner dimensions of 2cm X 0.5cm and outer
dimensions of 2.4cm X 0.7cm

Lay foam anchors in the bottom of flat Tupperware containters.

Mix Jell-O using two JellO packages 1% cups of boiling water. Pour J€llin
containers to a height equal to that of the foam anchors.

Allow Jell-O to sit for four hours.

Cut around foam anchors and remove excessell

Remove foam anchors with J€l inside.

Tape two binder clips to éhbottom of two plastic beakers

Clip the foam anchor containing the Jéllin-between the binder clips to achieve the
setup shown below.

w N

© N OA

Figure 30: Setup for Jel-O mock testing

9. Guide suture between the collagen gel and foarharan one side of the sample and
then loop it around the collagen gel and backetween the foam anchor and gel being
careful not to rip the gel.
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10.Use a small piece of packaging tape to tape the two ends of the suture together.
Incrementally add small parclips to the suture until the gel fails. Record the number of
paperclips added.

11.Repeat steps-80 for each gel.
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Appendix Il Collagen Gel Stiffness Testing Protocol

Materials:

- PDMS with 1cm X 2.5cm rectangular wells

- Pins lab device to clamp PDMS

- #1032 X [|Jess steel acrews

- Rectangular foam anchors with inner dimensions of 2cm X 0.5cm and outer dimenstions
of 2.4cm X 0.7cm

- Collagen gels

- Bo kidney wire

- Suture

Methods:

1. Prepare PDMS wells by making 4 rectangular pieces of PDMS and cutting out four 1cm
X 2.5cm wells in two pieces.
2. Autocl ave PDMS molds and Pinsd Lab device
3. Sterilize the screws and foam anchors using isopropyl alcohol, then wash three times with
PBS with each wash lasting 5 minutes.
4. Assemble the device by inserting into the dewdase the flat layer of PDMS, the PDMS
with wells, the foam anchors and then the device lid.

'.,'?U'l‘!'!'!""'”

Figure 31: Assembled device

Prepare collagen gels accordingdjmpendixV.

Pipette collagen ¢g@nto wells placing 0.5mL in each well.

Allow gels to compact in the incubator for three days.

Remove screws and lid from the device. Take out the two layers of PDMS and peel off
the top layer. Cut along the sides of the gel lengthwise to separata thiedoam

anchor.

9. Tape two binder clips to the bottom of two plastic beakers. Tape-mamsquare piece

of paper to one of the beakers to act as a reference point to measure displacement.

© NGO
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10.Clip the foam anchor containing the gelaatween the bindetips to achieve the setup
shown below.

Figure 32: Setup for collagen gel testing

11. Setup the camera on a tripod and connect it to remote capture on the computer screen.
12.Guide suture between the collagen gel and foam anchor aidmef the sample and
then loop it around the collagen gel and backetween the foam anchor and gel being
careful not to rip the gel.
13.Use a small piece of packaging tape to tape the two ends of the suture together.
|l ncremental |l y a dthe sptureanctake apicturd afterwddingeeach
weight as seen below.

Figure 33: Collagen gel with weight added to create displacement of the gel

14.Repeat steps 103 for each gel.
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15. Analyze results using ImageJ to determinedisplacement of the each gel after each
weight is added.
16. Calculate the stiffness of each gel based on ImageJ analysis.
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Appendix Il Latex Mock Testing Protocol

Materials:

Sensotec 509 force transducer

NI signal conditioning box

10V strain guage

Billiar lab linear &tuator

Metal rod (1.55mm in diameter)

Latex glove

Plastic beaker

Packaging tape and scotch tape

Dell Optiplex GX280 with Microsoft Windows XP Professional Edition and National
Il nstrument sdé LabVIEW v 7.1

Methods: Testing Protocol

1.

Connect the force trangder to the signal conditioning box/strain gauge, set up
LabVIEW by loading the appropriate .vi so the computer recognizes the additional strain
gauge in the signal conditioning box.

Table 20: Wire Connections, Functions, and Colos

Wire Color Function Connected to
Red + EXxcitation 14 of signal conditioning box
Black - Excitation 3 of signal conditioning box
Green - Output 5 of strain gauge
White + Output 6 of strain gauge

Calibrate the force transduceeé

Methods: Calibrating 50g Fordegransducer)

2.

3.

Secure the force transducer in the holding device on the linear actuator. The tip of the
force transducer should have the flat face oriented

Prepare the mock latex sample. Cuttbiatlargest possible portion of a latex glove,
secure glove in place over the mouth of the plastic beaker with tape.
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4. Insert the indenter tip (metal rod) into the hole in the bottom of the force transducer. To
ensure the tip does not get lodged within tred transducer, also insert a small piece of
metal rod of the same diameter into the hole perpendicular to the rod and tape into place.

Extra piece of metal rod

Indenter Tip

Figure 34: Setup of Force Transducer and Indenter Tip

Force Transducer

Indenter Tip

Mock Testing Sample

Figure 35: Mock Testing Setup

5. Open the uniaxial test program from the fo
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6. Select a Base Path of: Documents and Setihdsl UsersA Shared Document
Lab Notebook®y, SGS MQP. Select the testing folder as thetlooao save the data.
Name the test O0Test 16.

7. Ensure that there is at least 0.5 inches of clearance between the indenter tip and the mock
test sample.

8. Start the actuator, set it to move down, and start recording with LabVIEW.

9. Allow the force to approachOg), then turn off the actuator, reverse the direction, and turn
the actuator back on to remove the tip from the sample.

10. Repeat steps-9 for all samples, changing the name of the test each time to avoid
overwriting any d¢aflegtTesd, Test2eetci)ous testsd da

Note: For mock testing trials, SGS tested different areas of the latex for each test (i.e.

different areas of the mock material were tested)

Methods: Calibrating 50g Force Transducer

1. Secure the force transducer in the holding deercéhe linear actuator. The tip of the
force transducer should ha—the flat face oriented up.

2. O0pen the LabVIEW program called 6Test
the transducer.

3. Record the force when no weight is added to the transducer

4. Weigh four paperclips and add the paperclips to the force transducer, recording the force
reading after the addition of each paperclip.

5. Graph the weight and force measurements with the force reading omatieand the
weight reading on the-gxis. Fita lineartrend lineto the data as seen belowHigure36.
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Figure 36: Graph used to determine calibration factor for force transducer

6. Modify the uniaxial test program so that the nplitation factor is the slope of the line
multiplied by 1000. Modify the offset factor so that it is equal to tHi@sgrcept.
7. Your Force Transducer should now be calibrated
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Appendix IV Circular JeltfO Mock Testing Protocol

Materials:

Sensotec 509 force transducer

NI signal conditioning box
10V strain guage
Billiar lab linear actuator

Metal rod (1.55mm in diameter)

20 porous polypropyl ene

3 large plastic beakers
3 binder clips
Scalpel

Packaging tape and scotch tape
Dell Optiplex GX280 with Microsoft Windows XP &fessional Edition and National

l nstrument so

Methods: Testing Preparation

LabVI EW \Y

1. Cut circular foam anchors froted porous

o o

found in the table below:

7.1

pol ypropyl ene

Table 21: Foam Anchor Dimensbns and Sizes

Number Cut Inner Diameter Outer Diameter
6 Large 55 mm 70 mm
8 Medium 33 mm 55 mm
4 Small 20 mm 28 mm

Divide the foam anchors into two testing groups.
Lay the foam anchors out in the bottom of flat Tupperware containers. PoQr id¢dl

the containers to a depth approximately equal to that of the height of the foam anchors.
For half of the foam anchors use red-I&lt a concentration of 3 packets/cup boiling

water. For the other half of the foam anchors use blu€Jatla conaatration of 2
packets/cup boiling water. Allow Jeb to sit in fridge for at least 4 hours.
Carefully cut around the foam anchors using a scalpel and remove excéxs Jell
Carefully remove the JeD samples from the containers.

Invert 3 large plastic bé&ears and tape a binder clip to the bottom rim of each beaker.
Enough samples have been prepared to do a test run with a medium sized blue and red
sample. To complete the test run load the sample by attaching the three binder clips

equidistantly around thigorder of the foam ring. Be careful not grip the-G&ks that

will rip the sample.
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Figure 37: Mounting a sample with three binder clips

Methods: Testing Protocol

1. Connect the force transducer to the signal conditioning box/sfaaige, set up
LabVIEW by loading the appropriate .vi so the computer recognizes the additional strain
gauge in the signal conditioning box.

Table 22: Wire Connections, Functions, and Colors

Wire Color Function Connected to
Red + Excitation 14 of signal conditioning box
Black - Excitation 3 of signal conditioning box
Green - Output 5 of strain gauge
White + Output 6 of strain gauge

2. Secure the force transducer in the holding device on the linear actuator. The tip of the
force transducer should have the flat face oriented d

3. Insert the indenter tip (metal rod) into the hole in the bottom of the force transducer. To
ensure the tip does not get lodged within the force transducer, also insert a small piece of
metal rod of thesame diameter into the hole perpendicular to the rod and tape into place.

87



Extra piece of metal rod

Indenter Tip

Figure 38: Setup of Force Transducer and Indenter Tip

Force Transducer

Indenter Tip

Mock Testing Sample

Figure 39: Mock Testing Setup

. Open the uniaxialtestprogramb m t he f ol der on the desktop
. Select a Base Path of: Documents and Settnddl UsersA Shared Document

Lab Notebook®y SGS MQP. Select the testing folder as the location to save the data.
Record the thickness of each of tlaeples being tested and give each sample a sample

ID as seen in the tables below. Note this chart will also be used to record other
observations made during testing.
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Bl ue SampO®c sBr(ande)l I

Sample ID Size Thickness (mm) Other notes:
Bl Large 3.41
B2 Large 3.41
B3 Large 3.80
B4 Medium 4.25 (avg) JellO not evenly poured
B5 Medium 2.40
B6 Medium 3.26
B7 Small 3.26
B8 Small 3.60 JellO not evenly poured
Red Samples: (fiShawsodo Brand)
Sample ID Size Thickness (mm) Other notes:
R1 Large 5.65
R2 Large 4.40
R3 Large 4.40
R4 Medium 4.40
R4 Medium 5.65
R6 Medium 5.65
R7 Small 5.65
R8 Small 5.65

7. The blue samples will be tested first.

8. Toload a large or medium sample, three binder clips should be used, spaced equidistantly
arourd the rim of the foam anchor. To load the small samples, two binder clips should be
used for each sample. The samples should be loaded and then moved under the indenter
tip.

9. Center the sample under the indenter tip and ensure that there is at leaste® ®inc
clearance between the indenter tip and the mock test sample.
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10.In the LabVIEW screen change the Test Name to match the sample ID of the test.

11. Start the actuator, set it to move down, and start recording with LabVIEW.

12.0nce the indenter tip has pieragel, hit stop in the LabVIEW screen, turn off the
actuator, reverse the direction, and turn the actuator back on to remove the tip from the

sample.
13.Repeat steps-93 for all samples, changing the name of the test each time to avoid
overwriting any ofthepevi ous testsdé6 data (e. g. B2, B3,

Figure 41: Loading of a large blue sample

Figure 42: Testing to failure of a small red sample
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Appendix V Fabrication of Fibroblast Populated Collagen Gels Protocol

Materials:

- 5 mg/ml collagen solution

- 5x DMEM (Dulbuccos Modified Eagles Medium)

- 0.1 M NaOH

- ATCC fibroblasts (Passage®

-  DMEM with 10% FBS

- Trypsin

- Culture plate (specific type depends on experiment)

Aliquot and label the proper amounts (see spreadsheet) of the following, place in ice:

1. To figure proper volumes of solution needed for one experiment, use the excel spread
sheet (Collagen gel calculation spreadsheet).
a. Collagen at 5 mg/ml (see preparataircollagen solution protocol) measure the
necessary volume using a syringe
b. 5X DMEM (see preparation of 5x DMEM protocol)
c. 0.1 M NaOH

To obtain fibroblasts cells from T-150 flasks:

1. Remove F150 plates from incubator, look at under microscope to ensuriityiabd
80-90% confluency, then perform the following in sterile hood.
Note: if cells are over 90% confluent, they should not be used. Cells change

morphology at this density, which will alter the behavior of the cells.

Aspirate media.

Add 8 ml Trypsinwith EDTA.

Place each plate in the incubator, let sit fdt®Bminutes until cells have become

unattached (there should be a yellowish cloudy appearance to the solution).

5. Add 8 ml of warm media (1X DMEM, 10% FBS with P/S) to each plate to deactivate the
trypsin.

6. Remove the liquid from the flask with a pipette, place into a 50 ml conical tube and

centrifuge the cell solution at 1200 rpm for 6 minutes.

Aspirate supernatant from tubes being careful not to disturb the pellet of cells in bottom.

Resuspend the kg in a small volume (2 ml) of DMEM with 10% FBS noting the

volume of liquid in ml for cell count.

9. Mix the solution well and remove 1001 o f -rhedi&solatienl from the center of the

conical tube (this ensures an appropriate representation of the cell solution), and place in

a 1-:2 ml microcentrifuge tube. Add 100l of Tr ypan bocemtefugd ye t o t

pwn

© N
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tube and mix well (do not vortex, this will kill the cells). Place~10 of t hi s
into the hematocytometer and perform a cell count.

10. Add media to the tube in order to bring the cell concentration (cells/ml) to that listed on

the Collagen Gel Calculation Sheet.

11.Place the cells on ice immediately, and aliquot proper amounts for gel fabrication (per

calculation spreadsheet). Proceed to next header OR
a. For continued cell culture:
i. Resuspend cells with 5 ml of DMEM with 10% FBS
ii. Place cellsn a T-150 flask. For cell passage, eachi30 flask should
have 25 ml of DMEM with 10% FBS, p/s, and amp B and Ix#ls
iii. Slide flask in a figure 8 motion
iv. Place in incubator.

To fabricate gels:

NOTE: If a large volume of collagen gel solution is rieed, it may be advantageous to make 2
batches of gels to prevent the solution from polymerizing before all of the gels are plated.

1.

o gk

First add 5X DMEM, 0.1M NaOH, and FBS to an appropriate sized conical tube mix
well and then add the appropriate cell votulast (refer to calculation spreadsheet).
Note: Since the DMEMNaOH solution is very basic, it is important that cells are added
last to minimize the time in this solution.

Using a syringe, add the collagen to the aliquot ofroeltlia5X DMEM-NaOH mixtue,
mix well with pipette until color is homogonous throughout, taking care not to add air
bubbles to the mixture.

Quickly add the desired volume of the collagmil solution to each well. Aspirate any
bubbles off the top and swirl gently to assureioh is level and covers entire plate.
Place gels in 37° incubator for 1 hour.

Add 2 ml of media to each well (forell plate) and place in incubator.

Replace media every other day.
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Appendix VI Collagen Gel Testing Data Analysis

Below is the data analysis ftite collagen gel testin@his testing was on collagen gels
which were poured in rectangular foam anchbr&ach test the displacement was measured
through image analysis and the stress and strain were calculated. Based on the stress and strain it
was hen possible to calculate the stiffness. The stiffness values for each test were determined by

the slope of the line of best fit from the stress vs strain graphs.

Test 2

Amc_)unt Distance Angle | Tensional Stress Stress . Stiffness

Weight | between Gel and| " " | Eorce () | (gfiem™2) | (N/m2) Strain (N/m~2)
(9) Anchor (in)
0.09 0.06 0.15 0.29 3.70 363 0.01 3.04E+04
0.18 0.08 0.21 0.43 5.39 529 0.02 2.31E+04
0.27 0.09 0.24 0.58 7.25 711 0.03 2.48E+04
0.36 0.11 0.27 0.67 8.40 824 0.04 2.14E+04
0.45 0.11 0.27 0.85 10.7 1051 0.04 2.84E+04
0.54 0.12 0.30 0.92 11.6 1135 0.05 2.46E+04
0.63 0.13 0.33 0.98 12.4 1216 0.06 2.19E+04
0.72 0.14 0.35 1.05 13.2 1292 0.07 1.99E+04
0.81 0.16 0.38 1.11 13.9 1366 0.07 1.83E+04
0.90 0.16 0.39 1.18 14.9 1461 0.08 1.80E+04
0.99 0.17 0.40 1.27 16.1 1574 0.09 1.85E+04
1.08 0.17 0.42 1.33 16.8 1648 0.09 1.76E+04
1.17 0.19 0.46 1.33 16.8 1644 0.11 1.45E+04
1.26 0.21 0.49 1.35 17.0 1666 0.13 1.27E+04

Stiffness 21kPa
Stdev Stiffness  4.398kPa
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Test 2: Stress vs Stiffness for Each Weight Added

2500 A y = 11418x + 455.4
R? = 0.8699

E\T 2000 A

§, 1500 A

% 1000 A

® 500 -

0 T T T T T T )
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Strain
Test 6
Distance
. between Angle | Tensional | Stress Stress . Stiffness
Amount Weight (g) | Gel and (ra%) Force (g) | (glem™2) | (N/m2) Strain (N/m"2)
Anchor
(in)
0.09 0.09 0.23 0.19 2.45 240 0.03 8605.93
0.18 0.14 0.34 0.27 3.43 336 0.06 5.64E+03
0.27 0.15 0.37 0.37 4.70 460 0.07 6.32E+03
0.36 0.16 0.39 0.48 6.02 591 0.08 7.44E+03
0.45 0.17 0.40 0.58 7.33 719 0.08 8.53E+03
0.54 0.17 0.41 0.68 8.58 841 0.09 9.43E+03
0.63 0.19 0.45 0.73 9.16 898 0.11 8.19E+03
0.72 0.22 0.51 0.73 9.23 906 0.15 6.12E+03
0.81 0.25 0.57 0.75 9.48 930 0.19 4.99E+03
0.90 0.26 0.59 0.81 102 998 0.20 4.89E+03
0.99 0.27 0.60 0.88 111 1087 0.21 5.18E+03
1.08 0.32 0.68 0.86 10.8 1062 0.29 3.72E+03
Stiffness 6.6kPa

Stdev Stiffness 1.81 kPa
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Test 6: Stress vs Stiffness for Each Weight Added
y = 3192.5x + 341.58
1400 - R? = 0.7345
—~ 1200 A
N
<E 1000 -
2 800 1
% 600 -
= 400 A
n
200 H
O T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain
Test 7
Amc_)unt Distance Angle | Tensional Stress Stress . Stiffness
Weight | between G_eI and (rad) Force (g) | (glem™2) | (NIm2) Strain (N/m"2)
(9) Anchor (in)
0.09 0.03 0.07 0.68 8.60 844 0.00 3.87E+05
0.18 0.11 0.26 0.35 4.40 431 0.03 1.23E+04
0.27 0.13 0.31 0.44 5.50 539 0.05 1.04E+04
0.36 0.15 0.35 0.52 6.56 643 0.07 9.79E+03
0.45 0.16 0.38 0.61 7.74 759 0.07 1.01E+04
0.54 0.17 0.41 0.68 8.62 846 0.09 9.58E+03
0.63 0.17 0.41 0.79 9.91 972 0.09 1.07E+04
0.72 0.19 0.45 0.83 10.51 1031 0.11 9.49%+03
0.81 0.18 0.44 0.96 12.03 1180 0.10 1.13E+04
0.90 0.20 0.46 1.01 12.69 1244 0.12 1.06E+04
0.99 0.20 0.47 1.10 13.84 1358 0.12 1.13E+04
1.08 0.21 0.49 1.15 14.55 1426 0.13 1.08E+04
1.17 0.22 0.51 1.21 15.21 1492 0.14 1.04E+04
Stiffness 42 kPa

Stdev Stiffness

10.8kPa
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Appendix VII PDMS Testing Protocol

Materials:

- #1032 X W0 stainless steel screws
- PDMS

- Rubber Grings

- 100mm Petri dish

- Device

Methods:

1. Using a hole saw, drill the top and bottom of the Petri dish with the proper hole size (one
with 64mm and the other wit70Omm).

2. About 10 from the center hole, drill 6
screws.

3. Around the center hole of each Petri dish, glue a properly fitthnigngD

4. Once the @ings are secure, the PDMS sample is loaded between the twoitets,d
with the Orings being used to add extra grip to prevent slipping.

5. Place the clamping system centered under the indenter tip dieviee

6. Using LabVIEW, run theleviceprogram at a speed f rev/sec Run the program until
the encoder readsfarce of 10gand then reverse the speed of the actuator to remove the
indenter tip from the sample.

7. Remove the?DMSfrom the clamping system and measure i@uodrd the thickness

using a digital caliper.
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Appendix VIII PDMS Testing Data Analysis

For this series of testingwo samples of PDMS were tested 5 times each usirdgthee In
each trial the indenter tip was not in contact with the PDMS prior to the start of recording force
In order to zero the datdata was not analyzed till a negative slope in the forcengaavas
maintained. Additionally, the program was still running when the actuator movement was
reversed so data recorded after the maximum force was reached was also not &eltyzed.
plots from each test can be seen which contain the tesddgiementcalculated using
Equation 4 and points from the Scott article. The data from sample 1 has a higher load recorded
for each displacement as compared to the Scott article whereas the data for the sample 2
coincides with the data from the Scott artidlbe reason for this is the Scott article assumes an
elastic modulus of 1.15MPA. Sample 1 has an elastic modulus of 2MPa which is greater while
the elastic modulus for sample 2 is the same as the elastic modulus for the sample used by Scott

et al.
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To ensure that Equation (1) with v = 0.33 was a good fit, the measured and calculated

displacements were plotted against each offlets of this for each sample can be seen below. If
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the models$ agoodfit then the graplis linear. Whilethe moet! fit with a very high B value,
there wasomediscrepancy at the initial part of the graph is to be expected, however, that a
simple model will never fit perfectly and it was determined that for our purposes, thesfit
acceptableBelow plots ofcalculated vs measured displacements with lines of best fit can be

seen for the five trials completed with each sample.
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Displacement Calculated
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Appendix IX Circularly Clamped Collagen Gel Testing Protocol

Materials:

- #1032 X W0 stainless steel screws

- Circular clampng device

- Circular foam anchors with an inner diameter of 43mm and an out diameter of 60mm
- 60mm Petri dish

- Collagen gels

- Device

Methods:

8. Cut 5 foam anchors with an inner diameter of 43mm and an out diameter of 60mm from
1/ 160 porous polyethyl ene.

9. Assenble the circular clamping device made of two metal rings.

10.Use 4 small dots of vacuum grease on each foam anchor to secure it down to the bottom
of the Petri dish.

11.Prepare collagen gels accordingMopendixV.

12.Pipete collagen gel into wells placing 4.5mL in each well.

13. Allow gels to sit for 1 hour.

14.Use a scalpel to cut around the edge of the foam anchor and forceps to remove the
sample. Place the sample on top of the bottom metal ring. Add the second metal ring on
top of the sample and secure into place by tightening the nuts.

15. Place the circular clamping system centered under the indenter tipdevice

16.Using LabVIEW, run the devic@rogram at a speed df. Run the program until the
encoder reads a displacemef 3mm and then reverse the speed of the actuator to
remove the indenter tip from the sample.

17.Remove the collagen gel from the clamping system and measure and record the thickness

of the gel using digital caliper.
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Appendix X Circularly Clamped Acellular Collgen Get Testing Data Analysis

Five collagen samples were created according to the Circularly Clamped Collagen Gel
protocol. These samples were then tested usindewieewith the indenter tip moving a speed
of 1 revolution per second (.0254 mm/sec).lesample was tested 3 timésitially, the gels
were to be tested to 5mm of displacement, but after the first sample was pierced by the indenter
tip before reaching this displacement, the target displacement was reduced to 3 mm for the first

two trials aml then tested to failure for the last trial.

In each trial since the indenter tip was not in contact with the collagen gel prior to the start of
recording force, the data prior to a downward slope in the force readings was not analyzed.
Additionally, theprogram was still running when the actuator movement was reversed so data
recorded after the maximum force was reached was also not an&gredch trial, LabVIEW
outputted readings of time, force and encoder readings. Both the force readings and encode
readings (displacement) were zeroed at the determined point of contact.

Displacements were then calculated using the following equatitins v of both 0.5 and
0.33 for Equation 1

s ral )" 5 (16 ]-"-"‘(.:;- s P\
0=Jjlva Fah) R On J‘E) EhR
n 2)

The calculated displacements were then compared to theuredalisplacements and the
difference was minimized by altering the stiffness value by using the Equation Solver function in
Microsoft Excel.The results of tests3 can be seen below Trable23. E4arefers to Equation
(1) with a v = 0.5E4b refers to Equation (1) with a v = 0.33 aBf refers to Equation (2).
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Table 23: Circularly Clamped Collagen Data

E4a(Pa) | E4b(Pa) | E5(Pa)

E2,T1L | 4.77E+05 551E+05| 9.03E+05
E3,T1 | 1.48E+06| 1.71E+06| 2.80E+06
E3T2 | 3.18E+05 3.67E+05| 6.02E+05
E3,T3 | 9.16E+05 1.06E+06| 1.73E+06
E4,T1 | 1.40E+06| 1.61E+06| 2.64E+06
E4,T2 | 1.34E+06| 1.55E+06| 2.54E+06
E4,T3 | 8.68E+05 1.00E+06| 1.64E+06
E5,T1 | 1.42E+06| 1.64E+06| 2.69E+06
E5,T2 | 1.33E+06 1.54E+06| 2.52E+06
E5,T3 | 2.17E+06| 2.51E+06 | 3.81E+06
Mean: | 1.17E+06| 1.35E+06| 2.19E+06
Stdev: 5.40E+05| 6.24E+05| 9.65E+05
Coefficentof 5 0806 46.08%  44.08%

Variation:

By looking at all of the data as a whole, there is a high standard deviation, but analyzing the data
by thetrial number, aseen inTable24 provides much more significant data.

Table 24: Circularly Clamped Collagen Data Organized by Test Number

Test 1 Test 2 Test 3

E4a ‘ E4b ‘ E5 Eda ‘ E4b ’ E5 Eda ‘ E4b ‘ E5
1.48E+06 1.71E+06 2.80E+06| |3.18E+05 3.67E+05 6.02E+05| | 9.16E+05 1.06E+06 1.73E+06
1.40E+06 1.61E+06 2.64E+06| |1.34E+06 1.55E+06 2.54E+06| | 8.68E+05 1.00E+06 1.64E+06
1.42E+06 1.64E+06 2.69E+06| |1.33E+06 1.54E+06 2.52E+06| | 2.17E+06 2.51E+06 3.81E+06
1.4%E+06| 1.66E+06| 2.71E+06| | 9.98E+05| 1.15E+06| 1.89E+06| | 1.32E+06| 1.52E+06| 2.40E+06
4.34E+04| 5.01E+04| 8.21E+04| | 5.89E+05| 6.81E+05| 1.11E+06| | 7.37E+05| 8.52E+05| 1.23E+06

3.03%  3.03%  3.03% 59.02% 59.02%  59.02% 55.97% 55.97% 51.20%
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Table24 shows that the data is consistent and reliable for only the first test of each gel. After the
first indentation test, sample 3 began to show a decrease in stiffness while sample 4 and 5 did
not. Again after the third test, samplearfl 4 began to show a large decrease in stiffness while
sample 5 actually increased. This is unusual and could be due to the fact that in the third trial the
gel was tested to failur@he information learned in this study, will help in future trials as w

will limit each sample to only one test.
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Appendix Xl Transverse Loading Device Test Protocol

Materials:

- Transverse Loading Device

- Desktop Computer with NDAQ and NI PC17334 cards
- NI MID-7604 motion power drive with terminal blocks
- NI SC-2345 signal conditiang connector unit

- NI SCGSG24 strain gauge

- Power strip

- FUTEK Load Cell

- Indenter tip

- External power supply capable of 5V output

- Collagen samples

- Circular foam anchors (25 mm inner dia. and 32 mm outer dia.)

Methods: Device Set up and Preparation

1. Prepardest environment by plugging in appropriate power connectors of all electronic
devices into the power stripdg NOT turn the power strip on).

2. Insert the green connector blocks attached to the encoder and actuator into axes 3 and 1,
respectively, of the nimn power drive.

Figure 43: Encoder axis 3 and actuator axis 1

3. Wire the force transducerds excitation inp
terminals of the 5V power supply (ensure that the power supply is indeéadipg 5V
of power).
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4. Wire the force transducerds volMtramgé out put
(positive and negative, respectively) terminals of the 8324 strain gauge (these
terminals have input numbers 5 and 6).

5. Affix the strain gaug to the first terminal in the signal conditioner connector unit.

or
1ot Stoge of & Dusl
Stoge Al Configuration

Digte! 1/0
or

st Stoge of o Dusl
Stoge Al Configuration

Digtal 10

15t Stoge of o Dual
Stoge Al Conflogurorion

Figure 44: The first terminal in the signal conditioner

6. Screw the force transducer onto the indenter tip, ensuring that the text on the transducer
uni t ies diouwynmi d n relation to the user
7. In this order, power on the:
a. Power strip
b. External power supply
c. Motion power drive
d. Computer
On the computer, navigate and open3i@&SProgram.vLabVIEW virtual instrument.
On the virtual instrument, set tierectory Path to a writeable directory (e.g.
C\TestDatd).

©
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Method for Force Transducer Calibration

Materials:

- Transverse Loading Device
- Power supply
- Multimeter

Methods:

1. The force transducer was supplied with a 5V excitation by an external power supply
while theoutput of the force transducer was connected to a multimeter.

2. The indenter was screwed into the force transducer and a voltage reading was recorded.
Following this other measured weights (paperclips) were added incrementally and
voltage readings can beesebelow:

Mass (g) Voltage (mV)
Indenter tip 0.634
+1.028 0.941
+1.014 1.246
+1.027 1.553
+1.062 1.870
+1.043 2.188
+1.042 2.498
+1.038 2.808
+1.034 3.118

3. This data was plotted with voltage on thexis and mass on theaxis. A trendline was
fitted to the data to determine the calibration equation:

Load=3.34% (mVreading- 2.1124

4. This equation was incorporated into the LabVIEW program.
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Methods: Sample set up and preparation

1. Load gels into clamping device by removing the upper plate, placing théesauntipe
center of the circular gap,-teading the upper plate and screwing it into place using the
provided thumbscrews.

2. Place the sample under the indenter tip and orient the clamping device so that the
indenter tip is aimed for the center of the gel.

Methods: Testing

3. Position the indenter tip as close to the gel as possible (without contact) by twisting the

adjustable slide mount.
4. On the computer, create a new folder inEmectory Path mentioned irDevice Set up

and Preparationprevious stepanda me it (e. g. ASampl e010) .
Sample ID
5. Type the name of the Sample ID into theperiment ID Folder section of the program.

Directory Pat

C\TestData Testl = Experiment ID ISamplel
5 Foigar Data Switch

Data file name ’

Figure 45: Experiment ID Folder

6. Enter the name of the trial in tiata file namesection (this will be the name of the data
file that LabVIEW exports).

7. Enter the force threshold that will be used to determine contact with the gel, once the
transducer reads this threshold the program will begin taking data from the linear encoder
(a goodvalue to start with is 0.2 g).

8. Ensure that the fADatoapoSten.t cho is flipped i
Directory Path
C\TestData' Testl i i ample
[ Briment D [ Data Switch|
Data file name | O

Figure 46: Data Switch set in the on position
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9. Run the program by clicking on then arrow on the LabVIEW menu bar.

10.The program isunning and you should be reading a force of around zero grams.

11. Set theVelocity (Before Distance Limit)control to a negative number, the more
negative the number, the faster the indenter will run. Most testing should be done using a
velocity of-1.

o Actuator Contraol
Encoder Position

—

elocity (After Distance Lim i)
g
w0

1\."elan:'ﬂ:)r [Befiore Dista nce Lim i)
oo

Figure 47: The Velocity (Before Distance Limit) control

12.The test will then go until the actuator reaches a distance of 3 mm. When this distance is
reached, the program will set the actuator velocity to/eecity (After Distance
Limit) control (which defaults at zero).

Actuator Control

Encoder Position
Welocity [After Distance Lim i)

B

Figure 48: Velocity (After Distance Limit)

13. Set theVelocity (Before Distance Limit)control to a positive number (e.g. +1).

14. Set theVelocity (After Distance Limit) control to a positiveumber (e.g. +1).
The actuator well then move up at thiger Distance Limit velocity, reach past the
encoder threshold, and continue atBedore Distance Limitvelocity.

15.0nce the actuator reaches a suitable position, set both velocities to zenoramatécthe
program by flipping th®ata Switch.

16. The data file will now be available in your Sample ID folder.

17.Repeat steps 1 through 18 for each sample and trial, ensuring that you chalzga the
file for each new trial and tigample IDfor each new saple

117



Appendix XII LabVIEW Overview

B estData TestL =
MTestData\Tes i Samplel
1 Sl B Data Switch
Data file name O
Load Cell Custivol:
1_
D_
- 4] Faw Reading
0.00
Gy )
0 1023
Tirne 2 |
Distance/Farce Plat 0 [N Actuator Control
-0 : . _ Force (g)
elbcity (Aher Distaoe Lim )
0
_Vebcitf[BefoleDisIzmeLimit]
| ' Mean Force
2 0 — Actuatar Axis
."..‘Iu ez 1 O
R, Encoder fxis :
i , . . . do i 3 Raw Transducer Reading
-10 -0.5 0.0 0.5 10 . . Pasition Mode (SET TOWELOCTT™
Distance :}.’Velocity O
Undzr Disance Lim it Encoder Reset Condition
3 .
Iean Reading Cust\u"oltm
u_
0.00
10‘23
Tirme Bl
Figure 49: The LabVIEW Front Panel
Data collection and mani pul ation of all of
performed through a custom virtual i bVEEWTr u me nt

language and programming suite. All of these program operations were conducted on a Dell
Optiplex desktop computer. The program was essentially tasked to perform four functions:

1. Control the motion of the linear actuator
2. Collect data from the lineancoder and force transducer

3. Provide a feedback mechanism so that the motion of the actuator is modulated by
the data from the encoder and transducer.
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4. Organize and export the data in a tab delimited text file that can later be read and
analyzed with othesoftware (e.g. MATLAB and Microsoft Excel).

Function # 1 was accomplished through the
control package. This package involved two components: a motion controller and an external
power drive. With this designnaNl PCF7334 was used as the motion controller while an NI
MID-7604 was used as the power drive. Using the built in functionality of the NI Motion
package, motion of the actuator can be controlled within LabVIEW and this control is conducted
through two elocity inputs on the VI. The two inputs provide cases for when the device has
traveled under and over 3 mm. With this Adual
customize how fast the device indents as well as how fast it retracts after the arknham
been reached.

Actuator Control

Wlity (Aftzr Dista nce Lim i)
o
\fialocity (Before Dismnce Lim i)

d
Figure 50: The two velocity controls on the LabVIEW VI

Function #2 was accomplished through both the motion package (in the case of reading
encoder data) and a data acquisition package in the case afcth&rdmsducer. The NDAQ
PCI card was used to read parse data from aB@&IG connector block outfitted with an SCC
SG24 strain gauge. With this data acquisition system, data from the force transducer was
received by the strain gauge, conditioned thiotigg SG2345 signal conditioner, and read by
the VI through the PCI card.

Function #3 was performed entirely through custom coding the LabVIEW VI. Using a
series of loops and conditional statements (e.g. If distance is greater than 3, switch velocity
modes), a complete feedback system was established that allows the user to use the program in a
way that best suits the needs of their study. Finally, it is important to note that since there was a
significant amount of signal noise in the data fromthe forceansducer , a fAmeanao
applied to minimize noise and that signal was used in each of the conditional statements (data
from the transducer was still recorded without this mean operation being applied).

Finally, Function #4 was accomplishedto ugh LabVI EW6s own dat a ¢
tools. Data parameters including time, encoder position, and force reading were parsed into an
array which divided each value in a{sdparated list. This data collection would continue until
the program is candel by the user.
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Appendix XllII Protocol for Fabrication of Fibroblast Populated Collagen Gels

Materials:

5 mg/ml collagen solution

5x DMEM (Dulbuccos Modified Eagles Medium)
0.1 M NaOH

ATCC fibroblasts (Passage®

DMEM with 10% FBS

Trypsin

Culture plate (specifioype depends on experiment)

CHECK ALL VOLUMES BEFORE START (MEDIA, NaOH, TRYPSIN, ETC!!!)
Set up sterile petri dishes with foam anchors, prevet foam anchors, aspirate off media.
Aliquot and label the proper amounts (see spreadsheet) of the following, pam ice:

To figure proper volumes of solution needed for one experiment, use the excel spread sheet
(Collagen gel calculation spreadsheet).

a. Collagen at 5 mg/ml (see preparation of collagen solution protocol) measure the
necessary volume using a syringg/ringe

b. 5X DMEM (see preparation of 5x DMEM protocdlL5mL conical tube

c. 0.1 M NaOHi sterile eppendorf

To obtain fibroblasts cells from T-150 flasks:

- Put DMEM in bath so that it begins to warm

1. Remove F150 plates from incubator, look at under micoyse to ensure viability and
80-90% confluency, then perform the following in sterile hood.
Note: if cells are over 90% confluent, they should not be used. Cells change morphology at

this density, which will alter the behavior of the cells.

2. Aspirate mediaf all 8 flasks (note, should not be left more than 3 minutes before
trypsin added)
3. Add 10 mL Trypsin with EDTAto all 8 flasks

4. Place each plate in the incubator, let sit fdiOGminutes until cells have become
unattached (there should be a yellowishudy appearance to the solutioswirl every
few minutes to make sure cells are detached
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5. Add 10 mL of warm media (1X DMEM, 10% FBS with P/S) to each plate to deactivate
the trypsin.

6. Remove the liquid from the flask with a pipette, place into a 50 ml abtube and
centrifuge the cell solution at 1200 rpm for 6 minutes.

- There will be 8 flasks. There should be 20mL liquid per flask (trypsin + media). Put 2
flasks worth of liquid in each 50mL conical tube, this will make 4 conical tubes.

7. Aspirate supernatafrom tubes being careful not to disturb the pellet of cells in bottom.
Turn tube on side and do not cross line towards bottom, this ensures that no cells
will be sucked in.

8. Resuspend the cells BimL DMEM with 10% FBS noting the volume of liquid in ml
for cell count.

- To do this, add 2mL to the first tube, mix VERY VERY VERY well with a
micropipette. Remove from first tube and add to second. Mix VERY VERY VERY
well and repeat until there is just one tube containing all the cells.

9. Mix the solution well andemovel00ul of the cellmedia solutionfrom the center of
the conical tube(this ensures an appropriate representation of the cell solution), and
place in a 22 ml microcentrifuge tubeAdd 100ul of Trypan blue dye to the
microcentrifuge tube anahix well with micropipette (do not vortex, this will kill the
cells). Place~10 I of this solution into the hemato
count.

- Should count approximately 200 cells. Should have 200 cells in the first row. Make
sure there is no overflow when loading!! (will cause movement of cells which is NOT
good for cell count)

Cell Count Calculations
# cells/ # squares x 2 x418 cells/mL

1 At this point evaluate # (multiply by mL) Do you have enough cells?
Go to spreadsheet. Want 1.07E7 cells. Dividedli/mL = mL cell solution.

10. Add media to the tube in ord&r bring the cell concentration (cells/ml) to that listed on
the Collagen Gel Calculation Sheet.

- Bring cells to AVolume DMEM w/10% FBS +cel

11.Place the cells on ice immediately

Get Angie to replate the cells.

And aliquot proper amousftfor gel fabrication (per calculation spreadsheet). Proceed to
next header OR
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b. For continued cell culture:
i. Resuspend cells with 5 ml of DMEM with 10% FBS
ii. Place cells in a-1L50 flask. For cell passage, each30 flask should
have 25 ml of DMEM with 109%BS, p/s, and amp B and 1Xitlls
iii. Slide flask in a figure 8 motion
iv. Place in incubator.

To fabricate gels:

NOTE: If a large volume of collagen gel solution is required, it may be advantageous to make 2
batches of gels to prevent the solution frortyperizing before all of the gels are plated.

Do in three sets, one for each batch so gels do not polymerize

7. First add 5X DMEM, 0.1M NaOH, and FBS to an appropriate sized conical tube mix
well and then add thappropriate cell volume lagtefer to calcudtion spreadsheet).
Note: Since the DMEMNaOH solution is very basic, it imiportant that cells are
added last to minimize the time in this solutionMake sure cells do not sit or cells
will die!! (aka add collagen and mix right away)

8. Using a syringe, atithe collagen to the aliquot of cefledia5X DMEM-NaOH mixture,
mix well with pipette until color is homogonous throughout, taking care not to add air
bubbles to the mixture.

9. Quickly add the desired volume of the collagtl solution to each well. gpirate any
bubbles off the top and swirl gently to assure solution is level and covers entire plate.

10.Place gels in 37° OVEN for 1 hour.

11.Add 2 ml of media to each well (forell plate) and place in incubator. Make sure it
covers the gels.

12.Check gels on &urday, after that they should be good til Monday.
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Appendix XIV Thickness Testing Protocol

Materials:

- Collagen gels
- Membrane inflation device

1. The membrane inflation device was calibrated to take thickness measurements. To do so
a thin metal disk was placed on thembrane inflation device and the height of device
was adjusted. The following is a table of the calibration values:

Device Zeroed Voltage
Reading (mm)| Displacement| V)
(mm)
15.86 0 0
15.36 0.5 0.172
14.86 1.0 0.347
14.36 15 0.520
13.86 2.0 0.691
13.36 2.5 0.858
12.86 3.0 1.010

2. The voltage vs zeroed displacement was plotted and the data was fitted by thadrend
The calibration equation had af ®lue of 0.996 and is as follows:

Thickness 294872 Voltage 15622

3. After samples were tested through se@rse loading the sample was removed the
circular clamping device, returned to media in theedl plate and transported to the
main lab area where the membrane inflation device is located.
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4. The small metal disk was placed on the center of the membréetgomdevice with
forceps to ensure the voltage reading was zero and then removed.

5. The gel was removed from the well and placed on the surface of the membrane inflation
device. The small metal disk was placed with forceps on the center of the gel.KThe dis
was allowed to equilibrate for 2 minutes and a reading was taken.

6. Steps & were repeated for all samples. The voltage readings were then converted to
thickness readings using the calibration equation.
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Appendix XV FEM Data

FEM was used tpredict the displaceemts which would result from applying various

forces to the gel. Forces of a step size of 1ImN were used.

Table 25: FEM Data calculated for 3.0 mg/ml Circularly Clamped Collagen Gel

Force Dispacement
(mN) (mm)

1 0.094264
2 0.188®
3 0.28102
4 0.3727
5 0.46277
6 0.55097
7 0.63707
8 0.72092
9 0.80242
10 0.88152
11 0.95822
12 1.0325
13 1.1044
14 1.1741
15 1.2415
16 1.3068
17 1.37

18 1.4313
19 1.4907
20 1.5484
21 1.6043
22 1.6587
23 1.7115
24 1.7628
25 1.8128
26 1.8614
27 1.9089
28 1.9551
29 2.0001

30 2.0441
31 2.0871
32 2.1291
33 2.1701
34 2.2103
35 2.2496
36 2.2881
37 2.3257
38 2.3627
39 2.3989
40 2.4344
41 2.4693
42 2.5035
43 2.5371
44 2.5701
45 2.6025
46 2.6344
47 2.6658
48 2.6967
49 2.727

50 2.7569
51 2.7863
52 2.8153
53 2.8439
54 2.872

55 2.8997
56 2.9271
57 2.9541
58 2.9807
59 3.0069
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Appendix XVI Circularly Clamped Collagen Gel MATLAB Data

Figure 513.00 mg/ml collagen concentration data (04/04/08) fitted i Equation 1
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