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__________________________________________________________________

Abstract: Interpenetrating networks (IPNs) have many biomedical applications such as wound healing.  Wound healing occurs predominantly by wound contraction, during which, stress is created on the area surrounding the wound.  The efficacy of the IPN as a wound dressing is dependent on its mechanical properties.  A previous creep testing system coupled with an environmental chamber was designed to evaluate the tensile creep properties of the IPNs.  The goal of this project is to test IPN formulations with various weight ratios of polyethylene glycol (diacrylate) PEG and gelatin and formulations containing high and low molecular weight PEG with a validated, pre-existing device.  Several steps were taken to validate the system including test specimen dimensions and fabrication, force verification, grip adjustment, temperature control, pH detection, and standard material and IPN testing.  A valid protocol, which complies to ASTM D2990, was used to test the creep properties of 40G/60PEGdA600, 40G/60PEGdA2k, 50G/50PEGdA600, and 50G/50PEGdA2k in PBS at room temperature.
__________________________________________________________________      
Problem Statement: 

To validate a pre-existing tensile creep testing device and associated environmental chamber designed and fabricated by previous biomedical engineering teams† at the University of Wisconsin-Madison, in preparation of a study to assess the tensile creep properties of IPNs of interest.  To develop a method to make robust and consistent IPN samples to test that meet dimensions specified in ASTM D638.  Further, to use the validated chamber to test various formulations of IPNs.  Variations of the IPN formulation include varying weight ratios of PEG to gelatin, high and low molecular weight, and modification of the gelatin backbone.  

Background: 

Interpenetrating networks (IPNs, synonymous with hydrogel) are composed of two different macromolecules that form a three-dimensional intertangled structure.  The IPN formulation of interest, is composed of gelatin cross-linked with poly(ethylene glycol) diacrylate (PEGdA) [1].  A cross-linked structure is formed by photo polymerization caused by the photo initiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA).  In situ polymerization of the hydrogels lends their use to biomedical applications such as wound healing.  Hydrogel properties help to create/and/or maintain a moist environment, provide absorption of exudate, and protect the open wound [2].

There are three mechanisms involved in wound healing: contraction, epithelialization, and connective tissue deposition [3].  Wound contraction, the inward movement of the wound edge, is the predominant mechanism in the healing of open wounds.  This inward movement is caused by the interaction between remodeling of collagen and fibroblast locomotion in the wound. Wound contraction creates a tensile stress on the area surrounding the wound [4].  The client requires an evaluation of the wound healing properties of the IPN, developing an understanding of the mechanical characteristics of the material is necessary to do this.  Despite the fact that significant research has been conducted on IPNs, research concerning the mechanical properties in response to environmental conditions is limited [5].  Therefore, the client desires a testing system to measure the tensile creep properties of IPNs under physiological conditions (37oC and pH 4.5-8). 


Tensile creep is a measure of the elongation of a specimen under a constant load over an extended length of time.  Creep testing can provide data to describe/characterize how an IPN will perform mechanically as a wound dressing.  The constant load applied over time is intended to mimic the tensile stress due to the wound contraction.
Previous work has been done to design and construct a creep-testing system over three semesters.  The previous team developed a creep testing system composed of an environmental chamber made of acrylic plastic (that can be raised and lowered), a pair of grips (to hold the specimen in place), a weight rack and a set of weights ranging from     0.5 grams to 500 grams (to apply the constant load), a two-pulley system (to translate an equal force from the applied load to the specimen), a linear variable differential transducer (LVDT) (to measure the elongation of the specimen), and an analog to digital converter (to computerize the data acquisitioning) [5].  The chamber with modifications made by the current design team is shown in Figure 1.  (Further design considerations and the PDS of the previous group are available in the BME 402 project report [5].) 
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Figure 

: The graphs shown represent the tensile creep testing results for three IPN samples tested 

for three hours with 5 grams.  Change in length in mm for three decades of time is shown

.
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Figure 1: Image of the updated design. 

The current design is composed of: an acrylic chamber, a pair of grips, a weight rack, an extensometer (LVDT), an analog to digital converter, and a computer for data acquisitioning.  Several modifications have been made to the design in order to meet ASTM D2990 specifications for tensile creep testing.

Device Validation and ASTM Standards:

Medical devices are highly regulated by the Federal Food and Drug Administration (FDA).  Regulation includes verification of device materials, efficacy, and adherence to good laboratory practices (GLP) and good manufacturing processes (GMP).  Many companies and laboratories author detailed protocols but also follow standard test methods such as those published by the international standards organization (ISO), the United States Pharmacopeia (USP), and the American Society of Testing Materials (ASTM) International.  Test methods such as those published by the ASTM are followed by many sectors of industry and research laboratories.  This allows for standardization of materials and devices.  It also serves as a mechanism by which to validate a process or piece of equipment.  

The interpenetrating networks (IPN) developed by Dr. W.J. Kao are intended for use as a wound care dressing.  As a wound dressing, they contact the blood and are therefore classified as a biomaterial.  The IPN is composed of gelatin and polyethylene glycol (PEG), both of which are considered polymers.  The IPN is polymerized in situ using UV light.  These characteristics1 allow the IPN to be characterized as a plastic.  ASTM International released a special technical publication in 1994 discussing testing of medical plastics under creep conditions [10].  The article recommended the use of ASTM D2990, “Standard Test Methods for Tensile, Compressive, and Flexural Creep and Creep-Rupture of Plastics” [10].  ASTM D2990 describes the procedures and guidelines by which to test the tensile creep properties of plastics.  This standard test method, in conjunction with associated ASTM D638 (Standard Test Method for Tensile Properties of Plastics), is used in the validation of the pre-existing creep chamber [5].

Validation of the chamber and use of the test method to measure tensile creep properties of the IPN allows for results to be compared amongst industry standards.  Adherence to the method also ensures that data is measured and analyzed in a reproducible and reliable manner.  The focus of the validation is on proper test specimen dimensions and fabrication, force verification, use of proper grips, maintaining constant temperature and pH, and standardization of data collection and analysis.  The goal of this design team is to validate the tensile creep testing device and associated environmental chamber in preparation of a study to assess the tensile creep properties of the IPN.   

Protocol Authorship and Validation of the Creep Chamber:            


Validation of the creep testing device requires research to be done concerning each component of the system.  Each component must meet the standards set forth in ASTM D2990.  A method to demonstrate component compliance with these standards is needed.  The current design team developed methods to validate the overall creep chamber through the validation of individual components.  The following report offers rationale for the methods described in the attached protocol.  The design team validated the system by testing three IPN samples and three liquid latexα samples following this protocol.  Testing results are presented at the end of this report.  Validation of the chamber has been successfully completed and the protocol can be considered a valid test method for the testing of 600 mol. wt. IPN samples.

Test Specimen Dimensions and Fabrication:


ASTM method D2990 requires that test specimens comply with the dimensions established in ASTM D638 [8].  Section 6.1.2 of ASTM D638 assigns a type IV material classification to nonrigid plastics having a thickness of less than 4mm. The IPN material of interest is considered to be a nonrigid plastic and due to fabrication techniques is optimum when the thickness is less than 4mm [9].  Additionally, a type IV classification is most consistent with the application of the IPN material.  Specimen dimensions are specified in ASTM D638 and can be found in Table 1.  Dimensions for dog bone shaped specimens can be scaled to meet the conditions established by the test device. 

Table 1: Given dimensions for dogbone specimen specified in ASTM D638; Standard Test Method for Tensile Properties of Plastics 

Given dimensions were scaled by a constant factor of 1/3 in order to fit the sample to the pre-existing creep chamber.  Dimension symbols correspond to those given in ASTM D638 and are shown below in Figure 2.

	Property
	Dimension (mm)
	Dimensions (mm) Scaled by 1/3

	(W) Width of narrow section
	6+/-0.05
	2+/-0.02

	(L) Length of narrow section
	33+/-0.05
	11+/-0.02

	(WO) Width Overall
	19+/-6.4
	6.3+/-2.1

	(LO) Length Overall
	115+/- no max
	38.3+/-no max

	(G) Gage length
	25+/-0.13
	8.3+/-0.04

	(D) Distance between grips
	65+/-5
	21.7+/-1.7

	(R) Radius of fillet
	14+/-1
	4.7+/-0.3

	(RO) Outer radius
	25+/-1
	8.3+/-0.3

	(T)Thickness 
	3.2+/-0.4
	1.1+/-0.1
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Figure 2:  Schematic of a type IV dog bone specimen given by ASTM D638.

Symbols given in this schematic correspond to those shown in table A.  Schematic was taken from ASTM D638 pg. 202 (2002).

The pre-existing tensile creep chamber is capable of accommodating highly elastomeric materials and several key design features were based upon this assumption [5].  The height of the chamber affords a maximum elongation range of 9.79cm.  The IPN is not characterized as an elastomer and consequently does not reach the maximum elongation before rupture [5].  As a result, the length of the dog bone sample can be less than or equal to 7.79cm allowing for roughly 20% elongation of the specimen.  A 10 bit analog to digital converter is in place and can resolve every 0.23 mm of the 9.79 cm elongation distance [5].  The thickness of the sample is directly related to the resolution of the instrument.  If a thinner sample is selected the elongation distance for a given load will be greater than that of a thicker sample.  The extent of elongation directly determines the characteristics and portion of the creep curve determined in a given time.  The selected thickness optimizes ASTM standards and length changes of the IPN are detectable within the resolution of the instrument.
Previous design groups manufactured an Epon master of thickness 280um [5].  This dimension does not comply with the ASTM standard outlined in D638 [9]. The Epon master was used to construct a PDMS stencil from which the IPN specimens were made, Figure 3.  This process requires ample amounts of time, training, and financial support.  In addition, the PDMS stencil cannot be used to fabricate standard materials such as polyurethane.  


[image: image3]

 SHAPE  \* MERGEFORMAT 
[image: image4]
Epon Master


      PDMS Stencil Made from Epon Master

Figure 3: Epon master used to make PDMS stencils from which the IPN test specimen is fabricated. 

The Epon master is a silicon wafer that has been coated with the desired design and then etched.  The master is covered by PDMS and acts to cut the design shape out of the PDMS yielding a stencil.  The PDMS stencil is then filled with liquid IPN solution and photo polymerized using UV light.

In order to optimize factors affecting sample fabrication, quality of data collection and compliance with ASTM standards a sample thickness of 1 mm was chosen.  The resultant dimensions of gage width and gage length are required to be 2 mm and 8.3 mm, respectively.  This length lies well within the maximum elongation length of 9.79cm.  Due to this change in thickness, the design team has pursued an alternative method of specimen fabrication, Figure 4.  The design involves the use of commercially available Teflon® sheets which can be purchased with a desired thickness [6].  The Teflon® sheets are cut into squares with 2.54 cm by 7.62 cm dimension to fit onto a standard glass microscope slide.  This procedure is consistent to the fabrication technique currently used by the client.  The chosen dimensions of the dog bone test specimen were machined into the Teflon® by the University of Wisconsin-Madison Mechanical Engineering Machine Shop (10/7/03).  This design required an initial cost of $250.00 [10].  The currently used mold and resultant specimens are shown in Figure 5.  Included in this cost is the design of a program to machine the desired shape and fabrication of up to ten Teflon® molds.  A single Teflon® mold can be used to make multiple samples due to the ability of the Teflon® to be cleaned and resist degradation.  The technique used to make the IPN using the Teflon® mold is familiar to the client and thus requires minimal time and training.  Teflon® molds can be used to fabricate IPN test specimens.  
To achieve consistent results, the specimen must be tested at a consistent gage length.  Thus, the grips of the testing chamber must be placed at a consistent location on the sample for each test.  This is accomplished by marking the Teflon® mold at a distinct location on the sample portion where the grips are to be placed with an indelible marker.  During fabrication, a pipette tip is used to add food coloring to these locations once the IPN solution has been inserted.  The mold is then covered with an additional glass slide and glass cover slip (as shown in Figure 4), clamped, and polymerized using UV light.  The colored portions are retained throughout polymerization and conditioning and the grips are aligned with these markings.  This allows a consistent gage length to be maintained for each test.     


[image: image5]
Figure 4:  A manufactured Teflon® mold to fabricate the IPN test specimen.
The Teflon® mold is placed on a glass cover slip on top of a glass microscope slide.  The edges are secured using clamps and the Teflon® mold is filled with the IPN solution.  The mold is then covered by another set of glass cover slip and slide and carefully placed to avoid creating air pockets in the mold.  The unclamped slide is clamped and the IPN is photo polymerized by UV light.  The fabrication procedure is outlined in the attached protocol.
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Figure 5:  The actual Teflon® manufactured by the UW-Madison ME Machine Shop and associated samples.

The Teflon® molds manufactured by the UW-Madison ME Machine Shop are capable of making reproducible samples.  They are also reusable and of proper thickness.  Samples fabricated using the new molds are shown in solution.    

Sample fabrication is an essential part of material property elucidation.  In order to accurately and precisely determine the material characteristics samples must be reproducible and robust.  In a wound care application, the material must be capable of withstanding patient motion, wound contraction, and environmental factors.  In order to achieve this strength in the material and make samples fit for testing the original formulation of the IPN is modified and the sample fabrication method is supplemented.  The formulation of the 600 mol. wt. PEGdA samples of interest this semester is the work of Rick Witte, a graduate student in the Kao lab.  The formulation of the samples of interest is shown in Tables 2-5.  The formulation of the 2k mol. wt. PEGdA samples is modified from the existing lab procedure.  DMPA is dissolved in 600 mol. wt. PEGdA as oppose to original dilution in water.  The initiator stock solution is concentrated to minimize the amount of 600 mol. wt. PEGdA added to the PEGdA 2k mol. wt. samples.  Samples are fabricated at 60˚C in order to achieve desired properties.  All formulations tested contain ten percent gelatin in solution.  

Table 2: IPN Solution Formulation for 40G/60PEGdA 600 Samples.

The formulation is modified from the original to produce robust samples.  The samples are fabricated at 60˚C.  The formulation of this IPN is the work of Rick Witte a graduate student in the Kao lab.

	Component
	Amount

	Gelatin
	0.20grams

	PEG (600MW)
	0.25grams

	Water3
	2.0mL

	DMPA
	0.02grams

	PEG (600MW); To be added to DMPA
	0.50grams

	Initiator
	20.0μL/mL


Table 3: IPN Solution Formulation for 40G/60PEGdA 2k Samples.

The formulation is modified from the original to produce robust samples.  The samples are fabricated at 60˚C.  

	Component
	Amount

	Gelatin
	0.40grams

	PEG (2kMW)
	0.60grams in 0.6ml Water3

	Water3
	3.4mL

	DMPA
	0.08grams

	PEG (600MW); To be added to DMPA
	0.50grams

	Initiator
	5.0μL/mL


Table 4: IPN Solution Formulation for 50G/50PEGdA 600 Samples.

The formulation is modified from the original to produce robust samples.  The samples are fabricated at 60˚C.  The formulation of this IPN is the work of Rick Witte a graduate student in the Kao lab.

	Component
	Amount

	Gelatin
	0.25grams 

	PEG (600MW)
	0.25grams 

	Water3
	2.5mL

	DMPA
	0.02grams

	PEG (600MW); To be added to DMPA
	0.50grams

	Initiator
	20.0μL/mL


Table 5: IPN Solution Formulation for 50G/50PEGdA 2k Samples.

The formulation is modified from the original to produce robust samples.  The samples are fabricated at 60˚C.  

	Component
	Amount

	Gelatin
	0.50grams

	PEG (2kMW)
	0.50grams in 0.5ml Water3

	Water3
	4.5mL

	DMPA
	0.08grams

	PEG (600MW); To be added to DMPA
	0.50grams

	Initiator
	5.0μL/mL



Fabrication technique is also essential to the success of the specimens.  Teflon® molds are used to fabricate test specimens following the method outlined in the attached protocol.  Due to changes in the IPN solution and the resultant material related to heat and time of fabrication, only small batches of sample should be fabricated at a given time.  IPN solution batches of 2.0mL for 600MW samples and 5.0mL for 2k samples are recommended and a fabrication time that does not exceed twenty minutes in total is desired.  New samples are fabricated prior to the beginning of each creep test.  The storage, handling, and conditioning time of the samples are specified in the attached protocol.  All specifications are based upon testing results. 


The fabrication of IPN samples involves multiple variables and is subject to many sources of error.  Variations in sample preparation technique, component measurement, and fabrication time affect how the sample behaves and the associated creep testing results.  In order to eliminate variation in results caused by IPN sample inconsistencies, a homogenous material is fabricated and tested.  Liquid latexα is the homogenous material of choice.  A large amount of liquid latexα is obtained and several samples are fabricated from the same lot of material.  The liquid latexα material and associated samples are shown in Figure 6.  Test specimens are fabricated using the Teflon® mold and cured for twenty-four hours.  Samples are removed from the mold after twenty-four hours and stored in a sealed container until the time of testing.  Creep properties are dependent upon the age of a sample and thus care should be taken to test the samples at consistent “age” or time after conditioning.  This is true with IPN samples as well and is noted in the associated protocol.  Testing of homogenous liquid latexα samples in order to validate consistency of the chamber is discussed in the testing section of this report. 
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Figure 6:  The Liquid Latex Material and Associated Samples.

Liquid latex is used to fabricate homogenous specimens to test in the chamber.  Testing of latex specimens is intended to validate the consistency of the chamber.

Force verification:
To follow ASTM guidelines, the load applied to the sample must be within        +/- 1% of the desired load [ASTM D-2990].  The force applied to the system needs to be verified to ensure that the load exerted on the specimen from the weights is equal to    (+/- 1%) the applied load.  Three possible ways to verify the force were evaluated.  First, the use of a strain gauge was considered.  Gauge placement between the top and bottom grip would allow for comparison between force applied from the weights and the digital output of the strain gauge.  Due to site restrictions of strain gauges and the inability of the gauge to be submersed, this option did not allow buoyant force corrections or force comparison measurements to be made.  
Another consideration was to use a pressure transducer between the weights and the acrylic weight rack.  The pressure transducer outputs voltage as a function of pressure and could relate output readings to force. This has the advantage of being external to the chamber, and therefore could easily be used for submersed sample measurements.  The disadvantages are cost of the pressure transducer, feasibility and accuracy of the reading. 

The third and most feasible option is to use a spring.  A spring, with a known spring constant, could be used to validate the force by measuring the amount of displacement from a known applied weight with the extensometer.  The constitutive equation, Hooke’s Law: F = -kx, can be used to calculate the force causing the displacement of the spring, which should be equal to the force applied, Figure 7.  The advantages of this option are simplicity, low cost, and the ability to perform the test in air and water to account for buoyancy.  
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Figure 7:  Schematic of a free body diagram of the creep testing system.  

The schematic shows the spring between the grips and the two pulley system translating an equal amount of force from the applied load on the weight rack to the spring.  All labeled arrows represent equal forces.

The spring method of force verification was determined to be the best option and was the only alternative pursued.  The maximum displacement allowed in the system is 4 inches and the weights available vary from 0.5 grams to 500 grams.  Thus, the needed spring constant was calculated for a displacement range of 4.0 cm to 5.5 cm and a force of 4.9 N (500 grams).  Calculations yielded a spring constant between 89.0 N/m and 122.5 N/m (0.508-0.699 lb/in).  An extension spring (#9654K31) was purchased from McMaster Carr with a spring constant (k) of 0.56 lb/in.  However, after conducting experiments with this spring and realizing that the weight range of the hydrogels was primarily between 5.0 – 20.0 grams after conducting preliminary tests, a spring that could produce a linear displacement in that weight range was preferred.  Thus, an extension spring (#ZZ1-70) was purchased from Century Spring Corporation with a spring constant (k) of 0.030 lb/in, with a tolerance of 10%.

To measure the actual spring constant, the spring was fixed at one end to a ring stand and weights were added from 6.0 grams to 24 grams, with increments of 2.0 grams.  (An initial displacement of 4.0 grams was used to place the spring under tension, since it has a initial tension of 4.0 grams.)  A graph of force (lb.) vs. displacement (in.) was produced, and a linear curve fit showed the slope of the line, the spring constant, to be 0.038 lb/in.  This spring constant of 0.0338 was used to compare the measured values of the constant taken from the LVDT.

The force verification experiment was conducted by placing the spring between the two grips and adding 6.0 grams to 29.0 grams with increments of 2.0 grams (5.0 grams after 24.0 grams) to the weight rack.  The displacement of the spring was measured by the LVDT and the data was digitized.  A graph of force (lb.) vs. displacement (in.) show in Figure 8 was produced, and a linear curve fit showed the slope to be 0.0342.  Comparing this spring constant obtained by the LVDT of 0.0342 lb/in to the actual spring constant of 0.0338 lb/in produces an error of 1.18%, which is well within the 10% tolerance.  
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Figure 8: Graph of Force (lb.) vs. Displacement of the spring.
The graph shows a linear curve fit of data obtained from adding 6 grams to 24 grams with 2 gram increments and 5 grams added to 29 grams.  A spring constant of 0.0348 lb/in, 1.18% error, was obtained.

LVDT Verification:


To ensure that the measurements obtained from the extensometer (LVDT) were valid, it was necessary to validate the output of the extensometer.  This was accomplished by marking the LVDT core at five different distances, measuring the marked distance manually with a caliper and recording the output of the LVDT as seen in Excel®, while holding the LVDT at the marked position.  The output of the LVDT was compared to the measured values and a percent error of 0.197 with a standard deviation of 0.210% was obtained.  The values of the measurements and the LVDT output are shown in Table 6.

Table 6:  Measured values compared with output of LVDT at the same displacement.

To verify the extensometer, the LVDT core was   marked and measured manually at 6 distances, while being held in that position.  These measurements were compared with the output from the LVDT in Microsoft Excel from the WinDaq software.  A percent error of 0.197 with a standard deviation of 0.210 was found.

	Measured (mm)
	LVDT (mm)
	% Error

	5.3
	5.314
	0.264

	19.3
	19.314
	0.070

	33.7
	33.521
	0.530

	49.1
	49.061
	0.079

	72.4
	72.37
	0.041

	Average % Error
	Sd of % Error
	

	0.197
	0.210
	


Addition of External Weight:


Preliminary testing of the creep chamber revealed that inconsistent results were obtained when the external testing weight was added in a bulk amount, rapidly to the sample.  To eliminate impulse forces and ensure smooth and consistent loading, a   Teflon ® weight container is constructed.  Teflon® is chosen for its lightweight and durable properties.  In addition, it is a material that is readily available in the Kao lab.  The weight container, shown in Figure 9, is designed to be placed directly on the LVDT rack.  The additional weight of the container is accounted for by the counter balance.  The container is cut and pre-shaped, and epoxy is used to secure the edges.  The weight container is then used as a holding device for the actual weight substance.  Glass beadsε are used to add a specified force to the specimen.  The appropriate amount of glass beadsε is measured prior to testing, and then slowly added to the specimen to begin the test.  A schematic of this procedure is shown Figure 10.  Small glass beadsε were chosen as the weight substance of choice due to their size, accessibility, and consistent weight.  The glass beadsε are small enough to be added slowly to the sample, but large enough so that they are unable to enter the LVDT core.  All testing performed this semester was conducted with 5.05grams of glass beadsε .  

[image: image9]
Figure 9: Teflon ® Weight Container, Designed to Fit on the Existing Weight Rack.


[image: image10]
Figure 10: Addition of Glass Beadsε to the Teflon ® Weight Container.

Counterbalance:

By analyzing the free body diagram of the system, an error in the previous design was found.  The buoyant force from the top grip was never accounted for when determining the weight of the counterbalance.  The previous design was composed of an aluminum cylinder that concentrated the weight in one area on the wire and caused a moment to then be translated onto the top grip, and thus the specimen.  To correct for the buoyant force of the top grip, lead slip shot weights were used, Figure 11.  The weight of the new counter balance is approximately equal to the weight of the weight rack,     Teflon ® weight container, acrylic rod, LVDT core, and the buoyant force of the top grip for a total of 38.53 grams.  The lead slip shot weights are evenly distributed along the wire, so as to avoid a moment on the top grip.  
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Figure 11: Pictures of the previous (left) and current (right) designs of the counterbalance.

Previous design of counterbalance (left) composed of an aluminum cylinder.  Current design of counterbalance (right) composed of lead slip shot weights.

Waterproofing:


Since the IPNs need to be tested under physiological conditions, the use of a buffer is required.  In order to ensure the chamber is not leaking and to minimize the possibility of an electrical problem, steps to waterproof the chamber were taken.  The chamber was resealed with a silicone adhesive around the PVC tubing and acetone at the acrylic-acrylic sections.  To waterproof the electrical components, the wires of the LVDT were extended and shrink-wrapped.  In addition, at the base of the acrylic rod encasing the LVDT, acrylic casing, Figure 12, was placed around the wires and sealed with silicone.  
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Figure 12:  Acrylic casing around electrical wiring.  

An acrylic casing was placed at the base of the LVDT to protect the wiring.

Vibration Control:

The duration of creep tests can be rather long, from 3 hours to 100 hours.  To minimize the amount of vibrations that occur to the LVDT, a granite block was purchased as shown in Figure 13.  The granite block is 12” x 12” x 4” and is polished on both sides.  This thickness provides enough absorption of any bench-top or laboratory- use vibration.
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Figure 13:  Picture of the creep testing system with the granite block beneath it.  

A 12”x12”x4” granite block polished on both sides was purchased for absorbing bench-top vibrations.
Grips:

The top grip designed and constructed by the previous design team required a redesign because it did not allow for an accurate verification of the forces of the creep testing system.  The original top grip was attached to the wire connected to the weight rack at two points, thus creating two components of force.  In order to eliminate these components, a new top grip was constructed that attached to the wire at only one location so that a single force exists in the longitudinal direction.  See Figure 14 for the corresponding force diagrams.  The same type of plastic tube grip was used as in the original design; only the means of attachment to the system were altered.  
[image: image32.jpg]



Figure 14:  Original and new modified top grips.

The original top grip design had to be replaced with a new modified grip in order to eliminate the components of force as depicted above in order to accurately verify the forces of the creep testing system.

Another aspect of the grips that the design team addressed was the inner faces where the testing specimen is held in place.  The previous design team attached a layer of rubber on each side of the clamp faces of each grip in order to help secure the sample in place.  However, this was removed since the rubber lining was very loose.  The inner face of each grip was then sanded to eliminate a ridge that put stress on the test specimen.  On the new smooth surfaces, each clamp face was lined with adhesive rubber and sand paper to minimize slippage of samples.  The grips proved to work successfully in all testing completed.  Refer to the Protocol in the Appendix IV for how the test specimens were inserted in the grips.

pH Detection:

The testing of the IPNs must occur at varying pH levels between 4.5-8 to mimic physiological conditions as specified by the client.  Research has shown that hydrogels whose surroundings undergo changes in pH often degrade and exhibit changes in swelling and mechanical strength [11].  Therefore, it is critical that the system allows for adjustment of pH and is able to maintain constant pH throughout a test.  ASTM standards do not specify the pH requirements of the testing environment, but do require the composition of the test environment be maintained constant throughout the test and to match the intended end-use application [ASTM 2990].  In order to record the pH of the testing environment, a pH meter (model AB15, manufactured by accumet(BASIC and Fisher Scientific) available per the client was used.  The instrument has a pH range of –1.99 to 19.99 with a resolution of 0.1 or 0.01 and relative accuracy of +/- 0.01.  The meter allows for automatic calibration using up to 5 buffers.  The pH should not change during the duration of a creep test by more than +/- 0.1 pH units [12].  This specification was met during all testing completed.  The pH during testing was at 7.4, the average pH of human blood, and was achieved by varying the NaOH and NaCl concentrations in the mixed phosphate buffer saline (PBS) solution.  The instructions for making PBS solution are in Appendix 2 in the attached Protocol.
[image: image33.jpg]


Temperature:

Polymers are known to have temperature dependent behavior [10].  The IPN material is intended for use within the human body where the temperature is equal to 37˚C.  Therefore it is essential that the tensile creep properties of the IPN be determined at physiological temperature.  The pre-existing tensile creep testing system is coupled to an environmental chamber.  The specimens are sensitive to relative humidity and require testing to be performed in water.  Design constraints of the system require that the entire volume of water surrounding the specimen be at a constant temperature.  ASTM D2990 sets a specification of a two degree deviation of temperature throughout the duration of the experiment.  Due to time constraints and relaxed client requirements temperature control for the chamber is not explored.  Testing is done at room temperature conditions.  The temperature of the liquid in the chamber is measured using a probe inserted into the chamber.  The temperature is recorded before and after the testing period and should change no more than 2˚C over the testing period.  Design ideas for future modification of chamber temperature control are included in Appendix II.  

Sampling Rate:


The creep tests are run for three hours in order to collect three decades of data.  ASTM D2990 specifies the collection of data at 1, 6, 12, 30 minutes and 1, 2, 5, 20, 50, 100, 200, 500, 700, and 1000 hours.  For the testing of hydrogels, it is necessary to shorten these time lengths accordingly due to size scale and material properties.  Hydrogels degrade in solution and significant degradation is observed after twenty-four hours.  Also, hydrogels are much weaker than the industrial materials the ASTM standard test method was designed for.  Thus, data collection times were scaled down to a three-hour test.  These collection times for a 2 sample/second rate are:  0, 1, 2, 5.5, 11, 21.5, 54, 216, 540, 1080, 2160, 1080, 2160, 5400, 7560, 10800 in seconds.  The data acquisition program, Windaq, only allows 32,000 data points to be acquired throughout the duration of one test.  Therefore, 2 samples per second is the minimum sampling rate that can be used.  Three samples per second would require the acquisition of at least 32,400 data points.  If a faster sampling rate is desired, a computer program using Visual Basic programming in Excel could be written to allow the data acquisition of more than 32,000 data points during one test.  Table 7 shows the template used to analyze raw data and determine data points of interest.
Table 7:  Sampling Rate Calculation and Conversion to Percent Strain.
ASTM D2990 specifies that data be collected at 1, 6, 12, 30 minutes and 1, 2, 5, 20, 50, 100, 200, 500, 700, and 1000 hours.  These times are converted to seconds and the corresponding Excel cell number is determined.  The LVDT reading is recorded.  The change in length (∆ Length) is determined by subtracting the first reading from all given readings in mm.  Percent strain is determined by dividing the change in length by the original length and multiplying by 100.  The table shows an example; this procedure was performed to analyze each test.
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Testing for Validation:


Testing of three IPN samples and three liquid latexα samples was performed following the attached protocol.  IPN samples were fabricated and tested following the attached protocol.  Figures 15 shows the results of three hour tensile creep tests with a five gram load.  Change in length was graphed due to suspected error in the measurement of the original length.  Figure 15 indicates fairly consistent behavior over time and similar change in length for all three IPN samples.  Testing following the attached protocol ran efficiently and reproducibly.  All components of the test were within specification and therefore the chamber was successfully validated for IPN samples containing 600 mol. wt. PEGdA.    
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Figure 15: IPN (600MW PEG) sample test results, 5grams for 3hours.

Three IPN samples were fabricated and tested under identical conditions as directed in the attached protocol.  Samples were tested for three hours with a five gram load.  IPN samples show similar behavior over time.


Three samples of liquid latexα were fabricated and tested with a five gram load for three hours.  Samples were considered homogenous and tested to ensure that the chamber produced consistent results.  Testing a homogenous material was meant to eliminate sample fabrication and formulation variations.  However, as shown in Figure 16 one latex sample did not comply with other testing results.  Fabrication technique is suspected to be the cause of the difference in results.   
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Figure 16: Liquid latex sample test results, 5grams for 3hours.

Three liquid latex samples were fabricated and tested under identical conditions as directed in the attached protocol.  Samples were tested for three hours with a five gram load.  Two liquid latex samples showed consistent results.  Fabrication methods are to be changed and samples retested.
Testing of IPN Formulations:


The client desires to test the creep properties of various IPN formulations.  The nomenclature used in the lab follows: G means gelatin, PEGdA means polyethylene glycol diacrylate, the given numbers indicate the weight percent ration between PEG and gelatin.  The molecular weight of the PEG is given at the end and is either high molecular weight 2k, or low molecular weight 600.  All solutions tested are ten percent gelatin in water and DMPA is used as the photoinitiator in all formulations.  Before testing commences, each formulation tested, 40G/60PEGdA600, 40G/60PEGdA2k, 50G/50PEGdA600, and 50G/50PEGdA2k, must be optimized so that samples are consistent and robust.  Optimization requires between one and two weeks depending upon the formulation.  Additional time is required for 2k samples due to time required for synthesis of the starting materials.  All formulations are tested in PBS at room temperature and pH of 7.4 following the attached protocol.  

IPN formulations given above were tested at 5.05grams for three hours with an n of three.  Data was manipulated following the attached protocol and percent strain was graphed versus log time, see Figure 17.  Error bars were calculated for the average of three trials, results are given in Table 8.  An analysis of the collected data in conjunction with a full journal article can be found in Appendix VII.
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Figure 17: IPN Creep Testing Results, Average of n=3.

	Time (sec)
	IPN
	MW of PEG
	Test 1
	Test 2
	Test 3
	Average

% Strain
	Error % Strain
	IPN
	MW of PEG
	Test 1
	Test 2
	Test 3
	Average

% Strain
	Error % Strain

	0.5
	40G/60P
	600
	0.0
	0.0
	0.0
	0.0
	0.0
	40G/60P
	2k
	0.0
	0.0
	0.0
	0.0
	0.0

	1.1
	
	
	0.0
	0.0
	0.0
	0.0
	0.0
	
	
	0.0
	0.0
	0.0
	0.0
	0.0

	2.2
	
	
	0.0
	0.0
	0.0
	0.0
	0.0
	
	
	0.0
	0.0
	0.0
	0.0
	0.0

	5.4
	
	
	4.0
	0.0
	2.0
	2.0
	2.0
	
	
	0.0
	0.0
	0.0
	0.0
	0.0

	10.8
	
	
	5.0
	3.7
	4.0
	4.2
	0.6
	
	
	0.0
	0.0
	0.0
	0.0
	0.0

	21.6
	
	
	5.0
	6.5
	4.0
	5.2
	1.3
	
	
	0.0
	0.0
	0.2
	0.1
	0.1

	54.0
	
	
	5.0
	7.5
	4.0
	5.5
	1.8
	
	
	0.0
	0.9
	0.8
	0.6
	0.5

	216.0
	
	
	5.9
	7.5
	4.9
	6.1
	1.3
	
	
	0.1
	0.9
	0.9
	0.6
	0.5

	540.0
	
	
	5.9
	7.5
	5.0
	6.1
	1.3
	
	
	1.1
	0.9
	0.9
	1.0
	0.1

	1080.0
	
	
	6.9
	7.5
	5.0
	6.4
	1.3
	
	
	1.1
	0.9
	0.9
	1.0
	0.1

	2160.0
	
	
	6.9
	7.5
	5.0
	6.5
	1.3
	
	
	1.1
	0.9
	0.9
	1.0
	0.1

	5400.0
	
	
	6.9
	7.5
	5.0
	6.5
	1.3
	
	
	1.1
	1.7
	0.9
	1.2
	0.4

	7560.0
	
	
	6.9
	7.5
	5.4
	6.6
	1.1
	
	
	1.0
	1.7
	0.9
	1.2
	0.5

	10800.0
	
	
	6.9
	7.5
	6.0
	6.8
	0.7
	
	
	1.0
	1.7
	0.9
	1.2
	0.5

	0.5
	50G/50P
	600
	0.0
	0.0
	0.0
	0.0
	0.0
	50G/50P
	2k
	0.0
	0.0
	0.0
	0.0
	0.0

	1.1
	
	
	0.0
	0.0
	0.0
	0.0
	0.0
	
	
	0.0
	0.0
	0.0
	0.0
	0.0

	2.2
	
	
	0.0
	0.0
	0.0
	0.0
	0.0
	
	
	0.0
	0.0
	0.0
	0.0
	0.0

	5.4
	
	
	0.7
	0.0
	0.0
	0.2
	0.4
	
	
	0.1
	0.0
	0.0
	0.0
	0.0

	10.8
	
	
	0.9
	0.0
	0.7
	0.5
	0.5
	
	
	0.8
	0.0
	0.0
	0.3
	0.5

	21.6
	
	
	0.9
	0.0
	0.7
	0.5
	0.5
	
	
	1.1
	0.0
	0.0
	0.4
	0.7

	54.0
	
	
	1.8
	0.0
	0.7
	0.8
	0.9
	
	
	1.6
	0.1
	0.0
	0.6
	0.9

	216.0
	
	
	1.8
	3.9
	1.0
	2.3
	1.5
	
	
	1.6
	0.9
	0.9
	1.2
	0.4

	540.0
	
	
	1.8
	3.9
	1.5
	2.4
	1.3
	
	
	1.6
	0.9
	0.9
	1.2
	0.4

	1080.0
	
	
	1.8
	3.9
	1.5
	2.4
	1.3
	
	
	1.6
	0.9
	0.9
	1.2
	0.4

	2160.0
	
	
	1.8
	3.9
	1.5
	2.4
	1.3
	
	
	1.6
	1.8
	0.9
	1.4
	0.4

	5400.0
	
	
	1.8
	3.9
	2.1
	2.6
	1.1
	
	
	2.4
	1.8
	0.9
	1.7
	0.7

	7560.0
	
	
	2.1
	3.9
	2.2
	2.7
	1.0
	
	
	2.5
	1.8
	0.9
	1.7
	0.8

	10800.0
	
	
	2.7
	3.9
	2.2
	2.9
	0.9
	
	
	2.5
	1.8
	0.9
	1.7
	0.8


Table 8: Combined Data for IPN Formulations, Average and Standard Deviation Calculated. 

Future Work:


Creep testing of samples has only been completed with 5.05 grams of applied load at this time.  In the future, the samples will need to be tested at varying levels of stress in order to encompass the tolerable stress range of the material.  Also, testing completed at this time has only been at room temperature.  It is desirable to test the IPNs at physiological temperatures as well.  However, the client has indicated that if only room temperature is feasible that will be sufficient.  Several ideas for increased temperature control were brainstormed at the beginning of the semester and are included in Appendix II.  One or more of these ideas may be pursued in the future.


The client also wishes to test other materials in the chamber.  He desires to test polyurethane samples since polyurethane is a commonly used biomaterial.  Creep test results of polyurethane would allow the results of the IPN to be compared to another material of similar applications.  IPN samples with modified gelatin backbones are also desirable to test because the client’s lab is conducting research on IPNs of this formulation as well.  
Ethics:

 
Biomedical devices affect the lives of their users.  In some instances, failure of a device can be terminal.  In the context of this design, there is no concern with an implantable device.  However, the IPN network is intended as a wound dressing and will therefore at some point affect the life and quality of life of human patients.  In order to ensure the highest quality and accuracy of the interpenetrating networks, data collected through use of the creep chamber must posses the utmost integrity.  It is therefore the responsibility of the design team to use sound scientific judgment in the validation of the creep chamber as well as accurately report results.  In seeking to report the most accurate data possible, validation will proceed following ASTM D2990 (2002).  It is the opinion of the design team that this document provides tried and true measures for test parameters and will yield quality data concerning the tensile creep properties of IPNs under test.  

Conclusion:

The design team has addressed all of the recommendations given to them by the previous design team and has improved all aspects of the creep testing system required for a proper validation.  The validation is rigorous and follows the standards set by ASTM International.  The team has met with the client on a regular basis to determine project status and to receive feedback.  The written protocol has been validated through testing of IPN samples and is verified for use as a test method by which to test the tensile creep properties of IPN samples.  The IPN formulations of 40G/60PEGdA600, 40G/60PEGdA2k, 50G/50PEGdA600, and 50G/50PEGdA2k have been tested at room temperature in PBS with a pH of 7.4.  A journal article discussing the chamber and corresponding results has been authored.  
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1 A plastic is defined as a material that consists of a polymer that can be molded [8].

2 Professor Wendy Crone from the University of Wisconsin-Madison has a similar chamber constructed to work in conjunction with the Instron™.  It is lined in glass and is heated using ethylene glycol.

Appendix I:
The Product Design Specification of the Design and Validation of a Mechanical Testing System Coupled with an Environmental Chamber for Hydrogels:

Creep Testing System

Megan Toth, Kelly Williams, Christy Palmer (Fall 2003)
Last Updated 04/25/04
Function:  To measure the creep properties of hydrogels in a pH and temperature controlled environment.  To validate the creep chamber designed to measure creep properties of hydrogels by ASTM D 2990 in preparation for a scientific study of IPN creep properties.  To conduct a scientific study including various formulations of IPNs using the validated creep chamber.
Client Requirements:

· Free standing system to measure creep properties of hydrogels.

· Maintain the pH of a solution from 4.5-8 to represent a physiological environment.

· Maintain the temperature of a solution at room temperature +/- 2oC and ideally at 37˚C +/- 2˚C to represent a physiological environment.

· Chamber is validated following ASTM standards.

Design Requirements:

1. Physical and Operational Characteristics

a. Performance Requirements:  The creep testing system should be capable of being used for consecutive creep tests and not need observations and /or maintenance during testing.  The creep chamber should perform within guidelines established by ASTM D 2990.  Creep chamber should be capable of measuring properties of known standard.

b. Safety:  The chamber should be sealed so as to prevent        acidic/basic, very hot/very cold solutions from leaking from the chamber and causing injury to the user and lab surroundings.  Gloves should be worn when handling solutions for the chamber and protection should be taken when handling hot solutions.  Caution should be exercised when moving/lifting the chamber, and the chamber should not be moved when full of fluid.

c. Accuracy and Precision:  Temperature should not vary more than +/- 2 oC of the desired temperature.  The pH should not vary by +/- 0.1 pH units.  Extensometer must be accurate to 0.23 mm and as precise as possible.  The load on the specimen should be +/- 1% the load applied (ASTM D-2990).  

d. Life in Service:  The chamber should maintain the temperature for the extent of the creep test, which could run for a period of a three of hours to one day.  The acquisition system should record displacement at least twice every second for the duration of the test.  The chamber should be viable for use through at least one complete scientific study.

e. Shelf Life:  The testing system should be stored at room temperature and be covered to prevent the collection of dust and dirt.  Ideally, the chamber should be viable for at least five years or of sufficient time to respect scientific data.

f. Operating Environment:  The chamber will be used at room temperature (21 oC), local atmospheric pressure, and humidity.  It will be exposed to solutions of 4.5-8 pH and temperatures of 37 +/- 2 oC.  When the sample breaks, the weight rack and weights (0.5 gram – 500 gram weight, 0.0098 N – 4.9 N) will contact the top of the LVDT.  The system will be handled by researchers.  Ideally, the chamber will be used at 37oC +/- 2oC.

g. Ergonomics:  The researcher performing the test should be allowed adequate movement in the system to attach the specimen into the grips.   The space surrounding the sample should have a diameter of at least 10 inches to allow manual adjustments.  The system should sit on a standard lab bench to allow complete accessibility during preparation.  The chamber should be easily filled by gravity.

h. Size:  The testing system should accommodate for tripling of hydrogel sample length during testing (4 inches).  The chamber must accommodate at least 500 g of weight.

i. Weight: The system should be less than 33 lbs. (Recommended by Human Factors Design Handbook.)  The system should require less than 33 lbs of water.

j. Materials:  Materials of chamber should be durable, withstand temperatures of 19 to 39 oC and a pH between 4.5-8.  Materials immersed with solution should have high corrosion resistance, and high density to decrease the buoyancy factor.  The LVDT should be able to withstand higher temperatures from possible radiation of heat from the chamber.  The grips should be made of sufficient material as to eliminate slippage of the sample.

k. Aesthetics, Appearance, and Finish:  The chamber should have a transparent shell so that the user can observe the hydrogel sample inside.  The system should not have any sharp edges or protrusions.  The system should remain clean and free from any contaminants.

2. Production Characteristics

a. Quantity:  One creep testing system is needed.

b. Target Product Cost:  Minimal cost to validate the chamber is required.  Substantial funding has been put toward building the chamber and minimal investment is desired until the chamber is functional.

3. Miscellaneous

a. Standards and Specifications:  Testing system should accommodate hydrogel samples of ASTM approved dog-bone (ASTM D 638) shape and should follow ASTM D 2990, Standard Test Methods for Tensile, Compressive, and Flexural Creep and Creep-Rupture of Plastics.  

b. Customer:  See client requirements above.

c. Patient-Related Concerns: Creep data should be accurately collected and analyzed to ensure that sound scientific data is published.  Data will influence the final product use in vivo.

d. Competition:  None commercially available.  

Appendix II: 

Design Alternatives for Chamber Temperature Control


The design team has identified three possible design alternatives to meet the temperature requirements of the system.  The first design involves removing the existing environmental chamber and replacing it with a cylinder containing a heating jacket.  This solution allows for the use of a calibrated re-circulating external heating device, Figure 9.  Such a system exists on campus in the laboratory of Dr. Wendy Crone2.  This option affords the ability to meet temperature requirements of 37˚C, as well as various other temperatures as needed.  Complete removal of the existing chamber is a daunting task and requires redesign of the existing platform.  These considerations cause this design option to be expensive and time consuming.


[image: image20]
Figure 9: Temperature regulation design alternative 1.

A double barreled cylinder is constructed to circulate temperature regulate liquid.  The inner cylinder is composed from a material that conducts heat but minimizes vibrations felt by the IPN inside the chamber.  This design is a modification of an existing chamber in Dr. Wendy Crone’s laboratory at the University of Wisconsin-Madison.


An alternative design involves the use of heating tape.  An extensive array of heating tape is commercially available and can be custom built to fit any application.  Heating tape would be selected to wrap around the environmental chamber and cover enough surface area to maintain constant heat.  The heating tape would be coupled to a negative feedback control with a tolerance of less than two degrees, Figure 10.  This system is adequate to control the temperature of the chamber.  However, to date, such a system has not been identified.  Most commercially available heating tapes are not designed to maintain physiological temperatures.  In addition, the cost of this option is quite high.

[image: image21.jpg]



http://www.bhthermal.com/pdf/1-3A.pdf
Figure 10: Temperature regulation design alternative 2.

Many varieties of heating tape are made commercially.  Application of the heating tape around the chamber would allow for heating of the solution to 37C.  A negative feedback thermometer would be used to regulate the temperature within +/-2C.


The third design alternative requires that the entire tensile creep chamber be placed in an environmentally controlled room, Figure 11.  Environmentally controlled rooms have pre-existing negative feedback thermostats and would be large enough to contain the device.  In addition, the LVDT associated with the chamber is viable in temperatures up to 70˚C (as specified by Sentech Inc.) [7].  This solution would require that the measurement computer be viable in physiological temperatures as well.  At this time such a room has not been located.  Additional considerations include the response of the chamber material to temperature increase, availability of the environmentally controlled room, and operator fatigue.




www.hounsfield.com/ graphics/blid7.jpg

Figure 11: Temperature regulation design alternative 3.

The creep chamber could be placed in an environmental chamber at 37C.  The environmentally controlled chamber could be a hood, oven or room.  The chamber would need to have a pre-existing negative feedback thermometer to regulate temperature by +/-2C. 

Prior to the purchase of any external temperature regulating device, testing of the IPN samples will be performed and the duration of the test determined.  The temperature of the environmental chamber must remain within 2˚C for the entire period of testing.  If the duration of test is shorter than the time it takes for the given volume of water to transfer 2˚C of heat to the surroundings, no external device is needed.  Heat transfer rate will be determined experimentally and by theory and the actual and theoretical times compared.
Appendix III:

Research and Ideas Concerning the Testing of a Standard Biomaterial

To verify the accuracy of the creep chamber and provide comparison of the IPN properties a standard material with known creep properties will be tested using the system.  The resulting creep data should then be compared to the literature values to provide for an absolute validation of creep measurements.  Ideally, the selected standard material would be commonly used as a biomaterial and elastomeric so that the properties are similar to the IPNs the system was designed for.  In order to find such a material, the design team searched journals, textbooks, and CAMPUS (Computer Aided Material Preselection by Uniform Standards) database for polymers and elastomers.  From this research, the CAMPUS database supplied the most creep data available for various grades of low density polyethylene (LDPE).  Suppliers in the plastics industry were contacted to inquire about the availability of LDPE grades, thickness of samples, and creep properties.  It appears that suppliers only carry one grade of LDPE (multiple grades are only available in the raw material form) and manufacturers do not regularly perform creep tests on their materials.  For a cost, such a test can be performed upon request.  After acquiring this knowledge and speaking with researchers at UW-Madison, the design team reconsidered its options.  Polydimethyl siloxane (PDMS) is now being pursued as the standard material of choice.  PDMS was chosen over LDPE because it is more elastic like IPNs and can easily be shaped in the laboratory into the desired sample dimensions using the same Teflon® molds used for the IPNs.  PDMS does not have creep properties.  Therefore research efforts have turned to the use of polyurethane as a standard biomaterial.  Research into its properties is ongoing.

Appendix IV:

Tensile Creep Property Determination for Interpenetrating Networks Under Controlled Environmental Conditions; Protocol May 2, 2004
Test method development and validation to be completed following ASTM D2990 (Standard Test Methods for Tensile, Compressive, and Flexural Creep and Creep-Rupture of Plastic) and ASTM D638 (Standard Test Method for Tensile Prosperities of Plastics).

Department of Biomedical Engineering, University of Wisconsin-Madison. Christy Palmer, Megan Toth, and Kelly Williams (Protocol written for the lab of W. John Kao Ph.D. under the advisement of Glennys Mensing Ph.D.) BME Capstone Design 400: Fall Semester 2003.  Updated BME 402: Spring Semester 2004
Materials:

1. Water3: double deionized H2O or equivalent

2. Teflon1: Virgin Teflon Sheet 1mm thick x 12” x 12” (or equivalent)

   McMaster-Carr Part # 8545 K201

3. Teflon1 Molds: Machined to Given Dimensions (At least 5 molds)

4. Sterile Petri Dishes, at least 2” in diameter

5. Sterile Pouches, large enough to accommodate the Petri dish

6. Mylar®2: 6um thick, 2 ¾ “ x 300’ roll, Spex Certi Prep or equivalent

7. Liquid4: Phosphate Buffer Solution (PBS) or other as desired

8. pH and temperature meter5 (model AB15, manufactured by accumet® BASIC and Fisher Scientific) capable of measuring within the given tolerance (0.1 pH units and 0.1˚C)

9. Polycarbonate container 2.5 gallons in size

10. Water bath capable of reaching 37˚C +/- 2˚C and accommodating a square container 2.5gallons in size

11. Caliper capable of measuring to 0.01mm and able to be immersed in water

12.  Spring8: Spring constant 0.03 lb/in Century Spring Corp.  Part# ZZ1-70

13.  Nylon wire

14.  Ring stand

15.  Clamp

16.  Weights

17.  Bobby pin/paper clip

18.  Excel®
19.  Windaq11
20.   Granite stone10 12” x 12” x 4”

21. Glass Beadsε : Soda Lime Glass, Scientific Products, #G6000 (4mm)
22. Food Coloring(:Gel Food Color, Signature Band, LLC (Ocala, Florida), # 34478
Test Specimen Dimensions:


ASTM D638 section 6.1.2 specifies that the testing of non-rigid plastics with a thickness of less than 4mm should be conducted using type IV materials.  A type IV material is required to be cut into a standard dog bone shaped specimen following ASTM defined dimensions, shown in Figure 1.  The thickness of the specimen is required to be 3.2 +/- 0.4mm.  In order to accommodate the dimensions of the creep chamber used for testing, the ASTM given dimensions are scaled by one-third.  Each parameter is scaled by one-third in order to preserve the required dimensions.  Testing dimensions for the interpenetrating network (IPN) are given in Table 1. 


[image: image23]
Figure 1: ASTM D638 Defined Dimensions for test Specimen.

Symbols given in this schematic correspond to those shown in table A.  Schematic was taken from ASTM D638 pg. 202 (2002).

	Property
	Dimension (mm)
	Dimensions (mm) Scaled by 1/3

	(W) Width of narrow section
	6+/-0.05
	2+/-0.02

	(L) Length of narrow section
	33+/-0.05
	11+/-0.02

	(WO) Width Overall
	19+/-6.4
	6.3+/-2.1

	(LO) Length Overall
	115+/- no max
	38.3+/-no max

	(G) Gage length
	25+/-0.13
	8.3+/-0.04

	(D) Distance between grips
	65+/-5
	21.7+/-1.7

	(R) Radius of fillet
	14+/-1
	4.7+/-0.3

	(RO) Outer radius
	25+/-1
	8.3+/-0.3

	(T)Thickness 
	3.2+/-0.4
	1.1+/-0.1


Table 1: Given dimensions for dog bone specimen Specified in ASTM D638; Standard Test Methods for Tensile, Compressive, and Flexural Creep and Creep-Rupture of Plastics

Given Dimensions were scaled by a constant factor of 1/3 in order to fit the sample to the pre-existing creep chamber.  Dimension symbols correspond to those given in ASTM D638 and are shown above in Figure 1.


Specimens are composed of materials that undergo polymerization in response to ultra violet light (UV) exposure.  The test method for making IPN samples is attached in Appendix I and should be followed.  Specimen samples for the purposes of tensile creep testing are fabricated in an identical fashion as for use in the final application, as specified in section 8.5 of ASTM D2990.  In accordance with the fabrication test method, Teflon1 molds adhering to the dimensions given in Table 1 are manufactured.  All mold dimensions must fall within specified tolerances as given in ASTM D638.  


Teflon1 molds are reusable and must be kept clean.  Molds are cleaned using compatible solvents.  Water3 is the solvent of choice.  Molds are cleaned after every sample fabrication and dried completely before reuse.  Molds are used in accordance with the IPN fabrication test method found in Appendix I.  The mold is kept flat as to prevent leakage of IPN solution from the mold during fabrication.  In the event that the mold becomes bent or warped, proper measures should be taken to level the mold.  Such measures should not cause changes in the thickness of the mold.  To account for such procedures and ensure adherence to dimensions specified in the test method, a caliper capable of measuring within the given tolerance should be used to verify the mold dimensions prior to fabrication of samples.  Molds are to be replaced when they no longer meet specifications.  Molds are kept in a clean place free from solvents that may cause degradation.  Molds are marked on each side at each end 0.55cm from the end of the specimen using an indelible marker.  These markings should be maintained for all creep testing procedures.      
Test Specimen Fabrication and Conditioning:


Interpenetrating networks are composed primarily of two cross-linked polymers.  Application of these polymers involves absorption of water in a physiological environment.  The mechanical properties of the IPN are dependent upon their environmental conditions.  Testing should be conducted with samples that accurately reflect the properties of the IPN in vivo.  Samples are fabricated following the method outlined in Appendix I.  Samples should be fabricated no more than five at a time and  thus no more than two milliliters of IPN solution should be prepared at one time.  Sample fabrication time is kept to a minimum and the temperature of the solution does not exceed 63˚C during the fabrication process.  Molds are fully cooled for a minimum of ten minutes before removing the samples.  Samples are then placed on Mylar2 in a sterile dish, sealed with a damp gauze pad, and put into refrigerated conditions.  


Samples are stored no longer than forty-eight hours and are used as soon as possible.  Four and one-half hours prior to testing, the samples are removed from refrigeration and placed into a sufficient amount of test liquid4 to allow absorption to reach equilibrium at room temperature.  Samples noticeably increase in size after being introduced to water.  Samples remain in the test liquid4 at room temperature for four and one-half hours.  The conditioning time for samples to be tested at 37˚C is not determined at this time.  ASTM D2990 specifies that the temperature of the conditioning environment should be maintained at 23˚C +/- 2˚C.  Due to the degradation properties of the hydrogel in an aqueous environment, a forty-eight hour preconditioning in the testing environment as outlined in sections 9.1 and 9.2 of the ASTM cannot be achieved.   Samples are then carefully removed from the liquid4 solution and placed into the creep testing chamber (after four and one-half hours for testing at 23˚C).  As specified in section 8.7 of ASTM D2990, a micrometer capable of measuring to the nearest 0.025mm is used to measure the width and thickness at least five points along the gage length of the specimen in liquid.  Measurements are performed at room temperature and in a timely fashion.   Tweezers or other sharp tools are not used in the transfer of the specimen to the chamber.  Any sample with known imperfections or variations in thickness is discarded.  Samples are treated with extreme care and are transferred at a reasonable pace so that drying of the sample does not occur and no damage is done. 


After the sample is positioned in the grips within the environmental chamber, a liquid4 at desired environmental conditions is added.  The sample is allowed to come to equilibrium and observation of the sample integrity is made.  The equilibrium condition is assumed to be reached approximately two minutes after the liquid4 is added.  Any sample that shows damage or dramatic change in properties (upon visual inspection) is discarded and the sample preparation is repeated.  ASTM D2990 specifies in section 8.9 that at least two samples are tested at each of five stress levels for a single temperature condition.  Testing conditions can be modified to meet desired parameters.  

Temperature Considerations and Control:


The mechanical properties of IPNs are extremely sensitive to the temperature conditions of their environment.  In section 10.1.1 of ASTM D2990, characterization of a material requires testing at two temperature conditions.  Temperatures are selected to cover the range of application.  Test conditions are chosen to cover room temperature to physiological temperature.  Physiological temperature is defined as 37˚C.  Testing will be conducted at 23˚C +/- 2˚C and 37˚C +/- 2˚C.  The tolerance of the temperature is 2˚C throughout the duration of the test as given in section 6.7.1 of ASTM D2990.


For tests conducted at room temperature, the liquid4 test environment is added to the test chamber at the desired temperature.  The chamber is filled from the bottom up so as not to load the sample upon addition of liquid.  A 2.5 gallon polycarbonate container containing 6 liters of liquid4 is used.  The liquid in the container has previously been allowed to come to thermal equilibrium with room temperature.  When the sample is properly aligned in the grips, the thermally equilibrated container is raised above the level of the chamber.  The valve on the base of the chamber is opened and the chamber is filled to the accepted level.  The accepted level is defined as directly above the red wire clamp above the top grip.  Once the liquid4 completely covers the red wire clamp above the top grip, the valve is closed. 


The sample and liquid4 at the specified temperature are allowed to come to equilibrium for a period of time previously defined (two minutes).  The temperature of the environmental liquid4 is monitored throughout the time course of the reaction by the dual pH and temperature meter5.  The measurements are taken as close to the center of the test sample as possible.  The measurement device must not obstruct the sample, cause eccentric loading, or vibrations in the chamber.  The resolution of the measuring device must be within +/- 2˚C.  Values will be recorded at the beginning and end of the testing period and reported with final results.  Humidity conditions will be considered constant, as the sample will be tested while fully immersed in a liquid (aqueous) at a given temperature.  

Grip Maintenance, Specimen Insertion, and Load Application:


The grips for holding the test specimen are self-aligning.  They are attached to the testing machine in such a manner that they move freely into alignment as soon as a load is applied so that the long axis of the test specimen will coincide with the direction of the applied force through the center line of the grip assembly.  The specimen must be aligned as perfectly as possible with the direction of force so that no torsion that may induce slippage occurs in the grips.  The interior faces of the grips are lined with adhesive rubber6 and fine sandpaper7 to prevent any slippage in accordance with section 5.1.3.3 of ASTM D638.  The adhesive integrity of the attached rubber and sandpaper is visually inspected before inserting the specimen.  If the rubber and sandpaper are loose, they are replaced.  

When the specimen is inserted between the grips, extreme care is taken to prevent any damage to the specimen itself.  Gloves are worn when handling the specimen.  One end of the specimen is first attached to the fixed bottom grip by carefully placing the end between the grip faces and then tightening the grip.  The specimen is inserted so that the majority of the wide section is between the grip faces.  Then the other end of the specimen is attached to the movable top grip in the same fashion without applying any stress on the specimen, except the top grip is oriented 180 degrees in alignment with the bottom grip within the same plane to allow no torque to be placed on the specimen when the chamber is filled with liquid.  Before the chamber if filled, some minor bending of the specimen occurs and this is okay.  The grips are tightened evenly and firmly to a degree necessary to prevent slippage of the specimen during testing, but not to the point where the specimen is deformed.  The end of each grip is placed at the center of the colored lines on the test specimen to ensure consistent gage length.  Turn the side screw of the each grip to the marked line to achieve sufficiency.  As specified by section 6.1.2 of ASTM D2990, the final centering of the specimen is completed prior to applying any load.  

After the properly conditioned and measured specimen is mounted between the grips, the initial or reference measurement for extension is taken.  The desired load of glass beads( is pre-weighed in a plastic weight boat.  Then the full load of the test is rapidly and smoothly applied into the Teflon ® weight container in 1 to 5 seconds as indicated in section 11.3 of ASTM D2990.  Timing of the creep test is started at the onset of loading. 

pH and Reagents


The swelling and mechanical strength of IPNs are dependent on pH levels.  ASTM standards specify the composition of the test environment must be maintained constant throughout the test and to match the intended end-use of the application.  The specimens are tested at physiological conditions of pH levels 4.5-8.  The tolerance of the pH is 0.1 pH units throughout the duration of the test; this specification matches the pH regulation within the human body [1 & 2].  The pH of the environmental liquid4 is monitored throughout the time course of the reaction by the dual pH and temperature meter5.  As with temperature measurements, the pH measurements are taken as close to the center of the test sample as possible.  The measurement device must not obstruct the sample, cause eccentric loading, or vibrations in the chamber.  The resolution of the measuring device must be within 0.1 pH units.  Values will be recorded at the beginning and end of the testing period and reported with final results. 


Once the chamber is filled with the test liquid4, the pH and temperature meter is ready to be placed in the chamber.  The electrode is removed from the storage buffer solution.  It is then rinsed with deionized water and wiped clean with a chem.-wipe.  These last two steps are repeated again and then the electrode is placed over the edge of the chamber and held in place with a binder clip. 

  
If phosphate buffer saline (PBS) solution is used as the test liquid4, Appendix 2 is used to manufacture and test the solution.  Reagent grade chemicals are to be used as indicated in ASTM D2990 section 7.1.  Reagents are to conform to specifications of the Committee on Analytical Reagents of the American Chemical Society where available.  The liquid test environment is to be added to the test chamber by the same method outlined in the ‘Temperature Considerations and Control’ section of the protocol.

Force Calibration:

ASTM D2990 section 6.4 specifies that the force exerted on the sample must be +/- 1% of the load applied.  Therefore, force must be verified each day a test is conducted, before conducting a test.  A spring with known constant (k) is used to test the applied force.  The spring8 has a constant of 0.03 lb/in with a tolerance of 10% purchased from Century Spring Corporation.  The spring8 is tested to determine its actual spring constant by fixing one end and measuring the displacement under a load range from 6 grams to 24 grams.  Force verification is first completed by calibrating the LVDT following Appendix 3.  The spring is placed between the grips and allowed to remain isolated for 30 seconds to reduce vibration errors.  Weights are then added in a range from 6 grams to 24 grams, with an increment of 2 grams.  Measurements are recorded every thirty seconds and the force (lb) versus displacement (in) graph is produced.  A linear curve-fit is used to determine the slope of the line.  The slope of the line is the value of the spring constant.  If the spring constant measured is within 5% experimental error of the actual spring constant, then the force is verified.  


The grips and drive mechanism of the testing device are constructed of such materials and in such proportions that the total elastic longitudinal strain of the system constituted by these parts does not exceed 1% of the total longitudinal strain between any two gage marks on the test specimen at any time during the test as outlined in section 5.1.6 of ASTM D638.

Environmental Location of Chamber and Vibration Control:


To prevent any disturbances of the creep testing system while performing an experiment, the system must be isolated.  A granite stone10 (12”x12”x4”) is placed beneath the system on a standard lab bench-top to absorb disturbances due to vibrations.  Considerations must be taken during the experiment to avoid adding excessive noise or vibration conditions such as closing of doors, etc.  If excessive errors due to vibrations are observed during testing or noticed in the LVDT readout, then the test is considered in error and is repeated free of disturbance.

Data Collection:


ASTM D2990 specifies the collection of data at 1, 6, 12, 30 minutes and 1, 2, 5, 20, 50, 100, 200, 500, 700, and 1000 hours.  For the testing of hydrogels, it is necessary to shorten these time lengths accordingly due to size scale and material properties.  Data collection times have been scaled down to a three hour test.  These collection times for a 2 sample/second rate are:  0, 1, 2, 5.5, 11, 21.5, 54, 216, 540, 1080, 2160, 1080, 2160, 5400, 7560, 10800 in seconds.  Section 11.6 of ASTM D2990 specifies that the control must be measured on the same schedule as the specimen under loading conditions.  For the purposes of this protocol, the controls are measured before and after the completion of the test.  Three non-loaded controls placed in the liquid4 with same pH and temperature are measured by using a micrometer capable of measuring to the nearest 0.025 mm at least 5 points along the gage length as specified in section 12.3 of ASTM D2990.   Windaq11 is set to record the elongation of the specimen at a sampling rate of 2 samples per second.  Data collection is started prior to the load being applied to the specimen in order to get the original length of the specimen.  Once a stable original length measurement is recorded, the load is applied.  The data collection is stopped exactly 3 hours after the load is applied.

Calculations:


All calculations abide ASTM D2990 sections 12.1-12.4.  The stress for each specimen will be calculated in megapascals (MPa) by dividing the load applied to the specimen by the average initial cross-sectional area of the gage length.  


The elongation of the specimen is calculated by subtracting the original gage length of the specimen from the values measured by the LVDT.  Strain is calculated by dividing the elongation of the specimen by the original gage length of the specimen at each of the times measured, and multiplying by 100 to obtain percent strain.


Two different possibilities exist for taking into account the dimensional change due to the environment (buffer pH and temperature).  The strain can be corrected by adding the average deformation recorded on three non-loaded controls under the same environmental conditions at the same time to the elongation of the specimen recorded.  Contraction of the control is a positive value and expansion of the control is a negative value.  This can then be multiplied by 100 to obtain percent strain.  The strain can be left uncorrected, but must be described as uncorrected strain.  The strain change due to the environment is calculated by dividing the elongation of the average deformation recorded on three non-loaded controls by the original gage length, and multiplying by 100 to obtain percent strain.


The creep modulus is calculated in megapascals (MPa) by dividing the initial stress by each of the strains measured at the different times of data collection.

Reporting of Data:


ASTM D2990 specifies that the following data be reported: a description of the hydrogel being tested including the composition, preparation, and date of manufacture; dates of the creep test; dimensions of the test specimen; the test method used and the revision date; the preconditioning used and a description of the test conditions including the humidity, the temperature, the pH and composition of the buffer, the loading and type of loading.  


ASTM D2990 recommends the plotting of log strain (percent) vs. log time (hours); however, due to the increment of time from initial loading to rupture being rather small for IPNs compared to industrial materials, the plotting of strain (percent) vs. log time (seconds) is more applicable.  The strain vs. time plot includes every stress parameter tested, as well as every temperature.  A plot of the corrected strain (percent) vs. time (seconds) along with the average dimensional change (percent) due to the environment (from the control data) is placed on the same graph.  If the data is to remain uncorrected, then a plot of the uncorrected strain data is placed on the same graph as the average dimensional change (percent) due to the environment (from the control data) vs. time (seconds).  All of the plots are labeled as uncorrected or corrected data.  

References:

1. Dr. Andrew Lokuta.  Personal communication.  October 9, 2003.

2. Sherwood, Lauralee.  Human Physiology from Cells to Systems.  Pacific Grove:  Brooks/Cole, 2001.  

Appendix 1: Interpenetrating Network Fabrication

(Samples can be fabricated using low or high molecular weight PEG as desired)

Low Mol. Wt. IPN Protocol (Written by Rick Witte, 2003)

Materials:

1) Gelatin (10% solution) (shelf rm 7236)
2) PEG (575) diacrylate (refrigerator rm 7236, liquid @RT)
3) DMPA (1%wt)

4) Glass vials

5) Aluminum foil

6) Glass slides

7) Glass cover slips

8) Teflon1 molds

9) Binder clips

10)  Razor blades to separate molds from glass

11)  Pasteur pipettes

12)  Vortex shaker

13)  Hot plate/heater (set at 60oC)

14)  UV lamp

15)  Food Coloring(:Gel Food Color, Signature Band, LLC (Ocala, Florida), # 34478
16)  Plastic Pipette Tips

Methods:

1) Turn on UV lights and fan. (UV lights should be allowed to “warm” up)

2) Weigh out desired amounts of gelatin, PEGdA, and DMPA. 

· Use micropipette for PEGdA 600

· 0.3g is approx. 250(l

· 0.02g DMPA in 0.5g PEGdA  (this is to create initiator stock solution) 

3) Dissolve the gelatin in water (use hot plate), vortex thoroughly.

4) Dissolve the DMPA in PEG (use hot plate to speed up dissolution).  As soon as DMPA is completely dissolved, remove from heat. Vortex thoroughly just prior to use. 

5) Once the DMPA and gelatin have been dissolved add the gelatin solution to the PEG diacrylate, vortex thoroughly. KEEP ON HEAT

6) Add the initiator stock solution (DMPA/PEG) to the PEG-gelatin solution. (20ul per 0.1g PEG total weight) VORTEX, KEEP ON HEAT 

7) Make sure the PEG is completely dissolved

8) Using a pasture pipette, place an adequate amount of PEG-gelatin solution into the mold**, clamp the mold with binder clips.

9) [image: image35.jpg]


Using the end of a plastic pipette tip, place food coloring( into the IPN at marked locations on the Teflon® mold. 

10) Place the mold underneath the UV light for 1 to 3 min.  (Time may vary with DMPA and PEG concentration.)

11) Remove the mold from the UV light and allow the mold/IPN to cool down.

12) Using a razor blade, separate glass slides from Teflon mold. Remove the IPN from the mold.

[image: image36.jpg]
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**The mold consists of a Teflon mold sandwiched between glass slides.  [image: image38.wmf]y = 0.0348x + 0.0175
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Example Calculations:

To create a standard 50/50 IPN (50 wt% Gelatin, 50 wt% PEGdA 600, 

1wt% DMPA):

	
	Amount

	Initiator Stock Solution
	0.02g DMPA in 0.5g PEGdA 600

	PEGdA 600
	0.08g

	Gelatin
	0.1g

	H2O
	1ml


· After the Gelatin and PEGdA have been mixed, 20(l (approx 0.025g) of the initiator solution is added. 

· This will result in a total of 0.1g PEGdA, 1mg of DMPA, and approx 1ml of IPN solution

· To create twice as much, simply double the amount of PEGdA and Gelatin, and add 40(l instead of 20(l of the initiator solution.  You do not need to change the initiator stock solution ratio, and the given amounts are enough to make several batches of IPNs. 

Explanations:

· Because PEGdA 600MW is being added to the solution with the DMPA, the extra PEGdA must be accounted for when weighing out PEGdA and gelatin.

· A stock solution of DMPA dissolved in PEGdA is used because the example calculation only calls for 1mg of DMPA and is difficult to weigh out.  If a larger amount is being prepared, this step may not be necessary, and the DMPA can be added directly to the PEGdA.

· The main goal of dissolving the DMPA in PEGdA is to equally disperse the DMPA throughout the mixture.  If added directly to the PEG/Gelatin mixture, the DMPA will remain in large crystals since DMPA is insoluble in water, and solid at 37oC.

High Molecular Weight IPN Protocol (Written by Jeanine Burmania, 2001)

Materials:

17) Gelatin (20% solution) (shelf rm 7236)

18) PEG (2K) diacrylate (100% solution, 1g/1ml) (shelf rm 7236)

19) DMPA (0.3g DMPA/1ml water) (refrigerator rm 7236)

20) Glass vials

21) Aluminum foil

22) Glass slides

23) Glass cover slips

24) Teflon molds

25) Binder clips

26) Razor blades to clean molds and separate molds from glass

27) Pasteur pipettes

28) Vortex shaker

29) Hot plate/heater

30) UV lamp

31) Food Coloring(:Gel Food Color, Signature Band, LLC (Ocala, Florida), # 34478
32)  Plastic Pipette Tips

Methods:

13) Dissolve the gelatin in water (use heat), vortex thoroughly.

14) Dissolve the PEG diacrylate in water (do not use heat!), vortex thoroughly.  This solution should be in glass vial wrapped in foil to minimize light exposure.

15) Dissolve the DMPA in water (use heat). Vortex thoroughly just prior to use.

16) Once the PEG diacrylate and gelatin are dissolved add the gelatin to the PEG diacrylate, vortex thoroughly. KEEP ON HEAT

17) Add the initiator (DMPA) to the PEG-gelatin solution. (5(L per 1ml total solution volume) VORTEX, KEEP ON HEAT (0.08g DMPA in 0.5g PEGdA 600)
18) Using a pasture pipette, place an adequate amount of PEG-gelatin solution into the mold**, clamp the mold with binder clips.

19) Using the end of a plastic pipette tip, place food coloring( into the IPN at marked locations on the Teflon® mold. 

20) Place the mold underneath the UV light for 2 to 5 minutes (depending on PEG diacrylate concentration (the more PEG diacrylate the more time)).

21) Remove the mold from the UV light and allow the mold/IPN to cool down.

22) Remove the IPN from the mold.

Note: 1 g total with 20% G solution and 100% PEG diacrylate solution makes 8-9 IPNs.

**The mold consists of a Teflon mold sandwiched between glass slides.  



Appendix 2:  Preparation of Dulbecco’s Phosphate Buffered Saline (PBS) Solution

Materials:

1) 0.20 g/L Potassium Phosphate Monobasic

2) 0.20 g/L Potassium Chloride

3) 8.00 g/L Sodium Chloride

4) 1.15 g/L Sodium Phosphate Dibasic (Anhydrous)

Methods:

1) Measure out 90% of final required volume of water.  Water temperature should be 15-20(C.

2) While gently stirring the water, add the powdered medium.  Stir until dissolved.  Do NOT heat.

3) Rinse original package with a small amount of water to remove all traces of powder.  Add solution in step 2.

4) While stirring, adjust the pH of the medium to 0.1-0.3 pH units below the desired pH since it may rise during filtration.  The use of 1N HCl or 1N NaOH is recommended.

5) Add additional water to bring the solution to final volume.

Appendix 3: Windaq11 Calibration

1) Connect all hardware (DI-194RS module, LVDT, AC-DC transformer, PC).

2) Under start menu, select WinDaq 194.

3) Under view menu, select format screen -> 1 Waveform.

4) Under edit menu, select low calibration.  Move LVDT core to zero position.  Enter ‘0.00’ as Low Cal Value and ‘mm’ as Engr Units.

5) Under edit menu, select high calibration.  Move LVDT core to maximum displacement position.  Enter ’97.9’ as High Cal Value and ‘mm’ as Engr Units.

6) Under edit menu, select sample rate in S/s.  Enter ‘2.’

7) Double click the mouse with the cursor placed directly over the text in the upper, middle of the window that says “Channels: 1, 2, 3, 4.”   When the cursor blinks in this area, enter ‘-4,’ ‘-3,’ and ‘-2’ consecutively to disable these channels.  Only Channel 1 should be enabled. 

8) Open Microsoft Excel.

9) Press the play button (circle) on the WinDaq/XL toolbar.

10) Select DI-194 Serial Device (xx) in the pop-up window.

11) Do not enable looping.

12) Select A1 as the starting cell.

13) Select 3200 rows to fill.

14) Press start.

15) Close Microsoft Excel before the WinDaq software when finished.

Appendix V:  Weight Ranges of IPN Testing

	Weight Added (Air)
	Time Lasted (Air)
	Weight Added (PBS)
	Time Lasted (PBS)

	14g
	5hr. 19min.
	14g**
	5min.

	12g*
	4min.
	10g
	2hrs.

	16g*
	16min.
	7g
	1hr.

	12g*
	11min.
	5g
	1hr.


Table of the weight ranges added to the IPNs during initial testing.


*Weights added incrementally

**Submersed in DI water

Appendix VI:  Price List 

	Item
	Price

	6 ft. Nylon-coated steel wire .006” diameter McMasterCarr #8930T14
	$1.26

	9 ft. Nylon-coated steel wire .009” diameter McMasterCarr  #8930T16
	$2.88

	30 lb fishing wire
	$1.46

	Fishing weights
	$5.75

	Liquid Latex 16 fl oz.
	$10.99

	Granite Stone
	$40

	24V Power Supply Mouser Electronics #418-TR2524
	$14.99

	12” x 12”   Virgin Teflon® 1mm thick McMasterCarr #8545K201
	$9.00

	0.56 lb/in Spring (12 ) McMasterCarr #9654K31
	$6.52

	0.030 lb/in (9) Spring Century Spring Corporation #ZZ1-70 
	$0.97/spring

	0.050 lb/in (10) Spring Century Spring Corporation

#ZZ3-36
	$2.21/spring

	Machining of Teflon Molds-Machine Shop
	$250.00

	Epoxy 
	$7.00

	Teflon®  for Weight Container
	$9.00

	PEGdA 2k
	$17.50

	PEGdA600
	$15.00

	Slides and Coverslips
	$150.00

	DMPA
	$24.40

	Gelatin
	$52.00

	Total
	$641.58
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Fluid circulates between the two chambers.  The inner chamber is composed of a material that can conduct heat, but minimize vibrations caused by circulation.  
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