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ABSTRACT

Polymer scaffold use has become commonplace in tissue engineering strategies.

Scaffolds provide sturdy interfaces that securely anchor tissue engineered constructs to

their designated locations.  Researchers have used scaffolds to provide support to

developing tissues as well as a growth template to aid the development of the desired

phenotypic structure.  In addition to using scaffolds for their mechanical support,

scaffolds can be used as a diagnostic tool by attaching sensors.  Strain gauge sensors have

been attached to scaffolds to monitor compression and elongation. These

polybutylterphalate (PBT) scaffolds were used in a cartilage tissue-engineering project

for femoral cartilage repair. The aim of this project was to measure native cartilage

pressure in normal canine stifle joints using strain gauge scaffolds.  By using pressure

sensitive films to confirm joint surface pressures determined with strain gauge

measurements, “sensate” scaffolds were created to be able to provide in vivo joint loading

measurements.  An understanding of the in vivo pressures in the menisco-femoral joint

space will facilitate the development of tissue engineered cartilage by determining

chondrocyte mechanical triggers as well as helping define reasonable expectations for

engineered articular cartilage tissue that is required for successful cartilage repair.

.   
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1.0  INTRODUCTION 

1.1  Background 
1.1.1  Overview 
 
Arthritis is the leading cause of disability in the United States.  Treatment of cartilage 

defects is essential for preventing osteoarthritis and limiting its progression.  Cartilage 

tissue engineering, based on the use of implantable scaffolds as support structures, shows 

promise as a viable technique to treat focal cartilage defects.  Added functionality can be 

achieved by incorporating sensors into scaffolds, thereby providing a real-time diagnostic 

measurement of joint loading.  The central hypothesis tested within this research was that 

joint pressures and joint loads could be reproducibly measured using a strain-gauged 

implantable scaffold.  Experiments were performed using a canine stifle joint model both 

in vitro and in vivo.   

 

There were three specific aims to the experiments in this study: 1) Develop an 

implantable sensate scaffold with attached strain gauges oriented to insure optimal 

measurement.  2) Develop a method to collect clearly defined measurements from the 

implanted scaffold system during loading and record the effect of bone ingrowth into 

scaffolds on strains and pressures.  3) Determine the effect of implanted strain gauged 

scaffolds on the native joint.  An understanding of in vivo joint pressures can facilitate the 

development of tissue-engineered cartilage by establishing the native mechanical 

environment in which chondrocytes reside.  The elucidation of the mechanical 
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environment will allow the determination of biological triggers of chondrocyte 

phenotypic expression.  The development of the sensate scaffold technology will also 

allow measurements to establish failure criteria for engineered articular cartilage tissues. 

   

1.1.2  Significance 

Articular cartilage has a poor healing response because it lacks resident pluripotent cells 

and is relatively avascular [Aufdermaur 1950, Buckwalter, 1998].  Failure to resolve 

tissue injury weakens the structural integrity of the cartilage, leading to progressive 

deterioration of the surrounding cartilage [Guilak, 2000].  As such, even minor lesions 

can lead to widespread joint degeneration and osteoarthritis [Huntley, 2005].  Arthritis 

affects nearly 70 million adults and 300,000 children, which costs the U.S $116.3 billion 

(approximately 1.4% of the U.S. gross domestic product) in healthcare each year [NAAS, 

2000].  Half of the arthritis population is younger than 65, with the majority being 

between 45 and 65.  Tens of millions of Americans suffer from acute trauma to 

musculoskeletal tissues as well as various degenerative cartilage conditions. During the 

year 2000, approximately 17 million visits were made to physicians’ offices due to knee 

problems alone [NCHS, 2000].  Based on current prevalence estimates, employers will 

cover at least 3 million more employees with arthritis in 2008 than they do now [CDPC, 

1999]. 

 

In addition to the treatment of traumatic injury, the development of surgical procedures to 

repair focal defects is critical to the maintenance of healthy joints [Gross, 2003].  Once 
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osteoarthritis leads to pain and loss of joint function, total joint replacement is the 

standard of care.  However, artificial joints can fail after short periods of minimal use due 

to infection, implant loosening or focal bone loss from stress shielding and osteolysis 

[Yao, 1997].  Once an implant has failed, revision surgeries have low success rates with 

implants lasting only half as long as primary implants on average [Stiehl, 2005].  In 

addition, joint replacement patients typically experience a loss of proprioception.  

Further, joint arthroplasty is not recommended for younger patients as implants fail much 

more rapidly in physically active patient populations [Pap, 2000].   

 

These difficulties have prompted considerable research to be devoted to clinical repair of 

defects or replacement of damaged areas including: debridement, autologous cell or 

tissue implantation, allograft implantation techniques, marrow stimulation (microfracture, 

micropucture, etc) and total joint replacement.  Although patients report “good” results 

over 70% of the time when treated by experienced surgeons, recent studies have shown 

that none of the current treatments is uniformly effective at relieving knee pain long-term 

[ICRS, 2006; Mosely, 2002; Soloman, 2003].  Also, none of the current treatments 

provides replacement tissues with structures similar tissue in stiffness, smoothness and 

durability to native.  Even though some pharmaceuticals can reduce arthritis symptoms, 

currently patients have no alternatives to surgical techniques to restore function to 

damaged joints. 
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Present tissue repair or replacement procedures offer potential alternatives to total joint 

arthroplasty.  A number of techniques (description of techniques provided in later 

sections) have been developed to aid the reparative process, however all existing 

techniques have limitations.  Autologous tissue transplants can cause donor site morbidity 

and grafts can pull out or develop cracks between plug and the implant site [Gross, 2003; 

Hangody, 2003; Brittberg, 1994; Peterson, 2000; Veilleux, 2005; Ma, 2005; Saha, 2004; 

Huang, 2002; Fujisato, 1996; Naughton, 2002].  Autologous cell transplant procedures 

can result in poor cell attachment leading to incomplete healing, cartilage overgrowth and 

fibro-cartilage tissue formation [Strehl, 2005; Sharma, 2004; Radder, 1994; Roessler, 

2000; Yang, 2003; Butler, 2004]. 

 

There has been a recent interest in the development of biodegradable scaffolds to support 

implantable tissues grown in vitro [Woodfield, 2004].  These scaffolds have been created 

from a wide variety of materials including polylactic acid, silk protein, polyester and 

polybutylene terephthalate (PBT) [Szivek, 2005;  Smith, 2004; N.A.O.A.A., 2000; 

C.F.D.C. Prevention, 1999; Stiehl, 2005; Pap, 2000].  The use of polymer scaffolds in 

tissue engineering offers many advantages.  Nutrients and growth factors can be 

incorporated into scaffold structures to continuously deliver necessary supplements to 

newly formed musculoskeletal tissues, encouraging rapid development and integration 

into existing tissues.  Polymer scaffolds can be created in a variety of geometric 

configurations to allow implantation of engineered tissues that are tailored to fit an array 

of focal defect shapes [Naughton, 2002].  Growing cartilage on scaffolds in vitro 
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provides more complete development of the tissue prior to implantation [Strehl, 2005; 

Sharma, 2004].  Bone readily grows into implantable polymer scaffolds providing secure 

long-term attachment of engineered tissues to the surrounding bone in the implant site 

[Radder, 1994; Roessler, 2000].  Additionally, osteoconductive coatings can be applied to 

these scaffolds to accelerate bone in-growth [Szivek, 2005; Yang, 2003].   

 

Adding strain sensors to scaffolds can provide a complete in vivo tissue loading history 

that can be recorded through real time monitoring of joint forces [Szivek, 2005].  In order 

to develop functional tissue-engineered cartilage, a thorough understanding of loads 

acting on cartilage is essential. Insights into cartilage mechanics, pluripotent cartilage 

precursor cell triggers and local material properties can potentially be discovered from 

these measurements.  Moreover, development of a technique that provides continuous in 

vivo measurements and data acquisition will make available clinically relevant diagnostic 

measurements during surgery and rehabilitation [Szivek, 2002; Guilak, 2001].  Implanted 

sensors and data acquisition systems can be configured to generate warning signals in 

order to prevent joint overload [Butler, 2004].  This can help patients prevent damage to 

tissue-engineered cartilage during daily activities in the post surgical healing period. 

 

Adding sensors to a rapidly evolving scaffold design will also provide insight into the 

next essential steps in the development of scaffolds and functional tissue by making 

supplementary cartilage loading information available to guide future research and 

development.  Strain gauges have been successfully used as in vivo load sensors by 
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attaching them directly to bone in animals and patients, making these gauges an ideal 

choice for sensate elements on scaffolds [Szivek, 1997; Cordaro, 2001; Rabkin, 2001].  

 

Innate to any cartilage repair procedure is the risk of altering joint mechanics.  This could 

lead to damage of the surrounding native tissue.  A meniscectomy, for example, reduces 

joint contact area causing dramatic increases in peak contact stress [Schreppers, 1990; 

Donahue, 2002; Lee, 2003; Allen, 1984].  Increased surface pressure has been observed 

to lead to premature development of osteoarthritis [Krause, 1976; Newman, 1989; 

McBride, 1988].  Recently, polymer implants used in meniscal repair procedures, have 

led to increases in peak joint pressures, initiating femoral cartilage damage [Chan, 2000].   

 

Measurements collected in vivo have both clinical and basic science relevance.  No 

measurements have previously been collected during activities such as kneeling, stair 

climbing and jumping.  These measurements will help determine native cartilage tissue 

environments and can provide standards for both peak loads and loading rates in the 

testing of engineered cartilage products.  Although canine patellofemoral surface 

pressures have been measured on the benchtop, very little information about tibiofemoral 

joint pressure is currently available and no previous measurements from native joints 

have been measured in vivo [Elias, 2004; Atkinson, 2001; Thompson, 1991; LaBerge 

1993; Clark, 2002; Hale, 1992; Marder, 1993].  Once the native cartilage loads have been 

established, monitoring of joint loads can aid rehabilitation by warning patients of joint 

overloading.  Additionally, clinicians can use real time measurements to guide 
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rehabilitation.  An understanding of healthy cartilage loading can provide key insights to 

investigators trying to establish the relationship between mechanical loads and 

chondrocyte functionality.  A better understanding of loading regimens during various 

activities may also help cartilage biologists determine activation loads that lead to a 

positive chondrocyte response. 

 

 

1.2  Research Proposal 
1.2.1  Research Goal 
 
One long-term goal of this project was to characterize the mechanical environment of 

native articular cartilage.  By providing in vivo joint measurements, mechanical triggers 

that induce chondrocyte phenotypic expression and cartilage tissue formation can be 

studied, thereby making the development of functional engineered articular cartilage 

tissue possible.  Mechanical loading alters chondrocyte activity, gene expression and cell 

differentiation [Das, 1997; Carter, 2004].  Additionally, abnormal loading may induce 

degeneration of articular cartilage [Jin, 2000; Guilak, 2001; Woodfield, 2002].  An 

understanding of in vivo joint loads and pressures will facilitate tissue-engineered 

cartilage development and will help define reasonable expectations for engineered 

articular cartilage performance [Guilak, 2001].  

 

Cartilage tissue engineering strategies can involve the use of bioresorbable scaffolds 

made from a wide variety of materials to support implantable tissues grown in vitro.  
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Additional functionality can be achieved by attaching sensors to scaffolds.  “Sensate” 

scaffolds can provide a real-time diagnostic measurement of joint loading near the 

scaffold [Bliss, 2004]. 

 

The physiological mechanical loading of articular cartilage in the knee joint, as well as 

mechanical chondrocyte triggers, remains enigmatic [Smith, 2004].  Currently, no 

treatment for osteoarthritis exists that consistently restores the joint to its original state.  

The objective of this dissertation was to develop a “sensate” scaffold capable of taking 

accurate in vivo joint loading measurements as part of a tissue-engineering program that 

is attempting to grow hyaline articular cartilage for the treatment of focal cartilage 

defects. 

 

The central hypothesis that was tested with the experiments described here was that 

accurate joint load and contact surface pressure measurements of the knee joint can be 

determined using strain gauges attached to a polybutylene terephthalate (PBT) scaffold.  

These measurements are valuable because they allow the mechanical environment of 

articular cartilage to be defined and can be used to monitor tissue engineered constructs.  

In addition, normal joint mechanics and surrounding tissue health will be unaffected by 

the placement of strain-gauged scaffolds in the medial femoral condyle of a canine stifle.   
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1.2.2 Specific Aims 

Specific Aim 1.   Develop an implantable calibrated sensate scaffold with optimally 

oriented strain gauges. 

 

The working hypothesis was that strain gauge orientation affects the quality of 

measurements taken and gauges can be bonded to a scaffold in an optimized orientation 

producing clear measurements that reflect the peak load applied to the scaffold.  Strain-

gauged scaffolds can be calibrated to infer these applied loads from the strain gauge 

measurements.  Load cell and pressure sensitive film measurements collected 

simultaneously with strain gauge measurements were utilized to achieve this aim. 

Specific Aim 2. Develop a method of collecting load measurements from an 

implanted scaffold system during gait. 

 

The working hypothesis was that correctly oriented strain-gauged scaffolds provide 

reproducible meaningful results once they are implanted in canine stifles both on the 

benchtop during simulated gait loading of canine cadaver bones and during in vivo gait 

loading.  Strain measurements were collected with hardwired and telemetry based 

systems to test this hypothesis.  

  

Specific Aim 3. Determine the effect of the implanted scaffold on joint mechanics and 

surface pressures. 
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The working hypothesis was that properly implanted scaffolds will not elevate contact 

surface pressures and that the presence of the sensate scaffolds in the joint will not alter 

normal joint mechanics.  Control and experimental groups were compared over time to 

observe how scaffold placement affected: surface pressure, tibial surface scoring, bone 

in-growth and surrounding cartilage morphology. 

 

1.3  Research Design 
1.3.1  Animal Model 
 
To test our central hypotheses, experiments were performed using a canine stifle joint 

model.  The advantages of this model are: 1) the size and shape of the knee joint provide 

adequate space for scaffold placement; 2) it provides a similar load environment to that 

found in a patient’s knee; 3) there is extensive lab experience with in vivo bone strain 

measurements from the canine femur, allowing comparison of surface strain based load 

measurements with those collected with “sensate” scaffolds; 4) dogs are easily trained to 

perform a wide range of activities allowing the analysis of a range of loading 

environments.  In situ and in vivo testing were performed to verify implications of 

preliminary studies and establish surface pressures calculated from strain gauge 

measurements.  Experiments outlined in the present thesis have established the feasibility 

of using “sensate” scaffolds for additional animal model studies and for clinical 

experiments. 
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1.3.2  Experimental Design 

The experimental design outlined in diagram form in figure In1 is guided by the three 

 
Figure In1.  Outline of experimental design. 

 
 

specific aims.  The studies outlined here are innovative because little is known about 

normal joint pressures and mechanical loading of articular cartilage, particularly in 

animal models.  Although the use of scaffolds to support engineered tissue is not novel, 

the attachment of sensors to scaffolds to facilitate the monitoring of tissue loading creates  

 

a unique multifunctional strategy.  Using a sensate scaffold system as part of this strategy 

has provided, and will continue to provide, essential information for cartilage tissue 

engineering.  The strain-gauged scaffold provides unique insights into the environment of 

chondrocytes and the surrounding tissue and its development is a key step in preparing 

successful cartilage-like structures for the repair of arthritic joints. 
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1.3.2.1 Specific Aim 1 – Strain gauge attachment and calibration 

Strain measurements can be telemetrically transmitted from inside a patient using 

telemetry in order to collect measurements in vivo.  However, current telemetry systems 

only allow a few sensors to be monitored simultaneously.  Additionally, individual strain 

gauges are limited to strain detection in a single direction.  Both telemetry and gauge 

measurement limitations make it imperative to determine the most efficient gauge 

orientation with respect to joint loading.  Gauges need to be placed so as to provide the 

greatest sensitivity.  Although the measurement of three-dimensional loading patterns 

would provide a complete understanding of the native mechanical environment, peak 

loads are the most critical to measure because they are the most damaging to articular 

cartilage.  

 

Fidelity of strain gauge measurements has been strongly correlated with the bonding 

strength of the gauge to the surface.  Because the cylindrical scaffolds used in this study 

are unique, their surface must be evaluated to determine how to securely attach the 

gauges.  Gauges need to remain uniformly attached to scaffolds throughout the duration 

of the in vivo studies.  Adhesives need to be rugged and nontoxic to resist water 

infiltration while maintaining biocompatibility.  Scaffold shape must accommodate as 

many gauges as possible while facilitating simple surgical placement.  Waterproofing 

techniques need to be sufficient to prevent fluctuations of electrical resistance and 

conductivity of wires, gauges and telemetry transmitters.  Strain-gauged scaffolds need to 
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be calibrated in such a way as to provide accurate loading measurements once placed in 

vivo.  Scaffolds need to be able to accurately respond to varying loads and loading rates.  

 

1.3.2.2 Specific Aim 2 – In situ and in vivo studies 

In order to correctly interpret measurements collected during in vivo studies, implanted 

scaffolds first needed to provide accurate measurements during bench top loading.  

Additionally, scaffold predicted loads needed to correlate well with pressure 

measurements determined using pressure sensitive Fuji film.  It was also imperative that 

the system accurately responds to loading at specific physiologic angles and provides 

consistent predictable loads.  Accuracy of sensate scaffold measurements was determined 

by comparisons of applied load with loads measured by scaffolds.  

 

The strain gauged scaffold system will then be implanted into the canine stifle.  

Reproducible measurements need to be acquired using implantable transmitters during in 

vivo physiologic loading.  It was also necessary that measurements were consistent 

during animal passive loading, treadmill gait, inclined treadmill walking, stair climbing, 

two-legged stance, normal stance and two-legged walking at various speeds. 

Waterproofing of the wired gauges and radio transmitter was required to protect the 

measurement system until the end of the study.  It was also necessary that accurate results 

be obtainable during continual monitoring of test animals. 
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1.3.2.3 Specific Aim 3 – Joint Mechanics Analysis 

Scaffolds needed to allow histologically verifiable bone ingrowth into scaffolds sufficient 

to quickly and securely anchor the scaffolds in place.  The scaffold system had to 

continue to provide strain measurement throughout the duration of the bone ingrowth 

process.  It was anticipated that strain gauges would provide continual measurements 

during bone growth into the scaffold and that strain gauges would provide more accurate 

strain measurements as bone becomes attached to the scaffold.  Ideally, scaffold 

measurements would provide an indication of the completion of healing when a distinct 

plateau in load measurement was detected.  It was anticipated that this would be 

established by determining the effect of bone ingrowth on measurements from scaffolds. 

 

It is imperative that the implanted scaffolds not alter the normal joint mechanics.  

Integrity of the opposing articular surface and tissues surround the implant needed to be 

maintained and needed to be verified by visual, SEM and histological evaluation.  The 

surface of normal articular cartilage has a glossy, bluish-white appearance.  At the end of 

in vivo experiments, surrounding tissues should have this appearance and be devoid of 

discoloration, fibrillation, cartilage discontinuity or clefts indicative of damaged tissue.  

Animals were expected to maintain a normal gait pattern without a limp during walking 

or running as determined by force pad elements embedded in a 12’ x 4’ walkway.  It was 

also necessary that pressure measurements taken before and after scaffold implant 

surgery be comparable to establish that joint mechanics were unaltered by the placement 

of the strain-gauged scaffold system. 
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1.4 Literature Review 
1.4.1  Knee Anatomy 
 
The knee consists of two joints: the femoral-tibial joint and the patellar-femoral joint.  

The femoral-tibial joint is the largest joint in the body and is formed by the articulating 

ends of the femur and tibia, and a specialized tissue known as the meniscus.  Articular 

cartilage located on the meniscus, tibial plateau and the femoral condyles creates a 

relatively frictionless articulating surface necessary for joint motion (Fig. In2).  The  

 

Figure In2.  Schematical representation of the major components of the knee.  The joint capsule has been 
removed and the patellofemoral joint space has been opened to show the interior cruciate ligaments 

[www.azcartilagerestoration.com/cartilage.htm]. 
 

primary function of the meniscus is to distribute joint loads from the femoral condyles to 

the tibial surface by dynamically increasing the surface contact area when an external 

load is applied [Setton, 1999].  Bones are highly innervated and when the protective 

articular cartilage layer is damaged, as in arthritis, joint motion becomes extremely 

painful. 
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1.4.2  Articular Cartilage 

1.4.2.1  Cartilage Structure  

Articular cartilage is a composite that consists of an organic matrix and a fluid phase 

composed primarily of water.  The solid matrix is primarily collagen molecules (~75% by 

dry tissue weight) and negatively-charged proteoglycans (~20–25% by dry tissue 

weight).  Collagen molecules throughout the solid matrix have an orientation and 

dimension that varies throughout the depth of the cartilage layer (Fig. In3) [Buckwalter, 

2000].  The fluid phase contains several molecules inherent to  

 
Fig In3. Articular cartilage structural variations with zone are depicted. In the surface zone, the collagen 

fibers are densely packed and oriented parallel to the articular surface; the proteoglycan content is low. In 
the middle zone, the collagen is more randomly oriented and the proteoglycan content is at a maximum. In 
the deep zone, the collagen fibers are larger and are oriented perpendicular to the subchondral bone, and the 

proteoglycan content is again low [Mow, 1989]. 
 
synovial fluid and constitutes the bulk of the total tissue weight ranging from 65-80% 

[Mow, 1992].   The volume fraction of fluid in cartilage is important because it affects 

the physical properties of the tissue by determining the amount of load that the cartilage 

tissue can support [Mankin, 1975].  The proteoglycans in articular cartilage are complex 
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macromolecules consisting of a protein core and covalently bound gylcosaminoglycan 

(GAG) chains (Fig In4).  The proteoglycans are negatively 

 
Fig. In4. SEM of Proteoglycan aggregate (A) [Buckwalter, 1982].  Schematic diagram of the Proteoglycan 
aggregate (B) [Alberts, 1988]. Core proteins are attached to GAG chains of hyaluronan, chondroitin sulfate 

and keratan sulfate. 
 

charged due to the presence of carboxyl and sulfate groups on the glycosaminoglycans, 

which confer a net negative charge to the cartilage extracellular matrix (ECM).  As a 

result, cartilage is highly hydrophilic and readily absorbs fluid.  Swelling creates 

hydrostatic pressures that facilitate load support and recovery of tissue shape following 

deformation.   In addition these pressures lead to flow of nutrients to the chondrocytes 

and facilitate metabolic waste removal [Buckwalter, 1998].  Articular cartilage is 

characterized by successive zones from the articular surface to the subchondral bone (Fig 

In2).  These zones are distinguished by collagen fiber concentration and orientation.  In 

the superficial zone, collagen fibrils are densely packed and oriented parallel to the 

articular surface [Goodwin, 2004].  This surface zone is also characterized by a relatively 
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low proteoglycan content and a low permeability to fluid flow [Mow, 2002].  In the 

middle or transitional zone, the collagen fibers are reported to be either random or 

radially oriented has the maximum proteoglycan content for the tissue [Venn, 1977].  In 

the deep zone, adjacent to the zone of calcified cartilage and subchondral bone, collagen 

fibers are larger and form bundles that are oriented perpendicular to the bone.  

Proteoglycan content is low in the deep zone.  Cartilage ends at a histologically visible 

line of calcified cartilage called the “tidemark” which separates articular cartilage from 

the subchondral bone.  

 

1.4.2.2  Cartilage Function 

The unique structure of cartilage enables it to facilitate joint motion and provide load 

bearing.  Cartilage helps to evenly distribute load by increasing the area of contact 

between bones, and so reducing peak contact stress (force/area).  Mechanical creep 

(water loss) of cartilage also increases contact area during sustained loading and forms a 

low-wear surface.  Friction reduction protects against excessive tissue heating that can 

damage tissues and cells or denature proteins 

 
Articular cartilage reacts differently to compression than to tension.  During tension, 

collagen fibrils and entangled proteoglycan molecules align and stretch along the axis of 

loading.  The large collagen fibrils provide the bulk of resistance to tensile deformation 

and loads due to their intrinsic stiffness, whereas fluid trapped within the cartilage matrix 

is largely responsible for resisting compressive loads.   
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Stiffness and strength are measures of resistance to tensile loading and depend on the 

density and orientation of collagen fibers.  The flow-independent properties of the 

cartilage matrix are described by the tensile modulus.  The tensile modulus of healthy 

human articular cartilage varies from 5–25 MPa (Tendon/Ligament 50-150 MPa, 

Fibrocartilage ~ 1 MPa), depending on the location on the joint surface (i.e. high or low 

weight bearing regions), and the depth and orientation of the cartilage relative to the joint 

surface.  When changes are observed in the collagen network (specifically fibrillation – 

loss of cartilage matrix so that only the collagen fibers remain), decreases in tensile 

stiffness are dramatic.  They are typically associated with the onset of osteoarthritis (OA).  

Collagen changes associated with OA are seen as fibril ‘unwinding’, fibrillation or loss of 

collagen cross-linking [Setton, 1999]. 

 

Physiologically, articular cartilage is primarily subject to compressive loads where as 

tendons and ligaments primarily are loaded in tension.  This may explain why cartilage 

equilibrium stiffness is typically 5–20 times higher in tension than in compression 

[Fithian, 2003]. Volumetric changes and time-dependent viscoelastic behaviors occur 

when cartilage is loaded in compression due to fluid exudation from the tissue and fluid 

redistribution within the tissue.  Exudation, absorption, and flow of the interstitial fluid 

serve important roles in articular cartilage by contributing to load distribution, tissue 

recovery after load removal and transport of large solutes in the cartilage [Zarek, 1989; 

O’Hara, 1990].  Electrochemical gradients and the low permeability of the cartilage 
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matrix to fluid flow, cause significantly high fluid pressures and high drag forces between 

the fluid and the solid matrix.  Matrix swelling and energy dissipation stemming from 

these fluid-solid interactions provide an efficient methods of shielding the cartilage and 

joints from stresses and strains associated with normal joint loading.   The hydraulic 

permeability is an important material property describing the flow-dependent behaviors 

for cartilage in compression; which is a measure of the matrix resistance to pressure 

induced fluid flow.  The hydraulic permeability is dependent on the solid matrix pore 

structure, proteoglycan concentration and water content.  The compressive behavior of 

healthy human articular cartilage has been studied in many configurations and shown to 

demonstrate a viscoelastic behavior (Fig. In5) [Mow, 1998].  Viscoelastic behavior is  

 
Fig. In5. Schematics of load-deformation viscoelastic behaviors of articular cartilage. (a) In a creep test, a 
step force (f0) applied onto a viscoelastic solid results in a transient increase of deformation or creep. In 
articular cartilage, this transient behavior is governed by the frictional forces generated as the interstitial 

fluid flows through the porous-permeable solid matrix and by the frictional interactions between the matrix 
macromolecules such as proteoglycan and collagen. Removal of f0 at t1 results in full recovery. In articular 
cartilage, recovery occurs as a result of the elasticity of the solid matrix and fluid imbibition. (b) In a stress-

relaxation test, a displacement is applied at a constant rate, or ramped to t0, until a desired level of 
compression is reached. This displacement results in a force-rise followed by a period of stress-relaxation 
for t > t1, until an equilibrium force value is reached. In articular cartilage, the load rise is the result of the 

frictional forces of fluid flow and intermolecular interactions, and stress relaxation results from fluid 
redistribution within the tissue and to internal rearrangement of the molecular organization [Mow, 1992]. 
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important for dampening high frequency joint loads.   

 

Cartilage responds to shearing forces by deformation in two directions so that in pure 

shear, the tissue will deform with no change in volume, pressure gradient nor fluid flow 

through the matrix [Zhu, 1993].  Frictional interactions between macromolecules of the 

solid matrix such as collagen and proteoglycan result in viscoelastic effects during shear 

stress.  As in compression, collagen fibers provide resistance to deformations or loading 

in shear and glycosaminoglycans contribute by generating a swelling pressure and 

network pre-stress which permits the matrix to effectively resist shear.  Shear studies of 

cartilage will be discussed in a later section to describe the shear stiffness of the matrix at 

equilibrium, as well as the intrinsic or flow-independent viscoelastic behaviors of 

cartilage under transient or dynamic conditions.  The changes observed in the shear 

behavior of human osteoarthritic cartilage are consistent with trends observed in bovine 

cartilage depleted of glycosaminoglycans; however, more studies are needed to fully 

determine the mechanisms that cause changes in shear mechanics of cartilage with 

osteoarthritis [Wu J, 2002].  

 

1.4.2.3 Healing Response 

Typically, tissues react to structural damage by inflammatory cell recruitment brought to 

the injury site through dialated blood vessels and the activation of reparative cells located 

locally within the tissue [Sherwood, 1987].   Cartilage responds to injury differently than 

most tissues during classic wound healing, primarily due to a lack of a vascular system 
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and resident pluripotent cells, and a dense matrix that prevents chondrocyte migration to 

the injury site [Buchwalter, 1998].  Cartilage tissue injuries have been classified into 

three distinct types based on the depth of injury and the repair response.  These are 

microdamage, chondral injury, and osteochondral injury.  They can be focal defects 

limited to a visible spatial region or can be widespread throughout the joint.   There are 

surgical repair procedures currently available; however, due to the limited healing 

capacity of articular cartilage, these procedures have had limited effectiveness in 

providing a long-term solution to articular cartilage damage [Uchio Y, 2004]. 

 

Failure to resolve tissue injury weakens the structural integrity of cartilage, leading to 

progressive deterioration of surrounding cartilage.  This is because the primary response 

of normal articular cartilage to injury or arthritic degeneration is to create a fibrocartilage 

repair tissue in the damage site.  Biochemically and mechanically, the properties of the 

repair tissue are inferior to native cartilage resulting in inadequate and/or altered function.  

Fibrocartilage lacks the viscoelastic properties of articular cartilage and is unable to 

protect against the mechanical shock of physiologic loading. To initiate repair, it is 

possible that chondrocytes might be capable of limited migration; however, they are not 

able to proliferate and produce macromolecules needed to build an organized matrix 

characteristic of normal articular cartilage [Buckwalter, 1998; Hunziker, 2002].   
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1.4.3  Mechanical Influences of Chondrocyte Phenotypic Expression 

Biological triggers during cell development can determine a cell’s ultimate phenotype.  

Understanding these triggers can facilitate engineering of cartilage tissues.  Mechanical 

influences can be categorized as loading, fluid flow and spatial structural organization.  

Load affects chondrocyte proliferation and has been used in cell culture experiments to 

study cell alignment [Neidlinger-Wilke, 2002].  Compressive loading of articular 

cartilage creates the most dominant pressure experienced by cells; however, interstitial 

fluid flow is important in cell signaling because it produces the transport of ions, 

macromolecules and electrolytes.  In addition to the structure of cartilage, the local 

mechanical environment must be taken into consideration when developing tissue-

engineering strategies.   

 
1.4.3.1  Effect of Loading 

Among the most potent modulators of cartilage regeneration are mechanical signals. 

There are various types of loading that cause compression, tension and/or shear stress.  

Many experiments have been performed to study the effects of various loading 

conditions.  Previous studies have shown that the magnitude, frequency, duration and 

loading history of affect the stimulation of cartilage biosynthesis and cartilage ECM, in 

addition to influencing the mechanical properties of the engineered tissues [Shieh, 2003; 

Chen, 2004; Hung, 2004, Connelly, 2006; Tognana, 2005; Saini, 2003; Chen, 2004; 

Buschmann, 1995; Waldman, 2003; Lima, 2004; Huang, 2004; Elder, 2005]. 
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Several experiments have been performed to determine the influence of loading 

frequency on chondrocyte activity.  A study by Sah et al identified high and low 

frequency regimens with different stimulatory effects on cartilage explants.  Low 

amplitude (1 Kg) compression at frequencies from 0.01 to 1 Hz increased collagen and 

proteoglycan synthesis, while larger amplitudes (6 Kg) stimulated biosynthesis in 

response to low frequency compression [Sah, 1989].  Subsequent studies have focused on 

the .01 to 1 Hz frequency window to examine the effects of dynamic compression.  Kim 

et al performed similar dynamic compression experiments on cartilage explants up to 

stresses of 0.5 MPa, and concluded that fluid flow and changes in cell shape are likely at 

the root of changes in chondrocyte biosynthesis [Kim, 1994].  Bonassar et al found that 

dynamic compression of 2%–3% seeded agarose gells at 0.1 Hz, in combination with 

IGF-1, synergistically stimulated a 180% increase in protein synthesis, and a 290% 

increase in proteoglycan production [Bonassar, 2001]. 

 

In a recent study, the effects of long-term dynamic compression on cellular biosynthesis 

and ECM retention in chondrocyte-seeded peptide hydrogels were carried out.  These 

studies were conducted to explore the effects of various non-continuous loading protocols 

on chondrocyte biosynthesis.  The first objective was to identify an appropriate protocol 

that would increase PG synthesis over control cultures maintained in free-swelling 

conditions [Kisiday, 2004].  Proteoglycan (PG) synthesis increased from free-swelling 

conditions when an optimized alternate day dynamic loading protocol was implemented.   

This same protocol applied to chondrocyte-seeded hydrogels stimulated twice the PG 
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synthesis in comparison to free-swelling cultures  (Fig In6).  

  
Fig In6. GAG accumulation in chondrocyte-seeded peptide hydrogels subjected to alternate day loading or 

maintained in free-swelling conditions [Kisiday, 2004]. 
 

Although PG synthesis declined in dynamically compressed constructs throughout the 

39-day time course, total PG accumulation in controls was significantly lower than in 

constructs following 16 and 39 days of loading.  This loading regimen created an increase 

in the equilibrium and dynamic compressive stiffness of the constructs.  Dynamically 

compressed cultures show that viable cell densities differ from free-swelling controls by 

less than 20%.  This diminished cell density emphasizes that PG synthesis changes are 

most likely due to an increase in the average biosynthesis of each viable cell.  Dynamic 

compression can directly regulate PG synthesis without the activation of a protein 

mediated pathway as protein synthesis has been shown to be unaffected by loading.   

 

To test whether chondrocyte matrix elaboration is enhanced more in dynamically loaded 
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constructs than in free swelling controls, a custom-designed bioreactor was used to load 

cell-seeded agarose disks dynamically in unconfined compression.   Peak-to-peak 

compressive strains were applied at an amplitude of 10 percent and a frequency of 1 Hz, 

for a duration of 1 hour on, 1 hour off each day, 5 days/week for 4 weeks.  Dynamically 

loaded disks were shown to yield a six-fold increase in the equilibrium aggregate 

modulus over free swelling controls and a 21-fold increase in the equilibrium modulus 

after 28 days of loading.  Sulfated glycosaminoglycan content and hydroxyproline 

content was also found to be greater in dynamically loaded disks compared to free 

swelling controls at day 21 (Fig. In7) [Mauck, 2000]. 

 

Fig. In7.  Equilibrium aggregate modulus for unloaded (static) free-swelling, cell-seeded two percent 
agarose and alginate constructs over time in culture (left).  Glycosaminoglycan content over time in culture 

for cell-seeded, two percent agarose and alginate free-swelling disks (right) [Mauck, 2000]. 
 

Collectively, these results show that dynamic compression plays a significant role on PG 

synthesis stimulation and accumulation. 

 

Williamson et al, studied the relationship of the compressive and tensile biomechanical 

properties of articular cartilage during development.  They reported a 5-fold increase in 

tensile modulus from fetus to calf in a bovine model.  A marked increase at the femoral 
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condyle in comparison to the patellofemoral groove was also noted; this suggests that 

mechanical factors are involved because of the differences in load bearing in these 

regions of the knee joint. There was a significant contribution of increased collagen and 

cross-linking to biomechanical properties, implicating collagen deposition and maturation 

as functionally important during growth [Williamson, 2001].  

 

Li et al, also studied the effects of gradual changes in maturing cartilage properties under 

the influence of mechanical loading by comparing glycosaminoglycan biosynthesis and 

cell proliferation in bovine cartilage explants.  These explants were isolated from 

different depths of articular surfaces and analyzed to determine the response to controlled 

compressive loads.  GAG and DNA were used as synthesis markers because they are two 

distinct indices of cartilage growth.  Their results indicated that mechanical loading 

regulated GAG and DNA synthesis differently.  They also found that cartilage tissues 

from different species respond differently to static and dynamic loading.  Static loading 

was found to inhibit GAG synthesis in all tissues; however, synthesis was stimulated 

(relative to static controls) by the superposition of a dynamic load in the middle layer of 

the calf cartilage (Fig. In8) [Li, 2001]. 
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Fig In8A–D. Metabolic responses of cartilage to mechanical compression in vitro are shown. Articular 

cartilage explants were cultured for 3 to 8 days and then radiolabeled with [35S]-sulfate or [3H]-thymidine 
while subjected to static (Stat) or dynamic (Dyn) compressive loads. Mechanical regulation of GAG 

biosynthesis was assessed in explants from (A) the cartilage surface (n = 12–18) and (B) the middle-deep 
zones (n = 21–27). Effects on cell proliferation also were determined in other explants from (C) the 

cartilage surface (n =6) and (D) the middle-deep zones (n = 7–12) [Li, 2001]. 
 

From these studies it is apparent that, under normal physiological conditions, 

chondrocytes will undergo significant changes in shape and size.  These studies are also 

indicative of non-uniform and time-varying stress, strain, fluid flow and pressure fields 

that act on the chondrocytes in situ. It is also likely that these deformations are involved 

in the regulation of chondrocyte metabolism in response to mechanical loading of the 

joint.  Finite element (FEM) studies have been performed that incorporate experimentally 

measured chondrocyte mechanical properties and geometry.  These studies indicate that 

the mechanical environment of chondrocytes is strongly influenced by the structure and 

mechanical properties of the chondrocytes themselves, the pericellular matrix, and the 

ECM [Guilak, 1999].  
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Articular cartilage demonstrates mechanical anisotropy during compression [Reynauld, 

2006; Wu, 2006; Han, SK].  It is likely that anisotropy of cartilage mechanical properties 

are essential for normal cartilage function. Cartilage is subject to both compressive and 

shear loads; therefore, anisotropic mechanical properties are essential in engineered 

cartilage. 

  

1.4.3.2 Effect of Fluid Flow 

Fluid, contained within cartilage tissues, plays a major role in joint loading because fluid 

pressure carries up to 90% of the compressive loads [Wong, 2003]. The rapid initial 

application of articular contact forces during joint loading causes an immediate increase 

in the fluid pressure that tends to force the synovial fluid out of the solid matrix.  

However, the exudation of interstitial fluid from the porous cartilage matrix is inhibited 

by both the relatively low fluid permeability of the matrix and the fact that not all 

surfaces facilitate fluid flow [Maroudas, 1968; McCutchen, 1978; Mow, 1984, Wong, 

2003].  Subchondral bone and the surrounding adjacent cartilage confine the cartilage.  

Not only do these boundaries restrict mechanical deformation, the subchondral bone is 

impermeable to fluid flow [Maroudas, 1968; Wong, 2003].  Adjacent cartilage fluid is 

also pressurized.  Only a small pressure gradient is created to drive fluid from under the 

contact region.  Due to these boundaries, fluid flow is restricted mainly to the superficial 

zone and, to some extent, in the transitional zone (Fig. In9).  As fluid is forced out, the  
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Figure In9. Schematic representation of the in vivo mechanical environment of articular cartilage under 

intermittent joint loading and motion [Wong, 2003]. 
 
 

solid matrix of the superficial layer consolidates and the cells in these regions experience 

compressive deformations.  As fluid is exuded, the porosity of the solid matrix is 

diminished, thereby further decreasing the permeability of the solid matrix [Biot, 1941; 

Setton, 1998] and increasing compressive strains.  In addition, the rolling action of the 

joint imposes cyclic tensile strains tangential to the surface of cartilage [Askew, 1978; 

Wong, 2003]. 

 

Chondrocytes in the middle and deep radial zones, which are loaded primarily under 

hydrostatic pressure and experience little strain or fluid flow, synthesize and maintain 

large amounts of glycosaminoglycans and type II collagen [Buschmann, 2000; Franzen, 

1981; Maroudas, 1969; Ratcliffe, 1984; Wong, 1996].  In contrast, the flattened 
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superficial zone cells that are subjected to fluid flow and matrix consolidation in addition 

to hydrostatic pressure, synthesize and maintain proportionally higher amounts of 

collagen type I [Wong, 2003].  Understanding fluid flow is intrinsic to the development 

of cartilage tissue regeneration and engineering.  In order to understand the influence of 

hydrodynamic forces on native and engineered cartilage tissues, researchers have 

developed both fluid filled bioreactors and mathematical modes.   

 

Fluid flow-induced shear forces have been shown to have both a negative and positive 

affect on cartilage tissues. Articular chondrocytes subjected to applied fluid shear using a 

cone viscometer showed a 100% increase in the synthesis of glycosaminoglycans.  

However, this increase was concomitant with a 10–20-fold increase in prostanglandin E2, 

an inflammatory mediator [Smith, 1995].  Hydrostatic pressures have also been 

extensively studied and seem to provide only a positive mechanical stimulus for 

chondrocytes [Sheih, 2003].  Parkkinen et al observed that 5 MPa of dynamic pressure 

applied at a frequency of 0.25–0.5 Hz for 20 h increased sulfate incorporation, while 

lower frequencies or shorter durations (1.5 h) inhibited incorporation [Parkkinen, 1993].  

 

In two separate studies, Smith et al have shown that intermittent hydrostatic pressure can 

have significant effects on aggrecan and type II collagen synthesis.  Changes in synthesis 

were time dependent, and varied considerably with different loading regimens.  

Intermittent pressure also seemed to stimulate glycosaminoglycan synthesis and in 

general, was more beneficial than constant pressure [Smith, 1995].  
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A comparison of the effects of the hydrodynamic environment on tissue-engineered 

cartilage under both static and mixed conditions was carried out by Gooch et al.  They 

found that although increasing mixing rates stimulated the synthesis of GAG and 

collagen by the cells, they decreased the fraction of GAG retained by the constructs.  The 

presence or absence of mixing was identified as the primary key parameter affecting the 

GAG and collagen content in the constructs [Gooch, 2001]. Using a concentric-cylinder 

bioreactor, Saini and Wick subjected cartilage constructs to a controlled shear-stress 

environment.  They found that cell counts, collagen, and GAG content per construct were 

all stress dependent.  Stress dependence supports the hypothesis that dynamic flow 

conditions significantly affect both the quantity and quality of cartilage grown within 

bioreactors [Sani, 2003]. 

 

As noted earlier, a major component of articular cartilage is the charged sulfate and 

carboxyl groups attached to the chondroitin sulfate chains that comprise the major 

glycosaminoglycans of the proteoglycan aggregate.  These charges give rise to a high 

charge density within the tissue, which is commonly known as the fixed charge density 

(FCD).  In normal articular cartilage the effective FCD ranges from 0.04–0.2 mEq/ml, 

affecting the control of fluid and ion transport through the interstitium, which affects 

tissue hydration [Maroudas, 1979; Lai, 1991; Gu, 1993; Gu, 1998].   
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Mathematical modeling of articular cartilage fluid flow is necessary for a better 

understanding of how mechanical, electrical and chemical signals are transmitted through 

the ECM to the chondrocytes.  It has been recently shown that the pressure produced in 

the interstitial fluid by PEG-osmotic loading of cartilage explants is not equivalent to the 

pressure produced in any of the commonly used mechanically loaded explant 

experiments nor is it equivalent to loading by hydrostatic loading [Schneiderman, 1986; 

Lai, 1998; Mow, 1999].  A simple bioengineering model has been used to analyze and 

interpret biological data from the osmotically and mechanically loaded explants 

experiments to isolate the discrepancy of the electrical isolating nature of the transmitting 

medium [Mow, 1999; Mow, 2001]. 

 

To better understand fluid flow in the cartilage matrix, researchers have defined Donnan 

osmotic pressure (DOP) to describe cartilage swelling.  The DOP considers an elemental 

volume of articular cartilage containing typical amounts of collagen, proteoglycans (i.e., 

charges), water, ions, and cells.  This elemental volume acts like a microscopic osmotic 

chamber where the semipermeable membrane of the osmotic chamber is analogous to the 

strong, collagen network that surrounds and traps the large negatively charged 

proteoglycans within the tissue.  Electrochemical equilibrium with the charged 

proteoglycans contained within the micro-osmotic chamber, is established when the 

semi-permeable membrane of this micro-osmotic chamber comes in contact with an 

external electrolyte solution (i.e, NaCl solution at any concentration) by allowing water 
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and ions to flow into (and out-of) the micro-osmotic chamber (Fig. In10) [Mow 1999]. 

 
Figure In10. Illustration of the one-dimensional permeation experiment; (cu* and cd*) are the NaCl 

concentrations upstream and downstream respectively; similarly (pu* and pd*) and (¯u* and ¯d*) are the 
fluid pressures and electrical potentials respectively. The difference (ƒ) of each quantity (i.e., the motive 

force) will cause fluid flow, ion transport and streaming potentials [Mow, 1999]. 
  
 
In order to test the influence of fluid flow, different types of bioreactors have been 

utilized.  One of these experiments is a spinner-flask bioreactor that is comprised of a 

cylindrical glass container in which growing tissues are suspended.  Located at the 

bottom of the container is a stirring element that provides thorough mixing of the culture 

medium (Fig. In11). 
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Fig. In11. Prototype and model spinner-flask bioreactors. (a) Prototype bioreactor. The rotating stir bar at 
the bottom generates the mass transfer of the nutrients. (b) Model bioreactor made of acrylic and 

dynamically similar to the prototype flask. (c) Prototype construct array. The constructs are threaded onto 
four needles fixed in the cap of the vessel. (d) Model construct array made of acrylic 

[Sucosky, 2003]. 
 

Typically spinner-flasks incorporate biodegradable polymer scaffolds onto which 

chondrocytes are seeded.  Once attached, the chondrocytes express ECM, ultimately 

producing a solid piece of tissue. The mixing rate, mass-transfer rate, stress level and 

flow regime, all of which affect the biochemical composition and the morphology of the 

resulting tissue, are determined by the hydrodynamics of the bioreactor [Sucosky, 2003].  

Vunjak-Novakovic et al, found that bovine chondrocytes seeded under dynamic 

conditions and grown for 8 weeks in a turbulent spinner-flask were thicker, more 

homogeneous, stiffer, and contained more cells than constructs cultivated under static 

conditions [Vunjak-Novakovic, 1996]. Freed et al., compared the growth of articular 

cartilage within a spinner-flask bioreactor environment to the zero gravity environment of 

NASA’s rotating-wall bioreactor. Cartilage grown in the rotating-wall vessel was shown  
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to have fewer cells and more GAG than constructs grown in the spinner flask [Freed, 

1995].  

 

Early studies of mass transport have shown that the supply of oxygen and soluble 

nutrients becomes critically limiting for the in vitro culture of 3D tissues. These studies 

conclude that cellular spheroids larger than 1 mm in diameter generally contain a 

hypoxic, necrotic center, surrounded by a rim of viable cells [Sutherland, 1986].  Owing 

to the few millimeter size needed to serve as grafts for tissue replacement, mass-transfer 

limitations present a significant challenge.  By culturing constructs in appropriate 

mechanical environments such as in a stirred flask, external mass-transfer limitations can 

be reduced [Sucosky, 2003].  It has been shown that a stirred flask environment induces 

mixing of oxygen and nutrients throughout the medium and reduces the concentration 

boundary layer at the construct surface.  When bovine chondrocytes seeded on 

poly(glycolic acid) non-woven meshes were placed in a stirred flask, an increase in both 

the synthesis of GAG and the fractions of GAG accumulated within the central construct 

regions [Martin, 1999].  

 

Flow dynamics play a critical role in both the mechanical effects as well as mass transfer 

of solutes and metabolites.  Characterizing flow mechanisms and properties is essential to 

the creation of a viable cartilage tissue.  Flow dynamics are coupled to mechanical 

loading and heavily influenced by the type of construct onto which they are seeded and 

grown. 
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1.4.3.3 Mechanical Structure and Spacing  

Structural properties of the construct onto which cells are seeded and grown not only 

protect the engineered cells as they mature, they influence cell alignment, attachment and 

mass transfer.  Also, there has been considerable research dedicated to optimizing 

articular cartilage cell seeding of constructs.   Cell alignment and spacing has been shown 

to be essential in the function and maintenance of healthy cartilage tissue.  The zonal 

organization of cells and their interaction with the ECM is in part responsible for the 

response of chondrocyte cells during healing.  Proper mechanical spacing is imperative to 

functional tissue engineered articular cartilage for its biomechanical function in 

diarthroidal joints.   

 

Spatial and temporal information are communicated by the ECM to adherent 

chondrocytes.  The complex, dynamic role that the ECM plays in a variety of cellular 

functions is illustrated by the fact that chondrocytes are also known to signal the ECM 

[Behonick, 2003].  In addition, recent studies indicate that modification of the cartilage 

ECM is required for chondrocyte maturation.  The protein cross-linking enzyme 

transglutaminase-2 is required for chondrocyte hypertrophy.  This would suggest that 

developing chondrocytes respond to ECM complexes with a high density of cross-linked 

proteins, which is a hallmark of higher-order organization [Johnson, 2003]. 

 

Native articular cartilage has a zonal organization marked with different cell 

morphologies, arrangements, biochemical compositions, and mechanical properties 
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[Mankin, 2000; Buckwalter, 1998; Hunziker, 2002].  This zonal organization facilitates 

the normal physiologic role of articular cartilage [Archer, 1990; Aydelotte, 1988; 

Bayliss,1983; Zanetti, 1985; Wong, 1996; Korver, 1990].  Chondrocytes from different 

zones have different metabolic activities even after being released from cartilage and 

cultured in three-dimensional (3-D) systems [Hunziker, 2002; Archer, 1990].  Kim et al 

showed that chondrocytes from different zones have different proliferative and metabolic 

activities in two-dimensional (2-D) and 3-D cultures [Kim, 2003].  Their histological and 

biochemical composition analysis confirmed that chondrocytes from different zones 

differed in growth kinetics and gene expression in monolayer and in matrix synthesis in 

3-D culture.  Their findings were in agreement with studies that showed the phenotypic 

instability of chondrocytes in 2-D culture.  Chondrocyte dedifferentiation was confirmed 

by a loss of collagen type II and aggrecan expression and an increase in expression of 

collagen type I [Domm, 2004; Mukaida, 2005; Tallheden, 2004]. 

 

In a novel experiment, Albrecht et al was able to show that chondrocyte biosynthesis is 

tightly regulated by cell spacing in 3D hydrogels.  This study showed the importance of 

chondrocyte microorganization by demonstrating that the biosynthesis of sulfated 

gylcosaminoglycans was independently regulated by the microscale organization of the 

chondrocytes in the hydrogel.  They were able to show that the biosynthetic effect was 

sensitive to changes as small as 10 µm [Albrecht, 2006]. 
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1.4.4  Pressure Measuring Techniques 

Determining contact stresses in diarthrodial joints is necessary for understanding the 

effects of loading on articular cartilage, deriving appropriate bioreactor mechanical 

parameters for the development of a functionally engineered cartilage tissue and guiding 

rehabilitation of injured joint tissues.  Increased contact stresses, or changes in stress 

magnitudes and stress gradients, are believed to cause degenerative changes in cartilage 

[Howell, 1992; Hadley, 1990; Konrath, 1999; von Eisenhart-Rothe R, 1997].  

Quantifying pressure distributions in joints can provide a better understanding of the 

etiology and pathomechanics of osteoarthritis. Contact measurements can be used to 

quantify normal joint contact areas and elucidate subtle and gross alterations in contact 

areas which result from altered joint mechanics due to muscle imbalances, osteochondral 

injuries, and ligamentous laxity or injury [Ahmed, 1983; Brown, 1983; Brown, 1991; 

Huberti, 1984; Hayes, 1988].  Many different techniques have been developed to 

determine contact pressures in joints.  These techniques include the use of pressure 

sensitive films, flexible tactile sensors, strain gauges and various imaging estimation 

techniques.  

 

1.4.4.1 Pressure Sensitive Film 

Pressure sensitive films have been widely utilized in joint mechanics experiments to 

analyze surface stress in order to determine normal pressures in knee joints and monitor 

the effects of implants [Hale, 1992; Marder, 1993; Harris, 1999; Agneskirchner, 2004; 

Takahashi, 1997; Hasler, 1996] .  Fukubayashi and Kurosawa first used the Fuji Film 
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Prescale Pressure Measuring System (Fuji Photo Film Co. Ltd., Tokyo, Japan) in 1980 to 

measure contact area and contact pressure distribution patterns in the knee [Fukubayashi, 

1980].  Following their work, pressure sensitive film techniques have become a standard 

tool in orthopedic and bioengineering research to measure joint contact areas and 

stresses.   

 

Pressure-sensitive films are a two-part system: one part developer and one part color 

indicator.  Films are constructed of a color indicator layer sandwiched between a 

polyester base and a color-forming microcapsule layer (Fig. In12).  Developer is  

 
Figure In12. Schematical depiction of pressure sensitive film layout. 

 
arranged on the microcapsule layer as tiny bubbles.  Upon application of a specific 

pressure, the developer bubbles burst and subsequently develop the ink uniformly 

distributed on the surface of the indicator film.  When pressures rise above an activation 

threshold, the indicator side begins to display increasingly darker shades of red 

corresponding to increases in pressure.  The film is available in various ranges (i.e. Super 

Low range, 0.5 - 2.4 MPa; Low range, 2-10 MPa; Medium range, 10-50 MPa; high range, 

50-130 MPa).   
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Typically, one of two distinct approaches is taken to interpret the impressions on the  

pressure-sensitive films;  either a precalibrated manufacturer supplied analysis system is 

used to correlate the films to the applied pressure or an in-house calibration method is 

developed that is tailored to the specific study being conducted.  Image analysis programs 

have been developed to measure the contact area of digitized film impressions by 

summing individual pixels on the film. Average pressures are obtained by calculating the 

average pixel density of the film.  

 

Curved articulating joint surfaces can cause artifacts during placement, loading and 

analysis due to the inherent noncompliance of the films.  The stiffness of the films creates 

creases and bends when placed onto curved surfaces.  These creases create abnormally 

high pressures that do not reflect the surface pressures being measured.  Several different 

analytical and technical approaches have been used to reduce artifacts.  Digitization of 

film impressions has made analytical removal of artifacts easier.  Artifacts can be erased 

by removing pigmented areas deemed by the investigator to be outside of the perimeter of 

the pressure stain.  In determining contact area, a threshold parameter can be set by which 

colored pixels are defined as either black or white depending on the degree of 

pigmentation.   This is equivalent to setting an activation limit that needs to be reached in 

order to be classified as having made contact. 

 

Typically, only a single range of film has been used in published studies.  Contact area 

and/or pressure data may be inaccurate because the measurements may exceed the range 
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of the film [Atkinson, 1997; Vener, 1992] or contact area and pressure data may be 

incompatible for any given film range.  To compensate for these inconsistencies, more 

than one type of film can be incorporated during pressure measurements allowing 

accurate measurements in pressure ranges of more than one film type.  However, this 

approach increases the cost and the thickness of the films.  An increased thickness 

changes the stiffness of the film packet and can alter the mechanics of the joint being 

studied. 

 

Fluid from biological specimens can wash impressions off of films.  Film packets are 

typically protected from fluid infiltration by laminating with clear polyethylene adhesive 

layers [Liggins, 1997; Clark 2001].  Laminating films can make film analysis difficult in 

addition to making the films noncompliant to the curvature of the joint.  Avoiding crinkle 

artifacts is a common challenge when using films in joints, as films do not conform 

exactly to curved surfaces.  Crinkle artifacts have been reduced by laminating films 

between aluminum foils or by cutting out sections of the film to allow bending. 

 

Despite the inherent difficulties, pressure sensitive films have been extensively used to 

transduce intra- and extra-articular dynamic [Atkinson, 1995; Haut, 1989; Haut, 1995; Li, 

1995; Newberry, 1996; Vener, 1992] and quasi-static loading [Fukubayashi, 1980; 

Huberti, 1984] in many different joints.  
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1.4.4.2 Tactile Film Sensors 

Digital pressure sensing devices are becoming more common in biomechanical 

applications.  Tactile sensors use separate interlaced grids of bare wires that are 

manufactured to come in contact under loading in order to measure force and contact 

area.  Force is measured as a change in electrical resistance at each intersection of rows 

and columns of wires in real time.  Each intersection is electrically isolated, making it 

possible to determine contact areas.  From calculated areas, pressure profiles can be 

represented on the computer screen during loading in real time.   

 

Tekscan pressure measurement systems are extremely thin (~0.1 mm), flexible tactile 

force sensors.  The sensors come in both grid-based and single load cell configurations, 

and are available in a wide range of shapes, sizes and sensor spacing (spatial resolutions). 

These sensors are capable of measuring pressures ranging from 0-15 kPa to 0-175 MPa. 

Sensing locations within a matrix can be as small as 0.140 mm2.  As such, a one square 

centimeter area can contain an array of 170 of these contacts.  Sensors have been created 

that cover 1600 square centimeters with over 100,000 sensing locations.  A standard 

sensor consists of two thin, flexible polyester sheets which have electrically conductive 

electrodes deposited in varying patterns (Fig. In13). 
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Figure In13.  Thin semi-conductive coatings are applied as an intermediate layer between the electrical 

contacts (rows and columns). Two polyester sheets are placed on top of each other, forming a grid pattern.  
This creates a sensing location at each intersection. By measuring the changes in current flow at each 

intersection point, the applied force distribution pattern can be measured [www.tekscan.com]. 
 
Tekscan sensors have been used to measure pressures in knees, shoulders, spinal 

vertebrae and ankles [Wirz, 2002; Li, 2004; Greis, 2002; Bohnsack, 2006; Brodke, 2001; 

Wilson 2006; Moneberger, 2000; Davitt, 2001].  

 

Studies have compared pressure values measured from both pressure sensitive films and 

tactile sensors.  These studies have been carried out in vivo and on incongruent surfaces 

and have shown a strong correlation between the two measurement systems [Harris, 

1999; Liau, 2002; Wilson, 2003].  Bachus et al showed that when actual known areas 

were used in the generation of pressure values, Tekscan and pressure films provided 

similar results [Bachus, 2006]. 
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1.4.4.3 Strain Gauge Sensors 

As structures deform under applied loads, sensors placed on the structure can be used to 

measure strain.  Strain is defined as the amount of linear deformation per unit length of 

an object during applied load. Strain is calculated by dividing the total deformation of the 

original length by the original length (L): Strain (ε) = Δ L / L. 

 

Extensometers, or strain gauges, convert mechanical deformation of solids into electronic 

signals.  Early strain gauges consisted of mechanical devices that physically compared 

the deformed object to its original length.  However, mechanical measuring devices have 

limited resolution, making strain measurements difficult for many applications. 

 

Optical extensometers include photoelastic, moiré interferometry, fiber optic and 

holographic interferometry strain gauges.  Most optical gauges determine strain by 

measuring optical coherence of light incident on an object before and after applied 

loading and light incident on a stationary object.  Optical sensors have proven to be 

sensitive and accurate; however, the delicateness of the gauges and measurement process, 

in addition to their cost, has limited their use in industrial applications. 

 

In 1856, Lord Kelvin reported that metallic conductors subjected to mechanical strain 

exhibit a change in their electrical resistance.  It wasn’t until the 1930’s that this 

phenomenon was first put to practical use by utilizing electrical extensometers to 

correlate the resistance and length changes of the conductors in order strain.  If a wire is 
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held under tension, it gets slightly longer and its cross-sectional area is reduced. This 

causes a change in resistance. 

 

The metallic foil-type strain gage consists of a grid of wire filament of approximately 

0.025 mm thickness, bonded directly to the strained surface.  When a load is applied to 

the sensor, the change in surface length of the gauge backing causes a change in electrical 

resistance of the foil wire.  This change in resistance varies linearly with strain over a 

specific range of strain at a fixed temperature.  Using a Wheatstone bridge allows for 

extremely sensitive measurements of resistance changes [The Pressure, Strain, and Force 

Handbook, 1996]. 

    

Strain gauges are the fundamental sensing elements used for measuring displacement, 

force, load, pressure, torque and weight.  Strain gauge sensors comprise the basic sensing 

elements in load cells and force plates.  Strain-gauge load cells use gauges that are 

bonded onto a beam or structural member that deforms when weight is applied.  In most 

cases, four strain gauges are used in a bridge configuration to obtain maximum 

sensitivity.  Two of the gauges are usually in tension, and two in compression.  When 

weight is applied, the strain changes the electrical resistance of the gauges in proportion 

to the load.  Gauges can be connected to a Wheatstone bridge and measurements are 

calibrated to applied loads.  Due to their accuracy and their lower unit costs, strain-gauge 

load cells are typically used for load measurement applications. 
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Force plates provide direct measurements of ground reaction forces.  An ideal force-plate 

is able to resolve the vertical, forward and lateral components of the ground reaction 

force and has a linear response independent of where on the plate surface the force is 

exerted.  Typical designs use a rigid plate surface suspended at each corner by a 

transducer element where the transducer element is composed of two strain-gauge 

instrumented spring blades.  The blades are orientated at 90 ° to each other; the horizontal 

blade is sensitive to the vertical force, and the vertical blade is sensitive to the horizontal 

force [Heglund, 1981].  

Strain gauges have been used to derive joint pressures both in vitro and in vivo.  Hip 

prostheses have been instrumented with strain gauges to investigate the magnitude, 

direction, and moment of the hip contact forces during activities of daily living 

[Bergmann, 2001; Bergmann, 1993].  Rushfeldt et al utilized an endoprosthesis 

instrumented with transducers to measure the contact pressure in the acetabulum of a 

cadaveric specimen [Rushfeldt, 1981].  Contact pressures have been measured ex vivo 

between the femoral head and acetabulum using piezoelectric transducers in the femoral 

head cartilage [Brown, 1983].  Using an implanted, instrumented prosthetic femoral head, 

joint loading data was acquired in vivo over a 5-year period to determine the effects of 

various rehabilitation exercises on hip joint contact pressure [Hodge, 1986; Givens-Heiss, 

1992; Krebs, 1991; Strickland, 1992].  
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1.4.4.4 Imaging Estimation Techniques.  

Joint pressure can also be determined using a known applied load and imaging techniques 

to calculate contact area.   Joint stress is defined as the joint reaction force divided by the 

contact area. Using biomechanical methods and mathematical equations to derive the 

joint reaction force, several investigators have estimated patellofemoral joint pressure 

from cadaveric joints [Hungerford, 1979; Matthews, 1977; Scott,  1990; Steinkamp, 

1993].  The use of cadaveric contact area can cause estimation errors, due to inter-subject 

variability in contact area.  To reduce estimation errors MRI measurements of specific 

patient have been used to more accurately measure contact area in those patients [Heino, 

2003; Wretenberg, 2002; Bei, 2004; Huang, 2002; Moro-oka, 2002]. 

 

Contact surface pressure in intact joints can be estimated using modeling techniques.  

These techniques track specific anatomical locations within the cartilage in order to map 

cartilage deformation and infer pressure.  Noninvasive optical imaging techniques are 

used to provide input parameters for the mathematical model.  Three-dimensional finite 

element models have been used to simulate menisectomies to quantify changes in knee 

joint contact behavior following varying degrees of the medial partial meniscectomy. 

From these models, accompanying changes in the contact pressure on the superior 

surface of the menisci and tibial plateau have been quantified in addition to the axial 

strain in the menisci and articular cartilage [Zielinska, 2006; Pena, 2005; Donahue, 

2002].  Finite element models of the chondrocyte and its microenvironment were 

reconstructed using Fourier transform infrared imaging spectroscopy. Under 
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instantaneous strain-controlled compression, the FEM indicated that the fluid pressure 

within the chondrocyte increased nonlinearly as a function of the in-plane Young's 

modulus of the collagen network [Korhonen 2006]. 

 

Computer simulation techniques have the advantage of being non-invasive, cost-

effective, and repeatable. Additionally, individual case studies can be analyzed by 

modifying various patient-specific geometrical and mass parameters. However, 

simulation techniques only provide estimations of the mechanical environment of the 

knee and rely on input data taken from relatively sparse in vivo measurements. 
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1.4.5  In Vivo Strain Gauge Measurements 

1.4.5.1  Strain-Mediated Bone Remodeling 

Bone tissue is constantly remodeling.  As a consequence of this process, damage is 

repaired and brittle areas are replaced with less calcified bone.  During bone remodeling, 

osteoclast cells remove brittle and/or old bone and new bone is deposited by the activity 

of osteoblast cells. Typically, bone formation and removal are in balance and maintain 

skeletal strength and integrity.  Remodeling of bone also occurs in response to changes in 

mechanical forces.   

 

Osteoconductive substrates lead to active deposition of bone.   More than 30 years ago, it 

was discovered that calcium phosphate ceramics (CPC) and bioactive glasses (BGs) 

possessed osteoconductive properties and testing of these bone substitutes was carried out 

[LeGeros, 2002; Yamamuro, 1990; Knowles, 2003; Jarcho, 1977; Hammerle, 1997; 

Denissen, 1980; Hollinger, 1986].  CPC’s bond to bone and enhance bone tissue 

formation due to the similarity of surface composition and structure of bioactive materials 

and the mineral phase of bone. When used as implant coatings, they enhance bone 

growth.   

 

Bone readily adapts to it mechanical environment.  New bone is added to regions of high 

strain and is removed from regions of low strain [Jaworski, 1980; Li, 1990; Minaire, 

1974; Uhthoff, 1978; Young, 1981; Jee, 1990; Jee, 1991; Turner 1998].  This allows the 

body to efficiently maintain structural integrity.  Following orthopedic implant surgery, 
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bone in-growth into implants can occur during healing.  Strain measurements from 

gauges attached to bone provide deformation measurements that can be monitored over 

time to see how bone deformation changes during physical activity.  These measurements 

have lead to a better understanding of the physiological effects of loading on bone growth 

and remodeling.  A thorough understanding is also critical during design of orthopedic 

procedures in order to prevent adverse effects and improve functionality. 

 

1.4.5.2  In Vivo Diagnostic Strain Measurements  

Strain measurements can be used to provide more detailed information about of the 

effects of surgical procedures.  Since a comparison of serial radiographs can not be used 

to detect spine fusion until it has already been completed, it has to be determined 

clinically.  To provide an accurate in vivo determination of fusion that allows patients to 

return to full unrestricted activity, strain gauges have been used on lamellae of a patient 

during scoliosis correction surgery.  Preliminary research showed that consistent 

measurements were obtained during torsional loading, and that rapid, secure bone 

bonding was obtained.  Accurate strain transmission using this long-term strain 

measurement system and miniature radio transmitter indicated that strains could be 

collected from a patient lamina throughout the rehabilitation process.  

 

1.4.5.3  Strain Measurement Accuracy is determined by Gauge Adhesion Strength  

The accuracy of bone-bonded strain gauges is dependent on the extent of the bone 

attachment to the sensors.  Initially, cyanoacrylates regularly used to secure strain gauges 

in non-biological applications were used to attach gauges directly to bone and to implant 
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devices for in vivo studies.  However, rapid adhesive degradation and poor 

biocompatibility of adhesives made long term measurement collection impossible.  

Utilizing the osteoconductive properties of ceramics, biologically bonded calcium-

phosphate-ceramic (CPC) coated strain gauges were developed.  Calcium phosphate 

ceramic (CPC) coatings allow bone attachment to the CPC particles securing the gauges 

to the bone.  Although this allows measurement collection for extended periods of time, it 

can take up to 12 weeks for adequate CPC-to-bone bonding.  In the past, strain gauges 

were sprayed with a polysulfone solution and HA particles were dispersed onto the 

gauges.  Mechanical testing of various attachment systems improved preparation 

techniques that included sanding and baking of the gauge surfaces before HA application 

to strengthen the HA-polysulfone interface. 

 

Transforming growth factor beta 1 (TGF- β1) has been used to accelerate bone growth 

and bonding to CPC particles because of its osteoinductive properties.  A dose dependant 

study of TGF- β1 enhanced CPC-coated strain gauges on the femora of dogs and after 3, 

6, and 12 weeks, showed strong agreement between the mechanical testing, back scatter 

electron microscopy images and histomorphometry measurements indicating that a 1.0 g 

per gauge dose of TGF- β1 provides the most rapid bone formation and attachment to 

CPC-coated strain gauges. 
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1.4.5.4  In Vivo Strain Measurements Using Bone Graft Material 

Bone autografts and allografts are currently the materials of choice for repair of bone 

defects; however, their use has been limited due to a lack of availability and disease 

transmission related risks.  Metal implants have often been used in an effort to repair 

bone defects.  Unfortunately, metal implants have been known to cause stress shielding 

and bone loss, and often necessitate an additional removal procedure.  Absorbable 

polymer implants can be left in place until the body breaks down and removes the 

biocompatible components.  Polymer implants allow tight control over implant structure, 

strength, and degradation rates so that the implant can maintain strength and structure 

until the body has repaired the defect.  Additionally, strain gauges have been incorporated 

into polymer scaffolds to add diagnostic functionality to the implant [Bliss, 2003]. 

 

Porous polybutylene terephthalate (PBT) scaffold systems were tested as orthopedic 

implants to determine whether these scaffolds could be used to detect strain transfer 

following bone growth into the scaffold.  Scaffolds with three types of coatings were 

tested to determine which scaffold systems would encourage the most rapid bone in 

growth while providing diagnostic measurements.  Scaffolds were tied in place with 

sutures on the femora of rats and left in vivo for 4 months. The amount of bone in-growth 

and the strain transfer through various scaffolds was evaluated by using scanning electron 

microscopy, histology, histomorphometry, and cantilever bend testing [Szivek, 1997]. 
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Porous PBT scaffolds with a TCP coating that was vacuum packed into the scaffold pores 

showed the highest and most consistent degree of mechanical interaction between bone 

and scaffold.  TGF- β1 enhancement increased the strain transfer of all scaffold systems.  

Significant changes in mechanical strain transfer strongly correlated with changes in bone 

in-growth fraction.    

 

Overall, these experiments demonstrated that PBT scaffold systems with attached strain 

sensors can be used to detect mechanical interaction between the bone and scaffold after 

4 months in vivo and that rapid bone in-growth fixation can be achieved by using TGF –

β1 and CPC coatings.  In addition, degradation results of the scaffold material showed a 

slow degradation rate that is anticipated to allow implants to integrate into surrounding 

healthy tissue and maintain sufficient mechanical integrity to allow the monitoring of 

changes in strain transfer throughout the healing period [Szivek, 2005].  
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1.4.6  Knee Pressure Measurements 

1.4.6.1  Ex Vivo Benchtop Measurement Collection 

Using various techniques, knee joint mechanics have been determined using ex vivo 

benchtop testing.  For example, Tekscan sensors and pressure sensitive film have been 

used to determine the extent of meniscectomy that leads to deleterious effects on 

tibiofemoral contact pressures [Lee, 2006; Ihn, 1993; Lee, 2006].  Benchtop pressure 

monitoring has also been used to determine the influence of meniscal implants on normal 

joint mechanics [Becker, 2005].  These studies showed that the normal peak pressures 

(1.46+/-1.54 MPa – medial, 1.08+/-1.17 MPa – lateral) at the posterior horn of the 

meniscus were maintained after meniscal repair with biodegradable implants or sutures.  

Pressure measurements of medial and lateral compartments showed that a 1:1.5 ratio 

occurred at 90 degrees flexion, a 1:1 ratio was noted at about 15 degrees and 1.8:1 ratio 

was observed at full extension [Kdolsky RK, 2004].  Recently fluoroscopy was used to 

analyze postoperative kinematics to determine the influence of surgical technique on the 

magnitude and distribution of forces during articulation and postoperative kinematics.  

Their findings suggested a strong correlation between peak loading and surgical 

technique indicating their influence in implant longevity [Wasielewski, 2005].   

 

1.4.6.2  In Vivo Measurement Collection 

The characterization of the mechanical environment of joints continues to play a key role 

in both basic science and medical device applications.  Knowledge of knee and hip joint 

forces has been essential in the development of artificial joints.  Material selection and 



72 

 

system design has been guided by contact pressures, peak loads and shear forces present 

in the joint. 

 

In vivo pressure collection systems have greatly improved artificial hip implants and 

shown the utility of characterizing the mechanics of the hip joint.  Telemeterized total hip 

prostheses have helped to establish normal forces in patients and locations of peak stress.  

For example, the magnitude of the joint-contact force during double-limb stance is 

roughly equal to body weight, during ipsilateral single-limb stance the joint-contact force 

can be up to 2.1 times body weight, and during the stance phase of gait or stair climbing 

the peak force can typically be 2.6 to 2.8 times body weight with the greatest forces 

approaching 5.5 times body weight during periods of instability in stationary single leg 

stance [Komistek, 2005].  These measurements also provided a comparison to forces 

during recovery and healing indicating that forces increased in magnitude rapidly during 

the early postoperative period [Davy, 1988; Kotzar, 1991].  These studies implied that 

patients could perform activities of daily living during rehabilitation without generating 

high amplitude joint contact forces.   Dynamic studies by Andriacchi et al and model 

studies by Brand et al agreed that physical regimens during rehabilitation can be designed 

to avoid damaging elevated contact forces [Andriacchi, 1991].  Hip joint force directions, 

orientations and moments have also been established during gait on a treadmill 

[Bergmann, 1993] 

In a recent analysis of activity of patients that had received either a total hip or knee 

replacement, it was found that patient activity increased among hip patients and 
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decreased among knee patients 5 years following surgery.  This was partially attributed to 

the total number of patients that reported pain (9% of hip OA patients and >16% of knee 

OA patients) [Huch K, 2005].   Artificial knee development has lagged behind artificial 

hip development in part because of a lack of in vivo measurements that have been 

performed in the knee joint. 

Studies of tibial forces have been carried out using tibial components instrumented with 

four force transducers and telemetry.  Direct measurements from this study are 

particularly useful because theoretical estimates of tibiofemoral forces during different 

activities have varied between three and six times body weight.  Dynamic tibiofemoral 

force measurements were found to be accurate to within 1% in magnitude, 0.07 mm in 

medial/lateral location and 0.24 m in anterior/posterior location [Kaufman, 1996].  Total 

compressive force measurements on the tibial tray and the location of the center of 

pressure were determined and unicondylar loading with liftoff was detected [D'Lima, 

2005].   

 

Orthopaedic implants have also been instrumented with strain gauges.  These 

instrumented implants have provided clinical measurements showing the medical 

relevance of monitoring implant deformation [Burny, 2000].  Thick-film piezoelectric 

sensors allow accurate measurements of the amplitude and location of the tibiofemoral 

contact forces when implanted in vivo.  These sensors can also be used to compute the net 

varus-valgus moment in order to characterize any ligamentous imbalance, which could be 

extremely useful during the ligament balancing procedure used during total knee 
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arthroplasty. [Crottet, 2005; Komistek, 2005] 

 

In addition to implant design and development, quantitative measurements are used as 

parameters for model simulation studies and are needed to validate model-derived results.  

It has been shown that abnormally high pressures and loads can cause osteoarthritis.  

Defining regions of high pressure can elucidate disease etiologies and help establish 

exercise regimens for rehabilitation.  To develop functional tissue-engineered cartilage, a 

thorough understanding of loads acting on cartilage is essential.  Insights into cartilage 

mechanics, pluripotent cartilage precursor cell triggers, and local material properties can 

be discovered from in vivo measurements.   In order to establish proper bioreactor 

environments for tissue engineering applications, mechanical parameters need to be 

characterized and understood.   

 

Development of a technique that provides continuous in vivo measurements and data 

acquisition will provide clinically relevant diagnostic measurements during surgery and 

rehabilitation [Guilak, 2001; Szivek, 2002].  In addition, implanted sensors and data 

acquisition systems can be configured to generate warning signals in order to prevent 

joint overload [Butler, 2004].  This can help patients prevent damage to tissue-engineered 

cartilage during daily activities in the post-surgical healing period.   
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1.4.7  Cartilage Tissue Repair Techniques 

It is important to understand the nature of cartilage tissue injury in order to understand 

the need for the various treatments and how they are implemented.  Articular cartilage 

injuries are classified by the depth of the injury either as partial thickness or full thickness 

defects (Fig. In14).  

 

Figure In14. Diagram illustrating a partial thickness focal defect in articular cartilage (A) and a full 
thickness defect that penetrates to the subchondral bone (B). [Redman, 2005] 

 
 

Clefts and fissures observed during the initial stages of osteoarthritis are primarily 

classified as partial thickness defects.  Defects of this nature in adult tissue do not heal 

spontaneously because the subchondral bone is not breached and no progenitor cells 
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located in the bone marrow space and circulating blood move into the region of the 

injury.  It is unclear if blood components are necessary for defect repair.   Restoration of 

the zonal organization of articular cartilage has been verified during spontaneous repair 

of a superficial defect in a fetal lamb model [Namba, 1998]; however it is likely that this 

is simply ‘void filling’ that occurs during growth.  A limited repair process does take 

place after a partial defect injury in mature tissue immediately adjacent to the site of the 

defect [Redman, 2005].  Cells adjacent to the defect undergo cell death; however, after 

twenty-four hours an increase in cell proliferation or chondrocyte cluster formation 

occurs as well as matrix synthesis and catabolism.  This response almost universally fails 

to provide a long-term repair of the defect [Mankin, 1982].   

 

It is unlikely that the absence of bone marrow cells is the only mitigating factor 

preventing tissue repair because it has also been observed that by using growth factors, 

cells can be induced to migrate from the synovium across the articular surface to the 

lesion and fill the defect with a repair tissue [Hunziker, 2001].  If there is no fibrin matrix 

present, synovial cells are unable to fill the defect void due in part to the anti-adhesive 

properties of proteoglycans [Hunziker, 1996].  There are clearly other mechanisms 

involved that remain undetermined. 

 

If a defect passes through the zone of calcified cartilage to penetrate the subchondral 

bone, it is classified as a full thickness defect.  Damage causing a full thickness defect 

causes mesenchymal stem cells located in the bone marrow space to move into the joint.   
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These cells initiate the formation of a fibrocartilaginous tissue in the defect void.  This 

repair tissue is only structurally suitable for a temporary repair and pain relief because it 

lacks many the mechanical properties needed to support the daily pressures and stresses 

experienced by healthy joints during normal daily activities.  Not only will the 

fibrocartilage repair tissue fail, but also over time there is marked degeneration of the 

native articular cartilage surrounding the defect site [Shapiro, 1993].  Adjacent tissues 

become necrotic and apart from an occasional chondrocyte cluster formation, little or no 

cartilage remodeling occurs.  Light microscopy has revealed that although there is 

continuity between the native and repair tissue, there is no true integration of matrices 

and frequent regions of discontinuity are present.  It has also been noted that native tissue 

contains empty lacunae at the wound margins that are not filled by either migrating 

chondrocytes or mesenchymal cells.  The formation of this repair tissue does provide 

temporary pain relief.  As such, many operative procedures have been developed which 

penetrate the calcified cartilage and subchondral plates to release pluripotent cells in 

blood even though the long-term outcome is deleterious to the health of the entire joint. 

  

1.4.7.1 Arthroscopic Repair Procedures 

Arthroscopic lavage and debridement are procedures commonly used to alleviate joint 

pain and treat the early stages of osteoarthritis [Jackson, 2003; Shannon, 2001].  During 

arthroscopic lavage, the joint is irrigated to remove debris.  This rinsing of the joint 

appears to alleviate pain.  However, whether irrigating the joint provides therapeutic 

results or if the absence of debris is exclusively responsible for pain relief is unclear 
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[Livesley, 1991].  Damaged tissue from the joint can be excised and removed during 

arthroscopic debridement, which has also been shown to alleviate pain.  Pain relief has 

been found to be of a longer duration when debridement is used in conjunction with 

lavage, [Chang, 1993].  Although lavage and debridement have found some success in 

the treatment of osteoarthritis in early development, neither lavage nor debridement 

induce repair of articular cartilage.  A recent study reported that pain relief observed 

following debridement and lavage procedures was no better than a placebo procedure 

[Moseley, 2003].   

 

Many arthroscopic surgery procedures attempt to take advantage of the intrinsic repair 

response of articular cartilage by creating full thickness defects from partial thickness 

defects.  These techniques include abrasion arthroplasty, Pridie drilling and 

microfracture.  Using an automated burr to access the vasculature in conjunction with 

debridement constitutes abrasion arthroplasty [Akizuki, 1997; Singh, 1991].  Pridie 

drilling stimulates bleeding by directly drilling the subchondral bone [Beiser, 1990; 

Insall, 1974].  During microfracture surgery, small awls puncture the subchondral bone 

exposed in a full thickness defect.  If a defect is not already present, one is created.  This 

rupture of the subchondral plate induces bleeding [Sledge, 2001].  The varied clinical 

outcome of these procedures is attributed to the structurally unstable nature of the repair 

tissue formed in addition to the health, age and activity levels of the patient [Hunt, 2002; 

Johnson, 2001; Steadman, 2003]. 
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1.4.7.2 Soft Tissue Grafts 

Chondrogensis has been achieved by grafting periosteal and perichondrial soft tissues 

into focal defects.  The chondrogenic potential of these tissues has been demonstrated 

during development and fracture repair [O’Driscoll, 1999].  Grafting of periosteum and 

perichondrium onto full thickness defects of articular cartilage has been investigated 

extensively in animal models and in human clinical trials.  Although hyaline-like tissue 

has been formed, no study has produced repeated and consistent results.  These trials 

have shown that there is no significant difference between repair tissue formed from 

perichondrium or periosteum [Carranza-Bencano, 1999], but periosteum is more 

commonly used because it is more readily available.  Periosteum chondrogenic potential 

has recently been attributed to the chondrocyte precursor cells in the cambial layer of the 

periosteum.  Periosteal tissue is grafted in place with the cambial layer facing the 

opposite articulating surface because in vitro studies have shown that chondrocyte 

differentiation begins in the cambium layer and progresses towards the fibrous layer.  The 

fibrous layer does not become cartilaginous, thus neocartilage growth is appositional [Ito, 

2001].  In order to use periosteum to repair full thickness defects, a full thickness defect 

of 4mm diameter is created.  Then 1-2mm of subchondral bone is removed.  The 

periosteal graft is held in place by fibrin glue [Carranza- Bencano, 2000].   

 

Periosteal grafts are potent because there are two potential cell sources during this repair 

procedure, the periosteal chondrocyte precursor cells and the mesenchymal stem cells 

derived from the subchondral bone.  A study using rabbits showed that only 33% of cases 
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had repair tissue derived solely from the transplanted periosteum.  The remaining 67% 

had repair tissue derived from both the transplanted tissue and the bone marrow 

mesenchymal stem cells [Zarnett, 1989].  

 
1.4.7.3 Osteochondral Transfer 
 

Many techniques have been developed for osteochondral transplantation of autogenic and 

allogeneic tissues.  Allogenic materials are typically derived from cadaveric donors.  

Treatments with allogenic material have had varying degrees of success treating 

osteochondral defects [Czitrom, 1986].  However, from these studies it has been clearly 

demonstrated that fresh tissue undergoes less cell death and is structurally more stable 

than frozen tissue [Tomford, 1992].  Although osteochondral transplantation has been 

widely employed with functional and symptomatic joint improvement, inherent immune 

responses limit the duration of the repair [Langer, 1978; Stevenson, 1987].  To limit 

donor site morbidity, allogeneic osteochondral transplantation is typically used to repair 

large osteochondral defects.  Autogenous osteochondral transplantation has been used to 

treat smaller full thickness defects.  For autologous osteochondral grafting, cartilage 

damage is debrided to the subchondral bone (Fig. In15).  Small diameter cylindrical plugs  
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Figure In 15. Schematic diagram illustrating the steps involved in osteochondral transfer [Redman, 2005]. 

 
of osteochondral tissue are taken from non-load bearing regions of the articular cartilage 

and are implanted in the defect site [Hangody, 1997].  The most frequently used donor 

sites listed in order of preference are: the non-weight-bearing patellofemoral area; the 

medial, then lateral rim of the femoral trochlea; and the periphery of the intercondylar 

notch [Christel , 2006].  Osteochondral transfer is commonly referred to as an OATSTM 

(osteochondral autograft transfer system) procedure (Arthrex) [Bobic, 1999], or 

MosaicPlastyTM because the plugs are arranged in a mosaic to cover the defect area 

(Smith & Nephew) [Hangody, 1998].  Patients undergoing osteochondral surgery have 

reported decreased pain and improved joint function when damage has been limited to 

small or medium sized full-thickness defects [Hangody, 2004; Jakob, 2002]; however, the 

durability of the donor tissue chondrocytes to withstand the rigors of a load-bearing area 

are untested and the extent of long term donor site morbidity is unknown. 
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One major concern with osteochondral transplant surgery is chondrocyte viability at the 

margins of the osteochondral plugs.  Evans et al investigated chondrocyte cell death at 

the plug interface region.  This cell death may lead to degeneration of the transplanted 

tissue causing graft failure.  Open spaces left in the mosaic pattern are a hindrance to 

lateral integration of the graft, which may also lead to the degeneration of the healthy 

native tissue over time.  Donor site morbidity associated with osteochondral transfer is 

also a concern.  Viability of the chondrocytes adjacent to the harvest sites must be 

considered because the donor site is commonly left unfilled.  It is assumed that a 

cartilaginous repair tissue will form in the void; however, even in non-load bearing 

regions, fibrocartilage can hypertrophy.  In addition to a lack of fibrocartilaginous 

regrowth, swollen fibrocartilge has been reported and associated with increased stiffness 

of the joint [Ahmad, 2002; LaPrade, 2004].  Although tissues are said to be harvested 

from ‘non-load bearing’ regions of the joint, a study by Simonian et al., was unable to 

show any of the typical regions of donor tissue to be truly non-load bearing, thus 

increasing the risk of donor site morbidity [Simonian, 1998]. 

 
 
1.4.8  Cartilage Tissue Engineering 
 

1.4.8.1 Cell Transplantation Based Repair 

Brittberg et al showed that chondrocytes isolated from healthy arthroscopy biopsies could 

be expanded in culture and implanted into chondral defects.  Autologous chondrocyte 

transplantation in humans (ACI) involves the excision of a healthy biopsy by arthroscopy 

from non-load bearing regions of the joints (Fig In16).  Chondrocytes are released by  
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Figure In16.  Schematic diagram showing the different stages involved in the process of autologous 
chondrocyte implantation [Redman, 2005]. 

 

enzymatic digestion of the cartilage matrix and expanded in culture.  Debridement of the 

damaged cartilage leaves the subchondral bone surface untouched.  A periosteal graft is 

taken from the medial tibia and sutured over the defect.  Cultured autologous 

chondrocytes are injected under the periosteal flap.  It is anticipated that the cells will 

undergo chondrogenesis and fill the defect with an articular cartilage tissue.  Many 

patients have experienced reduced pain and restored joint function and analysis of 

biopsies taken have shown that the repair tissue of 11 out of 15 patients with femoral 

defects were hyaline-like in nature [Brittberg, 1994].  However, in canine studies were 

ACI was performed as well as periosteal grafting without transplanted cells, there was no 

significant difference between the defects that received transplanted de-differentiated 
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chondrocytes and those that did not.  It is uncertain whether or not the isolated 

chondrocytes injected into the periosteal graft contributed to the repair response observed 

[Breinan, 1997].  In a more recent study by Breinan [2001], changes in the composition 

of reparative tissue following ACI in a canine model were evaluated over time and 

compared to previous findings.  Reparative tissue consisted of more hyaline cartilage 

with some articular cartilage formation in ACI treated lesions than in control groups at 3 

months.  However, evaluations of both groups over longer time periods showed no 

significant benefits of ACI treated animals over control group animals.  Clinical studies 

based on patient pain surveys show that autologous chondrocyte transplantation provide 

satisfactory pain relief. Clinical findings reported that patients undergoing ACI showed at 

12-24 months following surgery that 72% of patients experienced improved function and 

enhanced quality of life.  These improvements were sustained or improved after 24 

months [Minas, 1998].   Clinical results from 2-9 year follow up studies demonstrates 

satisfactory results in 80% of patients.  They also noted that 90% of patients with femoral 

condylar defects showed good results [Peterson, 2000]. 

 

It has yet to be established whether the repair tissues formed during ACI stem from 

chondrocytes precursor cells located in the grafted periosteum or originate from the 

mesenchymal stem cells derived from the subchondral bone marrow space.  Conflicting 

results from previous studies have failed to elucidate the functional role of the implanted 

chondrocytes.  In the canine model described previously by Breinan et al, the implanted 

chondrocytes were not needed for repair of the cartilage defects [Breinan, 1997]; 
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however, the absence of implanted autologous chondrocytes in a rabbit study led to 

complete failure of the graft [Brittberg, 1996].  The structural composition of the repair 

tissue was recently analyzed using a goat model [Dell’Accio, 2003].  Fluorescently 

labeled chondrocytes were implanted into full-thickness cartilage defects in lateral 

femoral condyles and were found to participate in the formation of repair tissue.  This 

involvement was denoted by collagen type II expression in the regions populated with the 

fluorescently tagged implanted.  Species specificity has yet to be established as the reason 

chondrocytes are needed in some studies for ACI success and not others.   

 
1.4.8.2  Scaffolds 

Biodegradable polymer scaffolding can provide necessary factors essential for tissue 

engineering.  Important scaffold characteristics can be classified into four different 

categories: physical structure, biocompatibility, resorbability, and bioactivity.  Ideally, 

scaffolds would mimic the structural and functional profile of the materials they are 

intended to replace.  The scaffold must also guide the three-dimensional organization of 

the tissue-engineered materials and maintain the normal state of differentiation within the 

cellular compartment as well as anchor newly engineered tissue in place until complete 

cartilage tissue integration can be achieved.  An engineered matrix must be 

biocompatible and not induce an adverse immune response or cause negative effects in 

the surrounding tissue.  It is also highly desirable to construct the scaffold using efficient 

processing methods that can be used to regulate the chemical, biological and material 

properties of the scaffold matrix [Mathews, 2002].  Finally, an ideal matrix will lend 

structural stability to an engineered tissue and support nutrients and growth factors that 
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are incorporated into the scaffold to induce various chemical and metabolic responses in 

the chondrocytes. 

 

Scaffolds can be constructed from either natural or synthetic biomaterials. Various 

different materials have been used to construct scaffolds for cartilage repair including: 

collagen, hyaluronan, fibrin, polylactic acid (PLA), polygycolic acid (PGA), chitosan, 

devitalized cartilage, carbon fiber, hydroxyapatite, demineralized bone matrix, and 

bioactive glass [Coutts, 2001].  Hyaluronan and collagen based matrices are among the 

most popular natural scaffolds because they have similar compositions to native articular 

cartilage.  Preliminary clinical trials of Hyalograft CTM  (a hyaluronan-based scaffold) 

grafts used to treat cartilage defects have demonstrated encouraging results as 96.7% of 

biologically acceptable repair tissue was found to be hyaline-like [Pavesio, 2003].  Using 

a hyaluronan graft eliminates the need of a periosteal flap because the cells are seeded 

directly into the scaffold.  Although natural scaffolds are superior to synthetic ones in 

some ways, synthetic scaffolds have demonstrated some advantages over natural 

scaffolds in the promotion of proteoglycans, chondrocyte proliferation, differentiation 

and maturation [Grande, 1997].  Natural scaffolds can be immunogenicly incompatible 

and there is a potential for batch inconsistency. 

 

Polybutylene terephthalate (PBT) is a semi-crystalline polyester that can be readily 

formed into a suitable filament for fused deposition modeling.  Bioinert PBT has been 

used in both copolymer and monopolymer formulations for various biomedical 
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applications.  PBT is often used because it is less susceptible to hydrolysis than other 

polymers due to its slow water absorption characteristics. This slow degradation is 

particularly useful in biomedical applications where tissue integration and replacement of 

degraded scaffolds are thought to be gradual.   

 

Although compressive stiffness values for scaffolds made from polycaprolactone are 

substantially higher than values observed for PBT scaffolds, once soaked in saline at 

25oC for seven days, PCL scaffolds become substantially more compliant [Tellis, 2006; 

Cao, 2003].  In a recent scaffold degradation study, Oh et al reported that the compressive 

modulus of PGLA scaffolds dropped by half after two weeks in vitro degradation in 37oC 

phosphate buffered saline (pH 7.4).  A more rapid degradation rate during subcutaneous 

implantation in rats was also reported [Oh, 2006].  Studies completed with mechanical 

test specimens (via injection molding) made of polyethylene oxide-polybutylene 

terephthalate (PEO-PBT) block co-polymers showed that PEO rapidly degrades, while 

PBT maintains it mechanical properties for more than 6 months in vivo.  The slow 

degradation can be advantageous for bone/tissue interfaces [Rho, 1993].  Tissue 

engineering scaffolds made from PBT have a degradation rate that is similar to the 

anticipated growth rate of bone tissue into the scaffold [Tellis, 2006].  This rate matching 

can facilitate a constant base for the engineered cartilage and a smooth transition for the 

underlying support structure, from polymer to bone [Hutmacher, 2001]. 

 



88 

 
 

Experiments have been performed with both simple and complex scaffold structures.  

Simple scaffolds have been made from carbon fibers and fibrin glue [Brittberg, 1996; 

Itay, 2000].  Defect repair implants of periosteum and carbon fiber with and without cells 

in rabbit patella were compared after 1 year.  Results showed histological evidence that 

both periosteum with chondrocytes and carbon fiber with chondrocytes provided 

satisfactory repairs.  Itay et al looked at the biologic responses of fibrin glue.  When chick 

chondrocytes were added to fibrin and applied to cartilage defects in 4-month-old 

roosters, histological and biochemical analyses revealed inadequate repairs [Itay, 1987].  

A two-layered collagen scaffold seeded with allogeneic chondrocytes was compared with 

collagen without cells in a full-thickness defect in the rabbit trochlear groove [Frenkel, 

1999].  It was found that the collagen with cells showed a hyaline-like cartilage repair 

with good chondrocyte architecture whereas the collagen alone showed a more random 

cellular arrangement and the same type of fibrocartilage seen in an empty defect sites 

[Frenkel, 1997].  These studies collectively demonstrate the utility of layered three-

dimensional scaffolds.  Three-dimensional scaffolds are becoming increasingly popular 

due to the high degree of cellular attachment and mechanical stability that can be 

achieved. 

 

Distinct differences have been shown in studies that use collagen type I and collagen type 

II as scaffolding components.  Nehrer et al found that Type I collagen induces a 

fibroblastic cell morphologic feature and a fibrous matrix.  Type II collagen induces a 

more chondroblastic cell morphologic feature and has GAG production in the matrix that 
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was more characteristic of normal cartilage [Nehrer, 1997].  

 

Bovine cartilage was shown to be a novel carrier source by Toolan et al.  The matrix was 

implanted into defects in rabbits and repair tissue from cartilage based scaffolds showed 

improvement over empty defects after 12 weeks of implantation [Toolan, 1998]. 

Sechriest et al were able to show that a combination of chondroitin sulfate-A and chitosan 

matrix supports a production of proteoglycans and collagen Type II [Sechriest, 2000].  

 

Investigations into methods using growth factors offer great promise to improve the 

performance of cells grown in scaffolds.  Many types of growth factors have been shown 

to influence cells of chondroblastic linage.  Transforming growth factor-beta, CTGF, 

IGF, and EGF all have a potential to promote some aspect of cartilage cell behavior that 

might improve the nature of the ultimate repair tissue.  One advantageous feature of 

seeding cells in scaffolds is the ability to use the matrix as a drug delivery system 

[Coutts, 2001].  

 

Material composition is not the only variable investigated in the development of scaffolds 

for cartilage engineering.  The structure of the scaffold has been found to play an 

important role in the development of a functional engineered tissue.  Novel approaches 

have been used to create scaffolds with naturally occurring structures, in addition to 

mimicking the natural composition of the extracellular matrix of cartilage.   
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Electrospinning is a fabrication process that uses an electric field to control the deposition 

of polymer fibers onto a target substrate.  This strategy has been used to fabricate fibrous 

polymer mats composed of fiber diameters ranging from several microns down to 100 

nm.  Electrospinning is a rapid and efficient process that can be used to selectively 

deposit polymers in a random fashion or along a predetermined and defined axis.  

Electrospinning adaptations have produced scaffolds composed of collagen nanofibers.  

Optimizing conditions for calfskin type I collagen produced a matrix composed of 100 

nm fibers that exhibited the 67 nm banding pattern that is characteristic of native 

collagen.  Experiments have demonstrated that it is possible to tailor subtle mechanical 

properties into a matrix by controlling fiber orientation.  The inherent properties of the 

electrospinning process make it possible to fabricate complex, and seamless, three-

dimensional shapes.  Electrospun collagen promotes cell growth and the penetration of 

cells into the engineered matrix.  The structural, material, and biological properties of 

electrospun collagen suggest that scaffold structure maybe essential to the success of 

engineering a functional cartilage tissue [Mathews, 2002].  

 

Recently, polymer scaffolds have been developed that have one section upon which 

cartilage can be grown in vitro, and another section possessing a pore structure that 

closely resembles that of trabecular bone.  Polymers make possible many useful scaffold 

properties including an interconnected pore network that allows cell growth, transport of 

nutrients and waste, and controllable degradation and bioabsorbability rates that may 

potentially match tissue replacement rates [Vacanti, 1998; Athanasiou, 1998].  
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Biocompatibility and microstructure is necessary for cell attachment, proliferation, and 

differentiation [Yamaguchi, 2004; Cronin, 2004; Mann, 2002; Berry, 2004; Tan 2001; 

Wan, 2005; Srouji, 2005; Kim, 2005; Uematsu, 2005].  In addition, the mechanical 

properties of polymer scaffolds are sufficient to protect new tissue from excessive 

loading including wound contraction forces [Hutmacher, 2000; Orgill, 1999; Hutmacher, 

2001]. 

 

Although polymer scaffold constructs containing interconnected pores have been 

produced by a variety of fabrication techniques such as solvent casting/particulate 

leaching, fiber bonding and thermally induced phase separation; concerns over 

incomplete evaporation of toxic organic solvents, limited reproducibility, and long 

preparation times have spurred interest in alternative methods [McGlohorn, 2004; Marei, 

2005; Li, 2004; Gomes, 2003; Furuzono, 2004; Gomes, 2002; Li, 2005;  Mikos, 2005] .  

Free form fabrication (FFF) is a solvent-free technique that is capable of creating a highly 

reproducible scaffold structure with interconnected pores that can vary in size and 

orientation across the matrix.  This technique is useful for engineering scaffolds to be 

used at the interface between two or more tissues [Hutmacher, 2000; Sherwood, 2002].  

As such it can be useful for applications in which both bone and cartilage require repair.   

 

There are four main free form fabrication techniques: stereolithography (SLA), selective 

laser sintering (SLS), 3D printing (3DP), and fused deposition modeling (FDM) 

[McMains, 2005; Venuvinod, 2004; Cooper, 2002; Tan, 2005; Winder, 2005; 

Hutmacher, 2001].  In a SLA process, a UV laser beam is scanned over a bath of 
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photopolymerizable liquid polymer to build the 3D scaffold [Fisher, 2001].  SLS uses a 

CO2 laser to fuse polymer powder held in a temporary mold by raising the temperature to 

just above the material’s glass transition temperature, fusing the particles into a solid 

mass.  In 3DP, an inkjet print head sprays a binding agent over a layer of powder formed 

in the designed lowest layer of the scaffold, after which a fresh layer of powder is rolled 

over the first, merging the two layers.  The process is repeated until the entire object is 

built, which must be fully dried before being removed from the loose powder.   

 

Like the other free-form fabrication techniques, the fused deposition modeling (FDM) 

process utilizes 3D objects produced in a CAD program or from data sets created by 

imaging systems, to produce highly reproducible interconnected porous scaffolds.  A 

thermoplastic polymer is heated to a semi-liquid state and extruded through a fine 

extrusion tip a few thousandths of an inch in diameter.  The fine extruded filament is 

called a raster.  The extrusion head assembly is guided as it moves in the X-Y plane by 

software that divides the 3D object into 2D slices [Hutmacher, 2001].  Moving either the 

extrusion head or the stage and repeating the process builds the remaining layers.  Pore 

structures are determined by the values entered into the control software for parameters 

such as raster thickness, raster gap width (space between rasters), and raster angle, while 

layer thickness is largely determined by the extrusion tip diameter [Zein, 2002; Sun, 

2004; Venuvinod, 2004].  Although “man-made” pores can be designed by adjusting 

software values, imaging techniques such as micro computed tomography (µCT) can also 

be utilized to produce a scaffold whose pore morphology mimics bone [Sun, 2004].  This 
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is useful because the micro architecture of a given tissue is believed to be vital to the 

coordination of cellular processes, the creation of appropriate mechanical properties, and 

the integration of the scaffold with surrounding tissues and microcirculation [Tsang, 

2004].  Using a CAD program, it is possible to create scaffolds produced from 3D sets 

with combinations of micro CT imaged data and geometric patterns.  The inclusion of 

features, such as domes to fit the curvature of joint surfaces, can easily be included in this 

process. 

 

Scaffolds have been used in connection with other cartilage repair techniques to reduce 

healing time and improve tissue functionality.  ACI procedures have been enhanced by 

the incorporation of a collagen scaffold.  Matrix induced autologous chondrocyte 

implantation (MACITM) is performed arthroscopically.  Autologous chondrocytes are 

delivered into deep cartilage lesions using collagen scaffolds instead of periosteal flaps 

[Bachmann, 2004; Behrens, 1999; Ronga, 2004].  The porous scaffold is seeded with the 

expanded cells and secured in the defect site with fibrin glue.  The porosity of the 

scaffold allows bone ingrowth and a smooth surface barrier prevents soft tissue invasion 

[Vibe-Hansen, 1998].  Magnetic resonance imaging of the scaffold has shown hyaline 

cartilage formation and partial restoration of the articular surface in the defect site 12 

months post-implantation [Ronga, 2004].  Comparisons of MACI and microfracture 

surgery showed that the rate of complete remission and the filling of the defect with 

regenerating tissue was higher in MACI treated lesions, with 85% of the defect filled 2 

years after surgery [Bachmann, 2004]. 
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Many of the numerous procedures outlined provide symptomatic relieve and improved 

joint function to select patient populations.  However, all fail to prevent future 

degeneration of the repair tissue and surrounding host tissue as most repair tissues consist 

of a structurally inferior cartilage-like tissue.  Where hyaline cartilage is produced, it is 

often immature and does not possess a true articular surface.  Functionally, the repair 

tissue is unable to withstand the long term loading experienced by articular cartilage.  

This is most likely because of a lack of successful lateral integration between the host and 

repair tissue [Hunziker, 2002; Woodfield, 2004].  This may be the reason that, of the 

500,000 articular cartilage defects diagnosed in 2001, less than 5% were treated with 

repair techniques [MRG, 2002].  Even as techniques offer improved outcomes to selected 

patients, current challenges of effectively treating older patients or highly loaded areas 

such as the patellar surface remain unresolved.  A combination of improved scaffold 

designs and tissue engineering strategies may provide the answer to these challenges. 
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2.0  METHODS 
 

2.1 Polybutylene Terephthalate Scaffold Development 
2.1.1  Scaffold Design Procedure 
 
Prior to the manufactoring of the polybutylene terephthalate (PBT) scaffolds, two-

dimensional scaffold designs (Fig. M1) were created using a CAD program (SolidWorks,  

 
Figure M1.  Solid works diagram used to create scaffold from polybutylene terephthalate using fused 

deposition. 
 

Concord, MA) and were saved in the universal rapid prototyping “.stl” format.  Designs 

were then uploaded into Quickslice© software that enabled building parameters, such as 

raster width, air gap between rasters, and the thickness of each layer to be set.  These 

parameters were used to control the resulting pore structure of the scaffold.  Quickslice© 

then created a three-dimensional drawing from the two-dimensional sketch and divided 

the 3D drawing into slices (Fig. M2).  The resultant Quickslice© exported files were in  



96 
 

 

 
Figure M2.  Screen capture of a Quickslice rendering of a Solidworks two-dimensional drawing. 

 
the Stratasys™ machine language (.sml) format.  For surgical placement simplicity, 

scaffolds were designed to be cylinders.  As porous 3D scaffolds with interconnected 

pore networks, these cylinders could be modified to address the needs of both the 

diagnostic and tissue engineering portions of the project. 

 
2.1.2 Fused Deposition Modeling 
 
Using a Haake™ screw extruder, unfilled PBT pellets (Valox 312, GE Polymers) were 

melted and extruded into a filament approximately 0.17 cm diameter, a spool of which 

was installed in the fused deposition modeler (FDM) (Fig. M3).  Inside the head of the 

FDM machine, the PBT filament was fed into a liquifier by two counter-rotating rollers  
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Figure M3.  Schematic of the Fused Deposition Modeling.  Heated strands of PBT are forced through a 

small diameter nozzle tip.  Location of the strand is determined by the movement of the FDM head in the x 
and y planes while z axis depth is controlled by the movement of the platform on which the scaffold is 

being built [Tellis, 2006]. 
 
(Fig. M4).  The liquifier, heated by an internal heating collar (255 oC), melted the PBT. 

 

 
Figure M4.  Fused deposition modeler system.  Heated PBT is rolled out onto water-soluable support 

material in a specific preprogrammed designed via the extruding tip [Tellis, 2006]. 
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As more of the filament was fed in at the top, the melted PBT was extruded under 

pressure through the extrusion tip (diameter 0.0305 cm).  The head moved in the X-Y 

plane, while the stage beneath it moved in the Z plane.  As the head was moving in its 

preset pattern  (determined by the .sml file created in Quickslice) a thin thread of PBT 

called a raster was laid down.  Throughout this process, the .stl file was read by a 

Stratasys ™ 1650 Rapid Prototype Modeler, and the scaffold was built layer by layer in a 

crosshatch pattern.  The scaffold parts were built on a water-soluble polymer support 

material that could be peeled or soaked off. 

 

2.1.3  Preliminary Scaffold Versions 

Preliminary scaffolds designs were simple 9 mm diameter cylinders with solid exterior 

surfaces and porous interior volumes.  Porosity was created by laying down rasters in a 

rotating fashion (Fig. M5).  Angular rotation between layers was determined by  

 
Figure M5.  Quick slice rendering of a simple scaffold showing layers rotated 45º through the thickness of 

the scaffold. 
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the raster thickness, nozzle diameter and raster spacing (Fig. M6).  Raster angles were 

 
Figure M6.  SEM image of a side view of a scaffold.  Porosity of the scaffold was determined by varying 

the distance between the strands of PBT [Qubaisi, 2006].  
 

modified for each layer during scaffold buildup.  This pattern provided an interconnected 

porous structure that was expected to insure rapid bone in-growth in vivo.  A bullet-

shaped dome was designed for these scaffolds to mimic the radius of curvature of the 

femoral condyle (Fig. M7).  In subsequent scaffold iterations, the top of the dome was  

 
Figure M7.  The radius of curvature of a simple scaffold and a typical canine femoral condyle. 

 flattened (scaffold # 021CI-8550N-001) to better simulate the radius of curvature of the 
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condyle and protect the tibial and meniscal cartilage.  The bottom of the scaffold was 

rounded slightly (scaffold # 020CI-8550N-001) to facilitate surgical placement (Fig M8).  

 
Figure M8.  Schematic of scaffold versions 018CI-8650N-001 (left), 021CI-8550N-001 (middle) and 

023CI-8550N-001 (right) showing various scaffold modifications, namely a flattened dome, rounded base 
and the placement of bone in-growth holes. 

 
The rounding of the bottom surface of the scaffold facilitated the initial insertion of the 

scaffold into the surgically drilled hole.  Three sets of holes created in pairs (0.5mm 

diameter, 1 mm depth) were added (scaffold # 022CI-8550N-001) to facilitate bone in-

growth through the sides of the scaffold (Fig. M8).  The holes were spaced 120 degrees 

apart on the scaffold surface and were placed perpendicular to the scaffold’s long axis.  In 

preparation for the incorporation of the tissue-engineered cartilage, the dome of scaffold 

# 0025CI-8550N-0001 was left open at the tip and porous through the middle.  For each 

scaffold version, the interior of the scaffold was porous through the base to encourage 

bone in-growth.  A solid layer at the base of the dome was added to support a tissue-

engineered cartilage layer (Fig. M9) and prevent vascular invasion of the cartilage,  
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Figure M9.  Bottom view of scaffold 0027CI-8550N-001shown through various cross sections highlighting 

the solid PBT layer that separates the bottom of the scaffold from the dome portion [Szivek, 2006]. 
 
 

mimicking the function of the subchondral plate. 

 

Equidistant cutouts were placed along the bottom, around the base of the scaffold, to 

accommodate strain gauge wiring (Fig. M10).  This prevented the wires from interfering  

 
Figure M10. Bottom view of scaffold number 0028CI-8600N-0001 showing porous interior for bone in-

growth and marking the wiring cutouts. 
 

with scaffold placement during implantation.  It also provided sufficient porosity through 

the base of the scaffold for bone in-growth.  Further iterations opened the sides of the 

scaffold more, leaving only as much surface area as was needed for strain gauge 

attachment (Fig. M11).  
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Figure M11. Schematic of scaffold version 0051CT-9400N-001 highlighting “windows” implemented to 
encourage further bone in-growth into scaffold.  Dome markings were incorporated to indicate location of 

strain gauges after scaffold placement [Tellis, 2006]. 
 

During scaffold placement, scaffolds can rotate from their initial orientation making it 

difficult to determine the location of the strain gauges.  In order to better correlate strain 

gauge readings with their individual scaffold calibrations, markings were placed in the 

dome to distinguish the location at which the individual gauges were attached to the sides 

of the scaffold (Fig. M11).  Pictures of the domes of these scaffolds were taken pre and 

post implantation as a reference for scaffold orientation in the femoral condyle. 

 

2.1.4  Trabecular Pattern Scaffold Design 

A 3/4-inch hole saw was drilled into an explanted femoral head of an adult male canine to 

extract a core of bone (cortical and trabecular) approximately 2.5 cm long.  The bone 

sample was placed into the 17.4 mm long sample holder of the desktop fan-beam micro 

CT scanner (mCT-20, Scanco Medical AG, Switzerland) and scanned at medium 

resolution.  Integration time was set to 200 ms and 489 slices were scanned, with each 

slice representing 30 mm-thick segments of the sample.  Once the scan was complete, a 



103 
 

 

volume of interest (VOI) was selected with the circle tool in the “Evaluation” program of 

the scanner’s software.  A circle with a diameter of approximately 5.6 mm was drawn 

onto a porous section of bone in the approximate center of the sample (Fig. M12).  Using 

 
Figure M12. Canine femoral trabecular µCT scan.  The small circle in the center of the scan represents the 

volume of interest used to create the trabeculated scaffold [Tellis, 2006]. 
 

the Morph function in the “Contouring” screen, the circle was copied over a range of 112 

slices creating a 3D cylinder approximately 3.4 mm in length and 5.6 mm in diameter.  A 

3D segmentation of the selected VOI was done by choosing a “Sigma-Gauss” value of 

1.2, a “Support” value of 2, and a “Threshold” value of 200.  Once the segmentation was 

complete, a 3D image of the bone was created in the form of a seg.aim file.   
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In the “DecTerm” screen of the µCT-20 software, Scanco’s image processing language 

(IPL) commands were used to first read the seg.aim file into memory, then convert it to 

an ASCII stereolithography (STL) file and export it via FTP for building in the FDM 

(Fig. M13). 

 
Figure M13.  Trabecular .stl file to be used to create a trabecular patterned scaffold. 

 

The trabecular .stl file was opened in QuickSlice, the STL-processing software 

accompanying the rapid prototyper (FDM 1600, Stratasys, Inc., Eden Prairie MN, USA).  

The STL file was scaled up by a factor of 2.54 before being converted to slices.  After the 

3D trabecular model was divided into slices, a support base (to be created by deposition 

of the P-400 Release) was added to provide a barrier between the trabecular scaffold and 
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the foam stage within the modeler.  The extrusion road paths were then set using the road 

width 0.0201” for the rasters and the perimeter, a raster gap width and perimeter-and-

roads gap width of 0.000”, and raster angles of 0° and 90°.  The file was then exported as 

a Stratasys Machine Language (SML) file for upload into the FDM.  The extrusion 

temperatures for the model material and support material were 275° C and 265° C, 

respectively.  After the scaffold was built, the support layer was peeled away.  

Trabecular-like scaffolds were created and were labeled 2p54trab in reference to the 

scaffold trabecular pattern being 2.54 larger than the µCT trabecular scan data.  

 

Porosity, connectivity density, and trabecular spacing were determined and averaged, 

where porosity is defined as the ratio of the volume of open space to the total volume of 

the sample, connectivity density is the maximum number of trabecular connections that 

must be broken in order to break a trabecular sample into two parts and trabecular 

spacing, or separation, is the average distance between trabecular struts.      
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2.1.5  Two-Piece Sectional Scaffold Design 
 
To facilitate tissue engineering while scaffold measurement system calibration was 

carried out.  Scaffolds were designed and fabricated in two-piece structures (Fig. M14).  

 

 
Figure M14. Two-piece scaffold design. The cylinder is designed to be sterilized and equipped with strain 

gauges. The dome is designed to be sterilized, seeded with cartilage and incubated. The cylinder allows 
strain gauge attachment and is porous to allow bone in growth. The upper surface of the dome is the area of 

cartilage growth [Qubaisi, 2006]. 
 

The dome was created as a nonporous cap with a cylindrical male connector. The porous 

cylindrical lower piece was made with a hollow core receiving piece that interfaces with 

the male connector section on the dome. 

 

The two-part design consisted of four different functional regions (Fig. M15).  The male  
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Figure M15. Four functional regions within the scaffold. The dome provides a surface for the tissue-

engineered cartilage; the barrier prevents vascularization of the cartilage layer; the porous cylinder allows 
bone in growth and the nonporous outer shell provides strength to the entire cylinder [Qubaisi, 2006]. 

 
connector  and dome make up the entire upper piece.  This region was made nonporous to 

prevent the growth of vasculature into the cartilage layer and provide necessary strength 

for loads present in the knee.  This region will be used as a tissue support surface in the 

cartilage engineering bioreactor where cartilage will be grown onto the surface prior to 

the scaffold being assembled (Fig. M16) during surgery and implanted into the knee  

 
Figure M16.  Assembled two-piece scaffold showing four of the six side holes that allow bone in-growth 

[Qubaisi, 2006]. 
 
The diameter of the base of the dome was 8.90 mm, corresponding to the diameter of the 
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hole drilled in the knee during surgery.  The diameter of the male connector was made to 

be 5.60 mm in order to create a tight fit with the inner diameter of the female receiving 

connector in the cylinder.  The length of the male connector was 5.00 mm and the height 

of the dome was 2.94 mm (Fig. M17). 

 

 
Figure M17.  Side and bottom views of the dome piece. Dimensions are given in millimeters  

[Qubaisi, 2006]. 
 

The second region was the 0.716 mm thick outer shell surrounding the cylinder.  This 

region was also made nonporous to provide a surface for the attachment of strain gauges 

and to mechanically support the scaffold under compression.  Six small holes were placed 

through the outer shell to allow bone to grow through the shell and throughout the porous 

regions of the implant (Fig. M16).   

 

The third region was a nonporous layer across the top of the cylinder.  Along with the 

nonporous dome, this layer was designed to prevent the vascularization of the cartilage 

layer.  When implanted in the knee, the barrier aligned with the subchondral plate in the 

knee. 
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The interior of the cylinder was made porous in order to allow bone to grow into the 

scaffold and securely anchor the scaffold in place.  This region made up the remainder of 

the cylinder not occupied by the outer shell or the blood barrier.  The outer diameter 

of the cylinder was 8.90 mm and the inner diameter of the female connector was 6.0 mm.  

The depth of the female connector was 5.08 mm and the total height of the cylinder was 

9.08 mm (Fig. M18). 

 
Figure M18. Side and bottom views of the cylindrical piece.  Dimensions are given in millimeters 

 [Qubaisi, 2006]. 
 

The assembled scaffold was 12.02 mm high with an outer diameter of 8.90 mm (Fig. 

M29). 
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Figure M19.  Exterior dimensions of the assembled two-piece scaffold.  Dimensions are given in 

Millimeters [Qubaisi, 2006]. 
 

2.1.6  Mechanical Testing of Scaffold Versions 

Scaffolds were made in 5 different scaffold versions. Eighteen scaffolds of each of the 

five different versions (90deg30, 90deg50, 9045deg30, 9045deg50 and 2p54inv) were 

manufactured for mechanical testing.  Four of the scaffold types were created by setting 

different values for the raster gap width, road width, and raster angles as shown in Table 

M1.  The simple linear pore scaffold groups, containing 18 scaffolds each, had cube-

shaped pores formed by orthogonal rasters.  The complex interconnected pore groups, 

containing 18 scaffolds each, had a honeycomb-like pore structure that was achieved by 

giving alternating sets of two sequential slices raster angle values of 0o, 90o and 45o, -

45o respectively (Table M1). 

Table M1: Quickslice Parameters for the designed Simple Linear Pore and Complex Interconnected Pore 
scaffold groups.  “Small” and “large” refer to the relative pore sizes of each design [Tellis, 2006]. 

Scaffold group Scaffold Type Raster gap width Road width Raster angles 
90deg30 Simple small  0.76 mm (0.030”) 0.51 mm 0o, 90o 

90deg50 Simple large 1.27 mm (0.050”) 0.51 mm 0o, 90o 
9045deg30 Complex small 0.76 mm (0.030”) 0.51 mm 0o, 90o, 45o, -45o 
9045deg50 Complex large 1.27 mm (0.050”) 0.51 mm 0o, 90o, 45o, -45o 
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Domes from the ninety scaffolds were surface ground with a GP-25 Grinder Polisher 

(LECO Corp., St. Joesph, MI USA) using a very fine 1200 grit carbide paper (LECO 

Corp., St. Joesph, MI USA) to produce smooth, flat surfaces for compression testing.  

Following grinding, the height and diameter of each scaffold was measured using a 

vernier caliper (Kanon, Japan).    

 
 
Scaffolds of each type were divided into three subgroups (n = 6).  One subgroup of 

scaffolds was tested in compression, first at 49 N/s and then at 294 N/s.  The two load 

rates were chosen to represent loading at a walking gait and at a running gait.  Scaffolds 

were loaded at loads sufficiently low to cause scaffold damage.  This precluded post-

compression morphological analysis.  The compression tests were load controlled, with 

the compression ceasing when the maximum load, either 5 kg (49 N) or 30 kg (294 N) 

was reached.  The scaffolds were neither pre-conditioned nor pre-loaded.  The second 

subgroup’s scaffolds were soaked in 0.09% NaCl solution at 25° C for seven days and 

tested in compression at 49 N/s.  The third subgroup’s scaffolds were soaked in 0.09% 

NaCl solution at 25° C for seven days and tested in compression at 294 N/s.   

 

Scaffolds were compressed axially on a mechanical test system (Model 810, MTS, 

Minneapolis, MN, USA) to assess stiffness and failure (Fig. M20).  For each compression 
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Figure M20.  Scaffold being compressed on a servo hydraulic testing system between a bolt connect to a 

load cell and the MTS ram. 
 

cycle, load (Kgf) and stroke (mm) were collected simultaneously with data collection 

software (LabView 5.0.1, National Instruments, Austin, TX) through a Ni-DAQ data 

acquisition board into a Macintosh G4 computer (Apple, Cupertino, CA) and saved into a 

spreadsheet.  Load and stroke from each test were used to calculate the average 

compressive modulus of each group.  One group of 25 complex pore scaffolds (version 

#0027CI-8550N-001) were compressed axially at a ram speed rate of 0.0833 mm/sec 

until plastic deformation was visibly noted.  For each loading event, load (kgf) and stroke 

(mm) were collected simultaneously with data collection software and saved into a 

spreadsheet.  Ultimate compressive stress (defined as the stress at which the first failure 

of the scaffold occured) and apparent modulus (the initial slope of each scaffold’s stress-

strain curve) was calculated for each scaffold.     

 

Mechanical testing was also performed on two-piece scaffolds to define the failure 

strengths of the scaffold version as well as to compare the mechanical properties of the 

two-piece scaffold to those of the single piece scaffolds.  Forty-five two-piece prototypes 



113 

 

were tested on a servo hydraulic testing system.  Loads were reported in kilograms and 

ram displacement was reported in millimeters.  Loads were converted to pressures by 

estimating the surface area of the dome shown on the Solidworks diagram (diameter = 

7.48 mm, area = 43.94 mm2) (Fig. M21). 

 

 
Figure M.21.  Schematic of the surface area of the dome used to calculate contact pressures showing the 

diameter (cm) of the surface [Qubaisi, 2006]. 
 
The unassembled scaffold was placed on the ram of the MTS machine with the dome set 

on top of the cylinder but not in the cylinder.  The ram of the MTS machine was moved 

with a constant speed (0.0833 mm/sec) until the dome slid into the cylinder and the two 

pieces were completely assembled.  Load and displacement data were recorded 

throughout the assembly process.  Loading of the scaffold continued until the scaffold 

underwent plastic deformation.  The pressure at failure of the two-piece scaffold was 

calculated based on the load at failure and the contact area.   

 

Cyclic loading of scaffolds was performed to determine the permanent deformation that 

could be expected after the scaffold was compressed to a specified load.  A two percent 

change from the original height of the scaffold was used as the failure criteria for this 
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experiment.  The scaffold was compressed to 15 Kg, then unloaded.  The scaffold was 

then loaded to 30 Kg.  Reloading was continued at increased loads of 5 kg until 

permanent deformation of the scaffold was visible.  The MTS machine acquired each 

target load in ten seconds.  Therefore, each trial was the same duration but the loading 

rate of the scaffold increased with each higher load.  

 

A shear test was designed to determine the shear force needed to break either the 

connector of the dome or the wall of the cylinder.  An aluminum mount that supports 2.5 

cm3 aluminum cubes was created to interface with the MTS.  A #9/16 – 18 bolt was 

machined so that the bottom 5 cm was cut in half lengthwise, leaving a flat surface (Fig. 

M22).  The bolt was attached to the MTS load cell and the aluminum cube holder was 

attached to the ram.  Scaffolds were placed into 2.5 cm3 aluminum cubes leaving the 

domes exposed.  Holes (8.9 mm diameter) were drilled in aluminum cubes to a depth of 9 

mm.  Cubes were placed in the mount and scaffold domes were loaded transversely with 

the flattened bolt to simulate shear loading of the scaffolds (Fig. M22). 

 

 
Figure M22.  Shear loader. The upper tool is connected to the MTS load cell [Qubaisi, 2006].  The scaffold 
and support are moved by the MTS ram creating a transverse load (Left).  The dome of the scaffold pulls 

out of the cylinder rather than failing in shear (Right). 
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2.2  Exterior PBT Scaffold Preparation and Strain 
        Gauge Attachment  

2.2.1  Gauge Wiring and Adhesion to Scaffold 
                         
Ground shielded six-conductor (#30 gauge wire), individual color insulated SA cable 

(NMUF6/30-4046SJ, Cooner wire, Chatsworth, CA), was used throughout these studies.  

SA cable is flexible, bioinert and coated with PVC to prevent fluid infiltration.  Fifteen to 

twenty mm of the gray PVC exterior wire insulation and shielding were removed with a 

scalpel and scissors (Fig. M23).  The polyester thread was removed and individual leads 

 
Figure M23.  Gray insulation removed from 6 lead wire exposing ground shielding (left).  Shielding was 

removed exposing the 6 individually insulated wires. 
 
were paired (black with white, red with green, and blue with yellow).  Insulation from 

each multi-strand wire was stripped leaving 3-4 mm of exposed wire, which was later 

tinned.  Tinned wire was trimmed to the exact length of its corresponding paired wire 

(approximately 1 mm) and to the approximate length of the other wire pairs (Fig. M24).  
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Figure M24.  Trimmed and tinned paired wires 

 
On all sides of three 1000-ohm strain gauges (FAE-12-100-S6ET, Measurements Group, 

Inc., Raleigh NC), 1.5 mm was trimmed off of the polysulfone backing leaving only a 0.5 

mm edge around the sensing element of the strain gauge (Fig. M25).  Previous studies  

 
Figure M25.  Strain gauge compared with metric ruler (markings in mm) showing gauge dimension (left). 

Comparison of intact and trimmed gauge (right). 
 
(Cordaro et al. 2001) showed that trimming the backing to this extent has little effect on 

the sensing accuracy of the gauges. 
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For each strain gauge, a pair of wires was soldered perpendicular to the strain gauge 

solder tabs, with the wires coming closer together at the solder junction so as to limit the 

space occupied by the attached wires (Fig. M26).  Crossed wire configurations were  

 
Figure M26.  Schematic of ideal wire/gauge setup where amount of uninsulated wire and space occupied by 

the wires is minimized (left).  Attached wires in narrowing fashion (middle).  To avoid uninsulated wire 
contact, wires were also soldered tightly together but uncrossed (right).   

 
attempted to minimize the space occupied by the attached wires.  This was abandoned 

however, because the criss-crossing of wires often lead to contact and resultant shorting 

of the gauge.  Resistance was measured for each wire pair with a Fluke 87 digital 

multimeter (Fluke Corp, Everett, WA) to verify electrical contact of the solder junctions.  

If resistance of the gauges varied more than ± 3 ohms from 1000 ohms, the strain gauge 

was resoldered or discarded.  Both the scaffolds and strain gauges were visually inspected 

for non-uniformity.  Wires were test fit into slots at the base of each scaffold to verify 

strain gauge wire accommodation.  Holes found to be too small were widened using a 

heated k-wire. 
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In preparation for gauge attachment to the scaffold, clear adhesive tape (roughly 10mm in 

length) was attached to the non-sensing side of one gauge (Fig. M27).  Master Bond  

 
Figure M27.  Gauges attached to clear adhesive tape. 

 
EP42HT (Master Bond Inc., Hackensack,NJ), sterilizable grade of epoxy developed for 

surgical applications, was applied uniformly to the area of the sensing element and solder 

tabs of the scaffold with a small brush.  For waterproofing, Master Bond epoxy was also 

applied to the exposed ends of the wire and solder junction.  The gauge was then aligned 

along the long axis of the scaffold perpendicular to the base, taped to the scaffold and a 

thin piece of silicone was wrapped around the scaffold and clipped to hold the gauge in 

place while the epoxy cured (Fig. M28).  Scaffolds were rested on their dome while the  
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Figure M28.  Side view of strain gauge taped to the side of PBT scaffold (left). Bottom view of a thin piece 

of silicone wrapped around a scaffold (right).  The silicone is clipped in place during epoxy curing. 
 
adhesive set to insure that the epoxy would not run onto the base of the scaffold, 

impeding the placement of the scaffold during surgery.  The clear tape was peeled back 

and excess Master Bond epoxy was removed.  These steps were repeated for the other 

two gauges.  Gauges were attached at 120 degree intervals around the circumference of 

the scaffold (Fig. M29). 

 
Figure M29.  Side view of a strain-gauged scaffold showing the face of one of three attached strain gauges. 

The thin polyamide backing of the remaining two gauges can be seen on either side of the visible gauge 
along the surface of the scaffold.  White arrows indicate direction of anticipated bone in growth.  The 

bottom black arrow indicates the dome region dedicated for engineered cartilage tissue (left) [Bliss, 2006]. 
Side view of HA coated scaffold (right). 
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The exposed non-sensing side of the strain gauges was lightly sanded with 1200 grit

sandpaper to rough up the surface and improve adhesion.  A thin coat of 15 wt % solution

of medical-grade polysulfone (Amoco, Huntington Beach, CA) dissolved in 1,1,2,2-

tetrachloroethane was applied with a brush to all three strain gauge backings.

Polysulfone was cured by baking the scaffold for 1hr at 50º C.  The gray exterior

insulation of the cable was manually extended to cover the exposed ends of the wire so

that the exterior insulation was brought adjacent to the base of the scaffold (Fig. M30).

Figure M30.  Insulation wire brought to base of scaffold in order to cover individual 6 lead insulated wires.

The insulation/scaffold junction was then waterproofed using Master Bond epoxy.
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In order to make a connection between the scaffold and the transmitter during surgery,

the end of the wire opposite the scaffold needed to be fit with pin connectors (Fig. M30)

that could be passed through a 0.24 cm opening, roughly the size of the cable.

To begin, an 8cm long piece of 0.3175 cm heat shrink tubing (EPS - 200, 3M, St. Paul,

MN) was placed over the end and slid down to the middle portion of the cable.  Five

centimeters of the end of the insulation were spliced with a scalpel blade and peeled back.

The underlying grounding shield was removed while the accompanying support thread

was left intact.  All wires were trimmed 5 mm shorter than the support thread and the

thread was tied to C- 6 Dacron trolling line (Gudebrod, Pottstown, PA) with a single

overhand knot that was later glued together with cyanoacrylate (Elmer's Products,

Columbus, OH).  Individual conductor wires were trimmed and tinned such that each

wire was 2.5 mm shorter than the previously trimmed wire, making the wires

progressively shorter.  Copper pins were soldered to the ends of each wire (Fig. M31) and

Figure M31.  Individual lead wires from SA cable fitted with pin connectors.
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the point where the wires exited the PVC insulation was covered with Master Bond

epoxy to prevent fluid infiltration.  The PVC insulation was pulled back over the exposed

wires and the heat shrink was moved over the insulation to cover this area including the

knot connecting the thread to the suture.  The heat shrink tubing was activated with an

Ungar 1095 high temperature heat gun (Cooper Tools, Houston, TX), which was fitted

with a curved baffle to seal the end of the cable and the enclosed pin connectors.  The

junction between the heat shrink and the suture was also covered with epoxy to prevent

fluid infiltration while passing the cable through the bone (Fig. M32).

Figure M32.  Completed scaffold in a sterilization pouch.  Connector pins and end of Dacron thread are
covered with white heat-shrink.

A 6 lead conductor cable was soldered to a six-position 2 mm single row vertical

receptacle (2063S-06-ND, Digikey, Thief River Falls, MN) at one end and a six-position

dual row vertical receptacle (2064S-06-ND, Digikey, Thief River Falls, MN) at the other

end (Fig. M33).   The dual row receptacle was connected to 3 pairs of pins on a radio
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transmitter (Microstrain Inc., Williston, VT), while 1 set of pins was attached to a 1000Ω

strain gauge that was glued to the side of the dual row receptacle.

Figure M33.  Dual receptacle connector wired to the 6-lead conductor cable and a 1000Ω strain gauge
attached to its side

Each telemetry transmitter, including the dual receptacle connector port and attached

1000Ω strain gauge, were waterproofed using medical grade silicone (Sylgard, Midland,

MI) or with Master Bond epoxy (Fig. M34).  After curing, scaffolds were sterilized with

Figure M34. SA cable wired to white (upper left) single row vertical receptacle on one end and wired to a
dual row black receptacle that is then connected to the radio transmitter.  Transmitters were water proofed

using silicone (not shown) or masterbond (shown).  White cylindrical grommets were attached to
transmitters to facilitate suturing during surgery.
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ethylene oxide and aerated prior to surgical implantation.

2.2.2 Waterproofing Procedures for Wires, Gauges and Transmitters

To test the efficacy of waterproofing the wire junction during surgery with PMMA, 5 mm

of the outer PVC insulation, ground shielding and individual lead insulation of two lead

conductor cables (NMUF 2/30 4606SJ, Cooper Wire, Chatsworth, CA) were stripped off

of each end of the cable leaving only the bare copper wiring (Fig.M35).  At

Figure M35.  Two-conductor wires with ends stripped of 5 mm of insulation leaving only the copper
conducting wires exposed.  The cable on the right was dipped into a circular mold filled with PMMA.

one end of each cable, bare copper leads were twisted together.  The twisted lead end of

one cable was dipped into a circular mold that was filled with PMMA.  After allowing

the PMMA to set, the PMMA coated end of the cable was placed in .09% saline solution.

An additional wire with no PMMA was placed in the saline bath.  Both cables were left

submerged for 5 days during which time wire resistance was measured daily to determine

fluid infiltration and wire corrosion.  At the end of 5 days the wires were removed from

saline and visually inspected.
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2.2.3  Osteoconductive Coatings for Bone Ingrowth into Scaffolds

2.2.3.1 Calcium Ceramic Particles

Calcium phosphate ceramic (CPC) particles and tricalcium phosphate (TCP) particles

obtained from Biointerfaces (San Diego, CA) were used to create osteoconductive

coatings.  Particles previously identified as CPC 6 and CPC 7 were used in these studies

(Szivek et al, 1996).  Scanning electron micrographs have shown that CPC 6 is a rounded

particle with an average long-axis of 9 ±7 mm and an average short axis of 6 ± 5 mm

(Fig. M36). EDAX (energy disperse X-ray) indicated that CPC 6 is a Tricalcium

Figure M36. This scanning electron micrograph of CPC 6 shows the round shape of the particles and the
wide size distribution [Szivek, 1997].

phosphate (TCP).  CPC 7 is an angular, rock-like microcrystalline hydroxyapatite with a

long-axis dimension of 561 ± 112 mm and a short-axis dimension of 115 ± 70 mm (Fig.

M37).  Coating mixtures of 15% of amorphous tricalcium phosphate (CPC 6) and 85% of
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Figure M37. This scanning electron micrograph of CPC 7 shows the jagged rock shape of the particles
[Szivek, 1997].

a microcrystalline CPC 7 were prepared by weight before blending.  This blend was

chosen based on previous studies that showed that it had a good combination of bond

strength and osteoconductive characteristics (Battraw et al, 1999).

2.2.3.2  Application Method

CPC particles were attached to scaffolds using a published technique [10–12] in which

the exposed sensing surface of the strain gauges was sanded with 600-grit carbide paper.

A thin layer of a 15 wt % solution of medical grade polysulfone (Amoco, Huntington

Beach, CA) dissolved in 1,1,2,2 tetrachloroethane (Kodak, Rochester, NY) was applied

to the scaffolds and baked for 1 h at 50°C.  This layer was sanded with 1200-grit carbide

paper.  A second layer of the polysulfone was applied, and the CPC blend was sprinkled

onto the polysulfone (Fig. M38).  The scaffolds were baked for 5 h at 50°C.

Figure M38.  Schematic of CPC coated strain gauge [Szivek, 2002].
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Polysulfone was also applied to 2.5 cm of the end of the cable closest to the scaffold to

prevent cable motion after the scaffold was placed in vivo (Fig. M39).

Figure M39.  CPC coated scaffold and scaffold cable.

2.2.3.3  Application of TGF-β1Protein

CPC-coated strain-gauged scaffolds were soaked in a solution containing TGF-β1.

TGF- β1 (Collaborative Biomedical Products, Two Oak Park, Bedford, MA) was stored

at -70°C in 1-µg sample vials until it was used. Each 1-µg sample of TGF- β1 was

reconstituted in 12 µL of a 4 µM HCl solution, which had been filtered through a 0.2-µm

Acrodisk syringe filter.  Sterilized CPC-coated strain-gauged scaffolds were opened in a

sterile laminar flow hood and supported with sterile hemostats.  The gauges were soaked

in either 0.5, 1.0, or 2.0 µg/gauge of reconstituted TGF- β1.  The solution was applied

using a micropipet and the scaffolds were soaked in the TGF- β1 solution overnight in a

controlled humidity chamber at 20°C prior to being implanted during aseptic surgery.

Care was taken not to touch the surfaces or to allow them to become desiccated prior to

implantation.
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2.2.4  Orientation of Gauges on Scaffolds

Strain gauges were attached to the exterior surface of PBT scaffolds in various

orientations (Fig. M40).  Gauges were aligned at 0°, 22°, 45°, 68° and 90° to the

Figure M40.  Representative scaffolds with gauges aligned at angles and parallel to the long axis.

longitudinal axis.  Gauges were also placed with the sensing element located closer to the

dome or closer to the base of the scaffold (Fig. M41).  For each set of orientations,

Figure M41.  Sensing element location could be varied from close to the bottom of the scaffold (left) to
centered on the scaffold (middle to being placed closer to the dome (right).

scaffolds were loaded on a servo hydraulic testing machine (MTS, Eden Prairie, MN) in

unconfined compression.
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Strain gauges were embedded in 2.5 cm diameter 3.5 cm long cylindrical PMMA and

epoxy plugs.  The gauges were aligned along the x, y and z axis (Fig. M42).  The

Figure M42.  PMMA cylindrical plug showing 3D gauge orientation.

cylindrical plugs were loaded along their longitudinal axis and at 90° to the long axis.  A

second series of strain gauges were attached to thin plastic slides so that the gauges were

aligned along three Cartesian axes.  The plastic slides were embedded in 4 cm diameter, 4

cm length plugs and loaded in similar fashion to the PMMA plugs (Fig. M43).  The

Figure M43.  Silicone cylindrical plugs with 3D oriented gauges embedded in the center.

domes of 10 scaffolds were removed and strain gauge rosettes were attached to the under

surfaces of the domes.  Domes were reattached and scaffolds were placed into 2.54 cm3

aluminum cubes leaving the domes exposed (Fig M44).  Holes (8.9 mm diameter) were



130

Figure M44.  Shear testing aluminum cubes with solder junctions and implanted scaffolds.

drilled to a depth of 9 mm in aluminum cubes.  Rosettes were wired to solder junctions

attached to the upper surface of the aluminum cubes, which were then wired to the strain

gauge signal conditioners (Model #2120, Vishay Instruments, Malvern, PA).  Scaffold

domes were loaded transversely to simulate shear loading of the scaffolds as described

previously in the two-piece scaffold testing (Fig. M45).

Figure M45.  Scaffold mounted in shear loading device [Qubaisi, 2006].
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2.3  Sensate Scaffold Calibration
 2.3.1  Confined and Unconfined Loading

During the calibration process each scaffold was placed into Darofoam (Daro, Butler,

Wisconsin), a polyurethane foam that has been utilized as a synthetic model to simulate

trabecular bone.  Darofoam was produced by adding isocyanate to resin and mechanically

mixing at 1500 rpm for 20s.  The mixtures were then poured into plastic containers and

allowed to cure for 24 hrs.  Scaffolds were loaded in confined compression (Fig. M46)

Figure M46.  Scaffold placed in Darofoam synthetic bone for confined compression.

as well as unconfined compression (Fig M47).  The synthetic bone foam constructs

Figure M47.  Scaffold placed between metal plates of the MTS for unconfined compression loading.
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have previously been reported to have a compressive modulus similar to that of human

trabecular bone [Szivek, 1995].  In each case, the foam holder and scaffold were

compressed between a servo hydraulic ram (MTS) and either a layer of silicone or

another metal plate.  Scaffolds were loaded at rates of 50 N/s, 100N/s, 150 N/s and 200

N/s at peak loads up to 150 N.

2.3.2  Orientation of Scaffold During Calibration Loading

Scaffolds were loaded, then rotated 90° relative to the scaffold’s long axis before being

tested again to determine the effect of scaffold orientation in the foam.  Strain

measurements were recorded during both loading and unloading.  Loads and strains were

measured simultaneously and load versus strain curves were plotted for each gauge.

2.3.3  Load vs. Strain Calibration Relations

A calibration equation was determined for each scaffold based on the load vs. strain plots

in the form of the linear equation: L = m * S + b; where “L” was load in Newtons, “m”

was the linear best-fit slope, S was strain in µstrain and “b” was the calibration offset (Fig

M48).  Sensitivity of each strain gauge on the scaffold was determined by the slope (m)
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Figure M48.  Scaffold calibration curve with accompanying best-fit linear equation.

of the best-fit correlation of the load vs. strain scatter plot, while the precision of the

strain load correlation was indicated by the R2 value of the fit line.  To determine the

influence of support structure stiffness on the calibration relationships, silicone support

structures of three different stiffnesses were compared.

2.3.4 Cartilage Tissue on Scaffolds

Cylindrical cartilage/bone plugs were harvested from canine humoral and femoral heads

and the articular cartilage was mechanically removed using a scalpel.  Scaffolds were

then loaded in the MTS with either a layer of silicon, directly on the MTS , with a  layer

of cartilage, or with a layer of cartilage and a layer of silicone.
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2.4  Preparation and Calibration of Pressure Sensitive
        Film for Joint Pressure Measurements

2.4.1  Pressure Film Calibration From MTS Load Measurements

Film packets for calibration consisted of 28 cm x 2.5 cm developer and indicator strips

(Fig. M49) taped together at one of the 2.5 cm wide ends with the sensing surfaces placed

Figure M49.  Typical calibration strip made from two 11” x 1” strips of pressure sensing film – numbers
used to indicate to which Excel file the impression corresponds.

against each other.  Calibration impressions were created using a rectangular glass

surface (Fig. M50) which was pressed against a flat 3.2 mm thick silicone pad and a flat 6

Figure M50.  Rectangular glass indenter glued to MTS interface bolt (left).  Typical pressure film stain
created by the indenter (right).

mm thick steel plate.  Pressures were also established by pressing a curved surface (Fig.

M51) against a flat steel plate and a curved cylindrical surface (Fig. M51).  The hemi-
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Figure M51. Hemicylindrical indenter surface used in pressure film calibration (left). Hemicylindrical
receiving surface (right).

cylindrical curved surface was created by sectioning a piece of 2.5 cm copper tubing and

filling it with 5 min epoxy.  Once the epoxy was set, a bolt was threaded through the side

of the tubing opposite the loading surface and into the epoxy.  The cylindrical surface,

onto which the loader was loaded, had a radius of curvature of 1.35 cm.  This was slightly

larger than the radius of curvature of the 2.5 cm copper tubing.  Preliminary testing

showed that the radius of curvature of the inner surface was enlarged to accommodate the

thickness of the pressure film packets (0.250 mm) placed between the surfaces.  The

radius of curvature of the curved loader was chosen to approximate the radius of

curvature of a canine medial femoral condyle used as a model in canine tissue

engineering studies.

To determine the accuracy of the pressure film system for pressure measurements, it was

necessary to determine the contact area of the glass square and the copper tubing in
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addition to measuring the applied load.  The true contact area of the glass rectangle was

determined by marking the glass area with black ink and creating an image of the surface

with a flatbed scanner (LaCie Silverscanner II) at 400dpi using Adobe Photoshop 2.5.1

LE.  The surface area of the glass was then calculated using ImageJ 1.4.2v software

(NIH, Bethesda, MD).

Using the glass square, several impressions on Pressurex ultralow film (Sensor Products

Inc., Hanover, NJ) were produced by applying 25-30 (Fig. M52) different loads.

Figure M52. A representative calibration strip with multiple impressions.  Numbers represent individual
loads (Kgf).

Each load was repeated up to 4 times using a servo hydraulic materials testing system

(MTS Corp, Minneapolis, MI), equipped with a 100 Kg load cell in load control.  Each

loading experiment consisted of a 5 sec ramp load cycle, a 5 sec hold cycle, and 5 sec

unloading cycle.  The loads measured from the load cell had an associated error of less

than 0.05 Kg.   Humidity and temperature were not controlled but were comparable

during each day of testing.  Impressions were collected and digitized into pixel arrays of

8-bit grey levels (0 = black, 255 = white) using a LaCie Silverscanner II set to 400 dpi.

The impressions were scanned within a 2 hour time period in order to minimize any

changes in the development of the film due to temperature, decay, light exposure or
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humidity.  Digitized images originally collected in Adobe Photoshop were imported into

ImageJ.  Illumination was constant during digitization, allowing for comparisons of

impressions from the loading surfaces and from different series.  Consistent lighting was

verified by comparing the average pixel value of the white space surrounding each

impression.

Pixel intensity histograms were obtained using ImageJ and analyzed using Excel

(Microsoft).  Pixel values were arranged such that black was set to 256, corresponding to

the most dense region of the impression, and white was set to 0, corresponding to no

impression pixels.  The number of pixels or pixel count, was then multiplied by the

respective 8-bit value.  To establish an average weighted pixel density value for each

image, the summation of all multiplication products was divided by the total number of

pixels (Fig. M53).

Figure M53.  Example of how weighted averages are calculated.  Histograms displaying the quantity of each pixel
values are used to multiply “Pixel Value” by “Pixel Count” in order to obtain “Pixel Weight.”  Each column of pixel

weights are summed and the total pixel weight is divided by the total number of pixels to calculate the weighted
average.
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To obtain calibration curves relating weighted average, x, to contact pressure, f(x), a

linear model was fit to the pooled flat and the pooled curved calibration data.  In this

model, f(x) = m x + b the parameter “b” represents the activation threshold, and the

parameter “m” represents the slope.  The parameters b and m were calculated using a

linear least-squares algorithm to minimize a weighted sum of squared residuals

(Microsoft Excel).  The flat and the curved calibration curves were compared statistically

(α = 0.05) using a non-linear multiple regression model.  Trials of each calibration series

were digitized and analyzed five times to determine the repeatability of the digitization,

cropping and analysis procedures.

2.4.2  Calibration from Factory Supplied Color Swatches

Pressures were also determined using manufacturer supplied calibrations sheets with

color swatches.  Two approaches were used.  Weighted averaging and Individual Pixel

Pressure (IPP) techniques were compared.  For both methods, calibrations between

pressure and pixel values were established using supplied color swatches that had an

assigned red pixel density corresponding to a specific pressure (Fig. M54).
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Figure M54.  Color Swatches that assigned a pixel density according to quantity of red hue developed in the film.

[Pressurex, 2002]

These pixel densities were assigned to pressures via a calibration curve (Fig. M55).

Figure M55. Manufacturer supplied pixel density and pressure correlation [Pressurex, 2002].
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In order to relate pixel density with weighted averages, swatches were scanned, digitized

and converted to an 8-bit grey scale where white was set to 256 and black was set to 0.

Histograms were created of each individual pixel density swatch.

For the Weighted Averaging technique, weighted averages were created from the color

swatch histograms in similar fashion to the MTS calibration process.  Using a 3rd order

non-linear polynomial least-squares algorithm to minimize a weighted sum of squared

residuals, an algorithm was created to relate weighted average to pixel density (Fig.

M56).

Pixel Density vs Weighted Average

y = 9.2E-07x3 - 1.945E-04x2 + 0.0195x - 
0.0946

R2 = 0.9953
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Figure M56.  Relationship of Weighted Average to Pixel density derived from interpolation of color swatch
weighted averages.

Weighted averages were then related to pressure (Fig. M57) via the pressure/pixel density

correlation curves (Fig. M55).
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Deriving Pressure From Weighted Averages

P = 4E-08(WA)4 - 6E-06(WA)3 + 0.0001(WA)2 + 0.0332(WA)
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Figure M57.  Relationship of Weighted Average to Pressure. In the relationship equation, P = Pressure
(MPa ) and WA = Weighted Average.  The table in the bottom right hand corner represents the exact

pressure and weighted average values from which the relationship curve was determined.
For the Individual Pixel Pressure technique color swatch histograms were used.  From the

histograms, the most common pixel value was determined and assigned to the pixel

density number of the swatch (Fig. M58).
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Figure M58.  Histograms of the number of pixels found in each of the pixel density color swatches.  The legend details
to which plot each pixel density swatch pertains.
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An algorithm was generated from a trendline interpolation of the pixel number/pixel

density relation (Fig. M59).

Pixel Number/Pixel Density Relation

y = 7E-07x3 - 0.0001x2 + 0.0146x + 
0.0134

R2 = 0.9892

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 20 40 60 80 100 120 140 160

Pixel number (Histogram)

P
ix

el
 d

en
si

ty
 (

C
o

lo
r 

S
w

a
tc

h
)

Figure M59.  Graph of interpolated pixel density, defined on each color swatch, and the corresponding
most frequently occurring pixel value from each color swatch histogram.

Using the pixel density/pressure correlation curve, pixel numbers were related to

pressure.  Each pixel of an image was assigned a pressure via the correlation algorithms.

To determine the average image pressure, a summation of all individual pixel pressures

was totaled and divided by the total number of pixels in the image or in the area of film

selected.
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ImageJ was used to determine the effect of artifact removal procedures.  Weighted

averages were also manipulated through a thresholding of pixel values by sampling a

section of white space from the image and creating a histogram.  All pixel values found

within the white space were multiplied by zero in the image and did not contribute to the

weighted average.  Abnormally high pressures were considered artifacts and were

removed by setting a maximum threshold value for the pixel intensity.  Images were

cropped so that only areas in direct contact with the femoral condyle were analyzed.  This

was accomplished by superimposing photographed images of the tibial surface of joints

onto the pressure film and removing areas outside of the tibia-femoral contact region.

Straight line marks found on pressure films were considered to be crinkle artifacts and

were also removed.

For all of the analyses a non-parametric Kendall’s W test, equivalent to a dependent t-

test, was used to determine significance at a p value of 0.05.  To clarify peak pressures,

pixel values were thresholded at a minimum value.  The enclosed area and average image

intensity were analyzed for each impression.  Peak pressures were also calculated by

manually selecting a similar area in each film, smaller than the overall contact area in

regions of clear contact.
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2.5 Benchtop Testing of Explanted Knee Joints
2.5.1  Joint and Limb Preparation For MTS Loading and Scaffold Placement

Both hind limbs from each dog were removed by dislocating the femoral head and

excising the tibia and fibula by severing the ligaments and tendons at the talus.  The

femur, tibia and fibula were cleaned of muscle tissue and the capsules and soft tissues at

the stifle were left intact (Fig. M60).

Figure M60.  Excised stifle joint with musculature removed.

Each limb was cut just distal to the femoral neck and proximal to the hock leaving

approximately 75% of the femur and tibia.  Holes were drilled transversely through both

cut bone ends, allowing #14 gauge wire to be threaded through the bone.  This prevented

loosening of the bone once it was mounted on the MTS (Fig. M61).   The bone ends were
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Figure M61.  Strengthening wire threaded through the distal end of the tibia.  Similar wires are placed in
the proximal end of the femur prior to embedding.

fixed in 5 cm sections of copper tubing (2.5 cm diameter) using quick-setting epoxy

(Devcon, Danvers, MA) (Fig. M62).  The copper tubing was then attached to a

Figure M62.  Stifle joint with femur and tibia potted in 5cm of 2.5cm diameter copper tubing

loading fixture (Fig. M63) and connected to a servo hydraulic materials testing system
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Figure M63.  MTS loading fixture (top).  Adaptor for tibial mounted tubings (bottom).

(MTS, Eden Prairie, MN).  After attaching the stifle joints to the loading fixture, the

posterior portion of both medial and lateral sections of the joint capsule were incised and

the collateral ligaments were severed opening the joint space (Fig M64).  The cruciate
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Figure M64.  Posterior view of stifle joint.  Collateral ligaments and surrounding soft tissues are left intact.

ligaments and the patellar tendon were left intact and the proximal portion of the patellar

tendon was placed in tension with a 0.25 Kg weight and pulley.

Pressure film packs were assembled by cutting the two-part film system into 5 cm x 3 cm

rectangles, roughly matching the shape of the contact area for the medial and lateral

compartments of the meniscofemoral surface.  The long edge of both the developer and

ink-filled films were taped together to make a waterproof seal on the edge of the films
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that was placed inside the joint space.  The tape was trimmed to within 5 mm of the edge

with a tab of tape left on the anterior and posterior borders for use as a handle (Fig. M65).

Figure M65.  5 cm x 3 cm pressure sensing films taped together to create a waterproof edge for insertion of
the mensicofemoral space.

Prior to mechanical testing, both the control and experimental explanted stifle joints were

radiographed with a Faxitron high resolution cabinet X-ray unit (Hewlett Packard, CA).

In each case, a lateral and an AP radiograph were taken to accurately identify the location

of the scaffold in the joint (Fig M66).  Films were digitized by photographing them with

Figure M66.  Radiographs used to determine orientation of scaffold in condyle.

 a Nikon Coolpix 990 camera (Nikon, Tokyo, Japan).
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2.5.2  Placement of Scaffolds in Explanted Intact Stifle Joints

After calibration and prior to benchtop scaffold placement, scaffolds were cleaned using

deionized water and dried.  Joints, mounted in copper tubing, were fixed in a vise in 70°

of flexion.  A guide bit (0.2413 cm) was centered on the face of the medial condyle at the

apex of the posterior notch, making a 150° angle with the tibia (Fig. M67).  The bit

Figure M67.  Schematic of guide bit placement.  On the left is a sideview of the stifle joint showing the
guide bit drilled into the face of the medial condyle at 30° flexion angle.  On the right is a front view of the

femoral condyles with arrows and a circle marking the drill site for the guide bit.

passed through the mid-diaphysis of the lateral aspect of the femur to allow the cable

from the scaffold to exit at this location.  A 9 mm reamer was used to ream into the face

of the condyle to the depth equal to the height of the scaffold (1.2 cm).  The reamer and

guide bit were removed leaving a space for the scaffold and a hole to guide the cable

through the condyle to the lateral aspect of the femur.  The cable was passed through the
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guide bit hole and the scaffold was seated in the face of the medial condyle leaving the

dome of the scaffold flush with the articulating surface (Fig M68).

Figure M68.  X-ray of scaffold and wiring in a canine stifle.

Scaffolds were implanted with the strain gauge axis co-linear with the long axis of the

femur.  The wires from the scaffold, which exited the mid-diaphysis of the femur, either

connected to strain gauge signal conditioners (Model 2120, Vishay Instruments, Malvern,

Pa) or to a miniature digital transmitter (Microstrain, Williston, VT).
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2.5.3  MTS Benchtop Testing of Intact and Implanted Joints

Both control knees and knees that had received scaffold implants were mounted on a

MTS servo-hydraulic test machine (Materials Testing System, Minneapolis, MN).  All

isolated joints were loaded using the same procedure while strain gauges attached to the

PBT scaffolds were monitored and pressure sensitive films were used to assess joint

pressures (Fig M69).  Hard-wired measurements were collected using a nine-pin

Figure M69.  Right knee of canine C7 mounted on MTS wired to signal conditioners and pressure film
inserted into the meniscofemoral space.

connector wired to a series of signal conditioners (Vishay, 2300 Strain Gage

Conditioners, Measurements Group, Raleigh, NC).  Measurements were collected

through an NB-MIO-16 Data Translation board (National Instruments, Austin, TX) into a

Macintosh G4 computer (Apple, Cupertino, CA) running LabView Version 5 (National
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Instruments, Austin, TX).  Loads up to 130 N were applied to joints at load rates of

50N/s, 100 N/s, 150 N/s and 200 N/s.  Measurements were collected during both the load

and unload cycle.  Loading was carried out with joints at 30°, 50° and 70° flexion to

simulate paw strike, stance and toe off during gait [Bliss, 2006] (Fig. M70).  For each

Figure M70.  Schematic of a canine during the pawstrike, stance and toe off phases of gait and their
corresponding knee flexion angles [Bliss, 2006].

flexion angle, five pressure sensitive impressions were taken, scanned and analyzed.

Loads and strains were recorded at 100 samples/sec and saved to a spreadsheet.

Pressure-sensitive film packets (Fig. M71) were placed into both medial and lateral

compartments

Figure M71. Side (left) and top view (right) of  2.5cm x 5cm film packet used in both medial and lateral
meniscofemoral spaces.

of the joint before being loaded (Fig. M69).
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Three sets of joints were tested with pressure sensitive film before and after placement of

the scaffold.  One scaffold was placed slightly protruding from the femoral surface of one

knee in order to determine the effect of inadequately seated scaffolds on peak surface

pressure in the joint (Fig M72).  In the remaining two joint sets, scaffolds were placed,

Figure M72.  Schematic of a scaffold placed slightly proud to the articulating surface.

tested, then rotated with respect to the long axis in order to change the orientation of the

scaffolds in the drill hole of the femoral condyle.

2.5.4  Isolation of Applied Load to Individual Condyles

Each stifle was positioned and tested by applying an axial load through both condyles.  In

addition, the stifle was also tested while applying loads to the medial and lateral condyles

individually to evaluate the scaffold’s ability to measure load passing through each.

This was accomplished by placing the knee in either 5° varus or valgus position prior to a
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load application (Fig M73).

Figure M73.  Schematic of varus and valgus knee positions.  Both medial and lateral femoral condyles were
isolated during loading via varus or valgus positioning [www.apid.com, 2006].

After testing the stifle joint with the soft tissue capsule intact, the tibial plateau was

removed and the exposed portion of the implanted scaffold was loaded to assess the

measurements when the entire load passed exclusively through the scaffold.  In order to

evaluate the effect that soft tissue growth had on load transfer, measurements were taken

while loading the soft tissue covering the implanted scaffold.  To determine the amount

of load transferred through the scaffold from the surrounding bone, measurements were

also recorded when loading the surrounding tissue, making sure not to place any load on

the scaffold area directly.  This was performed using two different diameter (9 mm and

13 mm) doughnut shaped loaders (Fig M74).
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Figure M74.  Various sized doughnut shaped loaders used to determine load transmission to scaffold from
surrounding bone (metric scale in cm).

2.5.5  Simulation of Bone In-Growth into Scaffolds

Two scaffolds were prepared for bench top testing by attaching three strain gauges to

each.  The scaffolds were then calibrated by the same procedure described for scaffolds

used in the remainder of this study.  Each scaffold was press fit into the medial femoral

condyle of a canine cadaver stifle, taking care to ensure that the scaffold was recessed

into the hole 1 mm below the face of the articular cartilage.  The cadaver knee with the

scaffold was tested using a servo hydraulic test machine at 30°, 50°, and 70° of stifle

flexion.  Following mechanical testing of the press fit scaffold, it was removed from the

implantation site and cemented into the same hole with radioque bone cement (Stryker,

Kalamazoo, MI).  This was done to simulate bone attachment to the scaffold and care

was taken to ensure the scaffold was cemented into the hole at the same orientation and

depth as was done when press fitting the scaffold.  The stifle was retested at 30, 50, and

70° flexion.

2.5.6  Effect of Scaffold Orientation Within the Condyle

To determine the influence of scaffold orientation in the condyle, six scaffolds were

implanted into the medial femoral condyle of a canine knee joint on the benchtop and
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knees were loaded to a peak load of 12 lbs at 150N/s.  Scaffolds were then removed from

the condyle and rotated axially and then reimplanted in the condyle (Fig. M75).

Figure M75.  Markings on the dome of the scaffold show the rotation of the scaffold prior to each loading
test.

Following rotation and reimplantation, scaffolds were loaded again to the same peak load

at the same loading rate.

2.5.7 Derivation of Joint Contact Pressures

In order to determine the pressures acting on the surface of implanted scaffolds, loads

derived from strain measurements and scaffold calibrations were used in connection with

the measurement of scaffold contact areas.  Individual femoral condyles, separated from

their corresponding tibias, were pressed onto pressure sensitive films (Fig. M76).
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Figure M76.  Femoral condyle removed of all ligaments and tendons with implanted scaffold (left) used to
create contact surface areas of implanted scaffold on pressure sensitive films (right).

Contact area was also calculated by making Reprosil (DENTSPLY International, Inc.

Milford, DE) cement casts of the area surrounding the implanted scaffold (Fig. M77).

Figure M77. Reprocil cement casts.

Reprosil material was mixed in equal parts as indicated by the manufacturer.  The
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mixture was pipetted into the cavity and allowed to set for 20 minutes.  After 20 minutes,

the cast was removed carefully so as to limit cast deformation and allowed to set for one

day. The casts were scanned using a Micro CT scanner and 3D images were constructed.

The reconstructed image allowed a detailed area measurement to be taken of the depth

and surface of the scaffold cavity.

Once contact areas were determined, pressures were calculated from loads derived from

scaffold strain measurements.  Pressures were compared with pressure sensitive films

placed in the meniscofemoral space during benchtop loading.

2.6  Animal Studies
2.6.1  Surgical Procedures for Scaffold Placement In Vivo

After calibration, scaffolds were cleaned with deionized water, sterilized using ethylene

oxide, and aerated prior to surgical implantation.  Sixteen tall male hounds weighing

between 29 and 35 kg were selected for implant placement.  The NIH guidelines for

animal care and use were observed during all animal experiments [NIH, 2002].  Dogs

were pre-anesthetized with 1 cc. of telazol and anesthetized with a 2.5% solution of

isoflurane and the hind limbs and back were shaved.  Betadine solution was used to

prepare the surgical site and the animal was draped so that only the knee was visible.

Following preparation of the hind limb, an incision was made exposing the femoral

condyles (Fig. M78).
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Figure M78.  Scaffold placement surgery.  After the condyle was exposed (left), a guide bit and reamer
(middle) created a hole for the cable and scaffold.  The cable was passed through the femur and the scaffold

was seated in the face of the medial femoral condyle (right) [Szivek, 2005].

Prior to reaming, a 0.2413 cm guide bit was drilled into the face of the medial condyle

(Fig. M67, Fig.M79).  The bit passed through the mid-diaphysis of the lateral aspect of

Figure M79.  Guide bit placement on the center/lower third of medial condyle.

the femur to allow the cable from the scaffold to exit at this location.  A 9 mm reamer

was used to ream into the face of the condyle 1.2 cm to a depth equal to the height of the

scaffold (Fig. M80).  The reamer and guide bit were removed leaving a space for the
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Figure M80.  Reamer (9 mm) used to prepare condyle for scaffold placement.

scaffold and a hole to guide the cable through the condyle to the lateral aspect of the

femur.  A depth gauge was used to insure proper hole depth (Fig. M81).  The cable was

Figure M81.  Cylindrical depth gauge slid over guide bit to measure hole depth.

passed through the guide bit hole and the scaffold was seated in the face of the medial

condyle leaving the dome of the scaffold flush with the articulating surface (Fig M82).
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Figure M82.  Xray showing the face of the femoral condyles (left) and the placement of the scaffold and
wiring in a canine stifle (right).

The cable exited at the lateral aspect of the femur and was coiled subcutaneously near the

trochanter for later retrieval.

Following a 3-month holding period, retrieved wires were connected to a male nine-pin

connector, which could be attached to subminiature radio transmitter system.  Scaffolds

were implanted with the strain gauge axes co-linear with the long axis of the femur.  This

insured that they were aligned with the loading axis at 30° of stifle flexion.  An additional

incision was made in the flank in order to implant the transmitter (Microstrain Inc.,

Williston, VT), which was sutured into place to prevent excessive movement.  The cable

from the scaffold, which exited the mid-diaphysis of the femur, was passed through the

quadriceps and connected to the cable from the transmitter (Fig. M83).
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Figure M83.  Scaffold wires were connected to the transmitter by removing the heat shrink covering and
inserting the pins into the transmitter receptacles.

The connection between the cable coming from the scaffold and the cable coming from

the radio transmitter was then waterproofed using  bone cement (Stryker, Kalamazoo)

(Fig. M84).

Figure M84.  Bone cement is used to waterproof in vivo connection site by pouring the unset cement into a
silicone mold (top).  Once set, the rectangular bone cement connection site is removed and implanted

(bottom).
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2.6.2 Canine Training for Treadmill Running

Prior to surgery, each test animal was trained to run on a Trotter treadmill (Fig. M85)

Figure M85.  Trotter treadmill with custom built side and front panels.

(United Medical Company, Millis, MA) at speeds ranging between 3.1 km/hr and 9.3

km/hr and at inclines ranging between 0 and 27 % grade.  All dogs were exercised daily

and were allowed food and water ad libidum.  To encourage consistent gait during

treadmill walking and to ensure the safety of the dogs and personnel, a procedure for

walking dogs on the treadmill was developed.  Initial canine training required that both

side-walls of the treadmill (Fig M85), as well as the front plate were in place.  To begin

training, one person was stationed with a large pad at the rear of the treadmill.  The dog

was placed on the treadmill facing the front and standing up.  One trainer held the dog



164

towards the front of the treadmill by either leaning over the side wall of the treadmill or

over the front plate of the treadmill and held the collar of the dog via a leash, while a

second person held the cushion on the back of the treadmill so that the dog did not fall off

the back. The treadmill on/off switch was controlled with a foot pedal and treadmill

speed was controlled with a lever located on the side of the treadmill.  The treadmill was

always started on its lowest speed.  Typically the dog would begin running once the

treadmill was started.  When reluctant, vocal encouragement and leash control were used

to encourage the dog to run.  As the dog became acclimated to the lowest speed, the

velocity was increased until the dog was at a comfortable trotting pace.  Speed control on

the trotter treadmill was controlled by the position of the speed lever.  To insure

consistent treadmill speeds between testing, a custom built guide box (Fig. M86) was

Figure M86. Speed box.  Four slots were created to maintain the speed lever in a fixed position

attached to the treadmill.  Four speed settings were created and the dogs were run at these

4 speed positions.  In addition, clear plexi-glass sides were installed to replace the solid

side-walls (Fig M87).  Once the dogs were acclimated to treadmill running, one of the
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Figure M87.  Clear plexi-glass side walls installed on the treadmill.

side-walls of the treadmill was removed (Fig. M88).  The other side- wall was left in

Figure M88.  Canine walking on the Trotter treadmill with only one safety panel.
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place since the dogs preferred a side wall, possibly to help maintain orientation while

running.  The animals were exercised within a week of surgery and returned to a full

running regimen on the treadmill at three weeks post-op.

2.6.3  In Vivo Strain Measurement and Motion Analysis Procedures

During post op treadmill running, a power coil was manually placed and held on the

animal’s flank on top of the skin adjacent to the transmitter location.  After zeroing and

calibrating each telemetry channel, each animal was walked on a treadmill at a 0° incline.

Next they were run at speeds up to 2.54 m/s (5.7 mph) while strain measurements were

collected.  Measurements were collected using a subminiature telemetry unit following a

previously described procedure.  This procedure had been utilized to collect

measurements from test animals and a patient previously [Bliss, 2005; Szivek, 1992].

Calibration curves were used to assess loads from the strain measurements.

Data collection was carried out using custom data acquisition and analysis software

running on a Macintosh G3 laptop computer.  A power coil, tuned to the frequency of the

pickup coil on the transmitter unit, was energized.  Once a signal had been established

from the transmitter, measurements were collected into Excel spreadsheets and saved for

later analysis.  Measurements were collected by the receiver and recorded on a Macintosh

G3 laptop computer (Apple, Cupertino, CA) (Fig. M89).
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Figure M89.  Telemetry System.  The top box on the left is the receiving unit, while the bottom box is the
AC power unit.  Attached to the power unit is the energizing coil displayed next to a transmitter.  On the

right is the laptop computer used to collect and analyze the strain recordings.

Data from the telemetry system were collected at a rate of 84.5 Hz for up to 9 seconds

during each collection period.

Video was collected using a digital video camera (Hitachi Ultravision Digital Camera,

Tokyo, Japan) in order to correlate the test animal’s gait pattern with load measurements.

The treadmill speed and incline angle were adjusted to alter the test animal’s gait pattern.

The video recordings were analyzed, using QuickTime 6.53 (Apple, Cupertino, CA) and

Excel (Microsoft Corp., Seattle, WA) to measure gait speed, stance time (time in contact

with the ground), and incline angles.  It was also used to identify pawstrike, mid-stance,

and toe off times to validate time based measurements taken from loading data.

Additionally, images were used to measure joint angles during gait at different speeds
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and incline angles.

Strain measurements were selected for analysis based on the identification of specific

criteria: three repeatable and distinct peaks (one during pawstrike, mid-stance, and toe

off); two clearly observable minimums (between pawstrike and mid-stance, and between

mid-stance and toe off); and an established baseline before and after each step.  In

addition, each measurement collection set selected for analysis contained a minimum of

four steps that met the aforementioned criteria.  This insured an accurate average for

comparison of subsequent load assessment (Fig. M90).

Figure M90.  Established criteria. Representative line graph of loading during treadmill gait. PS=pawstrike,
MS=mid-stance, T=toe off, M1=minimum between pawstrike and mid-stance, M2=minimum between mid-

stance and toe off, B=baseline during swing phase.
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Each step was analyzed to identify pawstrike and toe off peaks, durations of the two

clearly observed minimums, and peak rate of loading for the pawstrike and toe off peaks.

In addition to these measurements, impulses were measured and their distribution during

the step was also determined.  All measurements and calculations quantifying load were

recorded as a change in load relative to the baseline value, which was established during

the swing phase of gait.  Strain measurements recorded from the telemetry system were

converted to load (Newton) using calibration curves [Bliss, 2006].  Multiple regression

analyses were used to determine statistical significance and were performed in SPSS.

Models with “time post-op” and “stride time” as independent variables were used to

predict total impulse, strike impulse, toe impulse, % strike load, toe load, % plant load,

strike load rate, toe load rate, maximum load and video stride time (Table M2). In each

Table M2.  Description of In Vivo Measurements Collected

MEASUREMENT DESCRIPTION

Stance Time
Time between beginning of pawstrike loading and end of toe off
unloading (time in contact with the ground)

Stride Time Time between pawstrike maximums for consecutive steps

Total Impulse
Area beneath load-time graph and above baseline between beginning of
pawstrike and end of toe off unloading

Pawstrike
Impulse

Portion of total impulse between beginning of pawstrike loading and
pawstrike to midstance minimum

Toe off
Impulse

Portion of total impulse between midstance to toe off minimum and end
of toe off unloading

Mid-stance
Impulse Portion of total impulse between two defined minimums

Peak Loading
Rate

Maximum slope between any two points on the load-time graph making
up the defined peak

Duty Factor
Ratio of stance time to stride time indicating the percentage of stride
time that the paw was in contact with the ground
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model, covariance between the independent variables was checked to ensure the

independent variables did not correlate with each other.  All data was reported as an

average ± standard deviation.  A p < 0.05 indicated significance, and the adjusted R2

value indicated how well the independent variables could predict the dependant variable.

In order to test stair climbing and free walking, a battery powered transmitter energizer

was created.  A DC/AC converter was purchased from Microstrain.  An infared switch

was added so that the system could be operated by remote control.  With this system, the

energizing pack and infared switch could be strapped to a dog (Fig. M91) leaving the

Figure M91.  Strap pack.  DC/AC converter rests on strip of 9V batteries connected in series.  Infrared
switch for battery pack on is shown on the right with the transmitter and energizing coil above.

animal uninhibited by any of the attached cables used in previous systems.
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2.6.4 Force Pad Contact Area and Pressure Measurements

Three of the test animals used in this study were allowed to walk freely on force pad

elements embedded in a 12’ x 4’ carpet (GaitRite, CIR Systems Inc., Clifton, NJ).  Gait

data was quantified with GAITRite® Gold Version 3.4 software and GAITRite®

instrumentation consisting of an electronic walkway 8.3 m in length and 0.9 m in width

(Fig. M92).  Data was sampled at 80 Hz and subsequently processed and stored using an

Figure M92.  Representative analysis of human gait using a GaitRite force pad and analyzing software
[www.gaitrite.com].

IBM compatible computer.  Data obtained with GAITRite® had a high concurrent

validity with video-based and computer-assisted motion analysis systems for spatial and

temporal parameters of gait with correlation coefficients that exceed 0.93 for most of the

parameters.  Similarly, its test–retest reliability was high, with reliability coefficients that

exceed 0.85 for measures including velocity, cadence, stride length, single limb support

time, and double limb support time.

Animals were also leash run and a comparison of implanted knees and contralateral

control knees were analyzed to determine the effect of the implanted scaffold on force

distribution and peak loading as well as an analysis to detect limping or leg favoring.
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2.7  Post Sacrifice Evaluation
2.7.1 Tetracycline Labeling For Histomorphometry Measurements

To allow sufficient bone in-growth, scaffolds used in the in vivo study were left in place

for approximately six months prior to sacrifice of the animals.  Twenty days prior to

sacrifice, 15 mg/kg doses of tetracycline were administered orally 3 times a day, for 3

days.  This procedure was repeated 10 days after the completion of the first dosing cycle,

creating bone labels with a 10-day separation (Fig. M93).  Following 6 months of in vivo

Figure M93.  Double florescent labeling created by doses of tetracycline.

monitoring, animals were euthanized, and their bones were explanted.

2.7.2  Post Sacrifice MTS Testing

Excised joints were fixed and mounted on a servo hydraulic materials testing system

(MTS, Minneapolis, MN) similar to the benchtop testing procedure.  Joints were loaded

at 30°, 50° and 70° flexion angles at 100 N at a loading rate of 100 N/s.  The joint space

was opened in the same way it was in the benchtop studies and pressure film packets

were placed in the exposed joint space of both right and left knees.  If the strain gauges

were still functional, strain measurements were also recorded.



173

2.7.3  Radiographic Analysis of Scaffold Location and Orientation

Prior to mechanical testing, both the control and experimental explanted stifle joints were

radiographed (Fig. M94) with a Faxitron high resolution cabinet X-ray unit (Hewlett

Figure M94. Radiograph of explanted control stifle joint.

Packard,CA).  In each case, a lateral and an AP radiograph were taken to accurately

identify the location of the scaffold in the joint. Films were digitized by photographing

them with a Nikon Coolpix 990 camera (Nikon, Tokyo, Japan).

2.7.4 Visual Evaluation of Knee Joint Surfaces

The stifle joints were separated after mechanical testing by transecting the ligaments and

patellar tendon.  All soft tissues were carefully removed with a scalpel and gross images

of femoral surfaces and tibial plateaus were collected (Fig M95) with a digital camera
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Figure M95.  Gross image of the femoral condyle (top) and tibial plateau (bottom).

 (Nikon Coolpix 990 ,Nikon, Tokyo, Japan).  Joints and joint surfaces were evaluated for

synovitis, scoring, fissures and discoloration.

2.7.5  Histology

The medial femoral condyles and the medial tibial plateaus of the joints were separated

and dehydrated using a published procedure utilizing sequentially higher concentrations

of ethanol solutions beginning with a 70% solution.  Following complete dehydration,

both the experimental and the control femoral condyles were embedded in poly-methyl

methacrylate [Emmanual, 1987; Martini, 2001].
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A sagittal section was taken through the embedded joints using a diamond waffering saw

(Bronwill Industries, Rochester, NY).  This section separated the medial from the lateral

condyles.  Next, up to five slices were made in the sagittal plane through the middle of

the scaffold to provide a reasonable representation of bone in and around the scaffold

(Fig M96).  Using a Reickert-Jung Polycut-e and an Ultra milling machine (Cambridge

Figure M96.  Sagittal histological sections of an implanted scaffold.

Instruments, Germany), the sections were milled to a section thickness of 100 m and

polished to a 0.05 m finish.  Sections of the control knee were prepared in the same

manner.  Care was taken to cut slices from the identical locations to those cut on the

experimental femur.

Sections were stained with a mineralized bone stain, M.I.B.S. (Harrington Center,

Phoenix, AZ) and were photographed at 1.4x original magnification using transmitted

light and 2.8x original magnification, using fluorescent light, through a Nikon Optiphot

microscope (Nikon, Tokyo, Japan) with an Olympus MagnaFire SP digital image
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viewing and recording system (Olympus, Tokyo, Japan) (Fig. M97) and saved in Adobe

Figure M97.  Collage of stained sections of an imbedded scaffold with surrounding bone as seen through
light transmission microscope at 1.4x magnification.

Photoshop (Adobe, San Jose, CA).  A slide micrometer was placed in each photograph to

insure accurate measurement of characteristic parameters during histomorphometry.

Measurements from transmitted light images were taken at 62.5x magnification.

Measurements from fluorescent light images were taken at 125x magnification, using the

same setup.
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2.7.6  Histomorphometry

Gross bone area and perimeter measurements were catalogued with respect to the

designated areas from which they were measured (Fig. M98).  These areas were (1) the

Figure M98. Schematic diagram of a cross-sectional side view of the four regions in which
histmorphometry measurements were collected from both the experimental and control slides.

spaces in the scaffold, (2) the periscaffold space around the perimeter of the scaffold, (3)

the deep periscaffold space behind the scaffold, and (4) the superficial space (containing

the joint surface).  The periscaffold space was outlined 1 mm from the edge of the

scaffold.  The deep periscaffold space was delineated by drawing a line parallel to the

scaffold 1 mm from its back edge (Fig. M98).  Measurements were collected in the

control bone, from a comparable area of the same size and shape as that measured in the

experimental bone.  Slides were separated into four areas, scaffold, periscaffold, deep

periscaffold and superficial scaffold.  Each area was analyzed for the distribution of
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tissues (Fig. M98).  The composition of all four regions for each slide was recorded as

synthetic material, osteoid, bone, or bone marrow.

Measurements collected from within the scaffold, the periscaffold, deep-scaffold, and

superficial scaffold regions included the total volume (measured as the area enclosed

within the outer bone perimeter), bone volume (calculated as the total volume less the

area enclosed within the marrow space and soft tissue space), soft tissue volume, and

marrow volume as well as the perimeters of these components.  In addition, the single

label length, outer and inner double label length, and interlabel distance were measured.

The total labeled distance was calculated as the single label length plus the average of the

inner and outer double label lengths.  The percent labeled surface was calculated as half

of the single label distance plus the average of the inner and outer double label distance.

The mineral apposition rate (MAR, m/day) was calculated as the distance between the

center of the inner and outer labels divided by the number of days between the

administrations of the tetracycline.  The bone formation rate (BFR, m2/m3/day) was

calculated as the MAR multiplied by the total labeled distance divided by the bone

perimeter.

Data was characterized for skewness and kurtosis.  Because kurtosis was noted in some

parameters, a Krustkal-Wallis test was used to determine statistical significance. The

scaffold, periscaffold, deep-scaffolds, and superficial regions were compared between

control and experimental limbs.  In addition, regions within each limb were compared.

The threshold for statistical significance was set at p  0.05.
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3.0 RESULTS

3.1  Characterization of PBT Scaffolds
3.1.1 Elastic Modulus of Unsoaked Scaffolds

When compressed at 49 N/s, the stiffness of the scaffold groups ranged from 2.46 ± 0.55

MPa for the complex interconnected pore structured 9045deg50 group to 5.11 ± 1.89

MPa for the simple linear pore structured of the 90deg30 scaffold group (Fig.  R1).  For

Figure R1.  Comparison of dry and soaked scaffold stiffness of different scaffold designs loaded at 49 N/s
[Tellis, 2006].

both the simple and complex scaffold groups, compressive stiffness decreased as pore

size increased.  The 2p54trab group had a compressive stiffness of 4.94 ± 1.19 MPa,

which was most similar to that of the simple linear pore group 90deg30 and significantly
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stiffer (p < 0.05) than either of the scaffold groups with complex pore structures [Tellis,

2006].  A representative stress-strain curve is shown in Figure R2.
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Figure R2. A representative stress vs. strain curve for a simple pore PBT scaffold.

For the dry scaffolds compressed at 294 N/s, the compressive stiffness values nearly

doubled for most scaffold groups and ranged from 3.86 ± 1.08 MPa for the complex

interconnected pore structured 9045deg50 group to 10.44 ± 2.09 MPa for the simple

linear pore 90deg30 group (Fig. R3).  The trabecular scaffold group had the second
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Figure R3.  Comparison of dry and soaked scaffold stiffness of different scaffold designs loaded at 294 N/s
[Tellis, 2006].

highest compressive stiffness value at 9.43 ± 0.93 MPa [Tellis, 2006].

3.1.2 Elastic Modulus of Saline Soaked Scaffolds

At the 49 N/s load rate, the compressive stiffness for scaffolds soaked in 0.09% NaCl

solution for 7 days ranged from 2.05 ± 0.77 MPa for the complex interconnected pore

scaffold group to 5.66 ± 2.19 MPa for the simple linear pore scaffold group.  The

2p54trab group had the second highest compressive stiffness value at 4.46 MPa ± 1.4

MPa (Fig. R1).

For most soaked scaffold groups, the compressive stiffness values roughly doubled at the
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294 N/s compression rate (Fig R2).  They ranged from 2.93 ± 1.27 MPa for the complex

interconnected pore structured group to 12.47 ± 1.73 MPa for the simple linear pore

structured group, with the 2p54trab group having the third highest compressive stiffness

value of 9.32 ± 2.76 MPa [Tellis, 2006].

3.1.3  Elastic Modulus Comparison of Various Scaffold Versions

Scaffold versions containing more PBT material were found to be stiffer than scaffolds of

simpler design (Fig. R4a).  Trabeculated scaffolds were less stiff than the complex

Figure R4a.  Comparison of elastic modulus of scaffolds with varying porosity that had been left dry or
soaked in saline for 3 months.
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Figure R4b.  Elastic modulus comparison of different scaffold versions.

scaffolds but were stiffer than the simple scaffolds.  For scaffolds of similar porosity but

different shape (i.e. flatter dome),  scaffolds with an intact outer ring were found to be

more stiff (Fig. 4b).

3.1.4  Ultimate Compressive Stress (UCS)

For the inverse trabecular scaffolds, the stress at failure ranged from 3.96 ± 0.985 MPa to

5.01 ± 2.43 MPa.  The UCS values for the complex pore scaffolds were nearly twice as

large as the UCS values for the trabecular scaffolds, ranging from 8.70 ± 1.81 MPa to

9.41 ± 2.27 MPa (Table R1).  While there was a clear difference in UCS values between



184

Table R1: Ultimate compressive stress values for dry and soaked scaffolds [Tellis, 2006].

SCAFFOLD PORE
STRUCTURE

Month 0
(MPa ± SD)

Month 1
(MPa ± SD)

Month 2
(MPa ± SD)

Month 3
(MPa ± SD)

Inverse Trabecular 4.48 ± 1.56 4.95 ± 0.88 5.01 ± 2.43 3.96 ± 0.99
Complex Pore 9.41 ± 2.27 9.01 ± 2.75 9.34 ± 1.87 8.70 ± 1.81

the scaffold groups, there was no significant change in ultimate compressive stress with

soak time (Fig. R5).

Figure R5: Average ultimate compressive stress values for the Inverse Trabecular and Complex Pore
scaffolds.  No significant change in UCS was seen with time for either scaffold type.

3.1.5  Apparent Compressive Modulus

For groups 0, 1, and 2, there was little difference in apparent modulus between the

inverse trabecular scaffolds and the complex pore scaffolds (Fig. R6).
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Figure R6. A comparison of the average apparent modulus values of the inverse trabecular and complex
pore scaffolds.  While the values for months 0, 1, and 2 showed essentially no difference in apparent

modulus between the two scaffold types, by month 3, a significant difference (p = 0.02) between the two
was apparent [Tellis, 2006].

Two of the original six scaffolds in the Month 3 group were inadvertently lost.  The

apparent modulus values for the inverse trabecular scaffolds ranged from 1.231 ± 0.349

GPa to 1.464 ± 0.335 GPa, and from 1.360 ± 0.281 GPa to 2.022 ± 0.176 GPa for the

complex pore scaffolds (Table R2) [Tellis, 2006].

Table R2: Apparent modulus values for dry and soaked scaffolds [Tellis, 2006].

SCAFFOLD PORE
STRUCTURE

Month 0 – dry
(GPa ± SD)

Month 1
(GPa ± SD)

Month 2
(GPa ± SD)

Month 3
(GPa ± SD)

Inverse Trabecular 1.46 ± 0.34 1.32 ± 0.39 1.45 ± 0.56 1.23 ± 0.35
Complex Pore 1.53 ± 0.17 1.36 ± 0.28 1.65 ± 0.30 2.02 ± 0.18
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3.1.6 Morphological Analysis Using Micro CT Scanning

Average porosity values for the five scaffold groups ranged from 62.11 ± 0.36% for the

trabecular 2p54trab group to 79.58 ± 0.35% for the groups that had the largest simple

linear pores (Fig. R7).  There was no significant difference (p < 0.05) between the

Figure R7: Scaffold group porosity comparison.  “k9femhead” denotes the femoral head trabecular bone
sample [Tellis, 2006].

porosity of the trabecular bone sample from which the 2p54trab group was created (57.92

± 0.04%) and the trabecular scaffolds (62.11 ± 0.36%) [Tellis, 2006].

In comparison to the connectivity density value of 5.68 ± 0.37 mm-3 for the trabecular

bone sample, the connectivity density values of the five scaffold groups ranged from
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0.521 ± 0.013 mm-3 for the 2p54trab group to 2.505 ± 0.084 mm-3 for the simple linear

pore scaffold groups (Fig R8).

 Figure R8. Comparison of connectivity density among the five scaffold groups and the femoral head bone
sample [Tellis, 2006].

The trabecular separation value of the bone sample was 0.43 ± 0.03 mm.  The average

spacing for the five experimental scaffold groups ranged from 0.628 ± 0.032 mm for the

complex interconnected pore groups to 1.132 ± 0.009 mm for the simple linear pore

scaffold groups (Fig. R9).  The average trabecular spacing value of the trabecular

2p54trab group was 1.085 ± 0.009 mm, approximately 2.3 times greater than that of the

original bone sample [Tellis, 2006].
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Figure R9: Comparison of trabecular separation among the five scaffold groups and the femoral head bone
sample [Tellis, 2006].

The 2p54trab group was 1.085 ± 0.009 mm, approximately 2.3 times greater than that of

the original bone sample [Tellis, 2006].
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3.1.7  Two Piece Scaffold Mechanical Properties

In all trials of the scaffold assembly test for the two part scaffolds, there was a sharp

increase in the slope of the pressure displacement curve that coincided with the time point

of scaffold assembly (Fig. R10).  At this point, pressure dramatically increased as

Figure R10.  The pressure required to displace the ram during the assembly and continuous compression
tests. The segment up to the “Assembly Point”, is the assembly test. Pressures are low and displacements
are high during assembly. The segment following the “Assembly Point” is the compression test. Greater
loads are required to deform the scaffold. Failure of the scaffold occurs when the slope of the pressure-

displacement line decreases. The decreased slope indicates physical changes in the scaffold that allow it to
yield more to the increasing load [Qubaisi, 2006].

.

the overall scaffold stiffness changed from the sliding contact resistance of the dome into

the cylinder to that of a solid dome/cylinder structure being compressively loaded (Fig.

R11).  For these trials, the average pressure required to assemble the scaffold was 0.815
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Figure R11.  The assembly portion of the assembly–compression test.  Pressures are low during assembly
and increase sharply when the scaffold is completely assembled. The initial portion of the graph with no

pressure shows the ram moving into position before the scaffold touches the upper load cell
 [Qubaisi, 2006].

MPa.  Five of the six tested scaffolds were assembled at pressures less than 1 MPa.

Once the scaffold was completely assembled, a sharp increase in the pressure on the

scaffold could be seen for increasing displacements.  The failure of the scaffold in the

continuous compression test was seen as a change in slope in the pressure-displacement

curve (Fig. R12).  These changes in slope were seen in all trials, and were followed by a
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Figure R12.  The results of a typical continuous compression test.  The first curve shows the 0018CI-
8550NA-001 scaffold results.  The second line represent the two-piece scaffold results. The scaffolds

deform as the pressure increases.  After assembly, the pressure required to continue deformation of the two-
piece scaffold increases sharply [Qubaisi, 2006].

curve with a lower slope.  A decreased slope corresponded to the plastic deformation of

the scaffold.  Although irreversibly deformed, scaffolds were still able to support load.

As compression continued, physical changes were seen such as bulging at the base of the

cylinder (Fig. R13) or cracking of the outer PBT strands.  Deformation continued until
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Figure R13.  Bulging seen at the base of the cylinder during compression testing [Qubaisi, 2006].

the scaffolds were completely crushed.

The average failure stress for the two-piece scaffold was 12.42 MPa.  The minimum and

maximum pressures during trials were 10.15 MPa and 14.26 MPa respectively.  The same

test performed on the single piece scaffold demonstrated that the average, maximum and

minimum pressures at failure were 10.85 MPa, 9.28 MPa and 11.93 MPa respectively

(Table R3).  Step increase compression loading was needed to determine the permanent

Table R3.  Pressures at Failure During Continuous Compression [Qubaisi, 2006].

Single-Piece Scaffold Two-Piece Scaffold
Max Pressure at Failure 11.93 MPa 14.26 MPa

Min Pressure at Failure 9.28 MPa 10.15 MPa

Average 10.85 MPa 12.42 MPa

deformation that could be expected after the scaffold was compressed to a specified load

(Fig. R14).
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Reload Compression Test
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Figure R14.  Reload compression test results.  Each line represents an increased maximum load on the
scaffold.  The load increases to a target value, which is briefly maintained before the load is completely

removed.  Creep is seen in the scaffold at the top of each loading curve as the scaffold continues to deform
although the load is held constant [Qubaisi, 2006].

A two percent change from the original height of the scaffold was used as the failure

criteria for the scaffold.  When the scaffolds were subjected to a 12 MPa pressure, the

maximum permanent deformation of the two-piece scaffold was less than one percent.

The average permanent deformation after 12 MPa pressure was 0.438 %.  These values

were less than the failure criteria established for the compression test.  Scaffold bulging

was seen during both the reload compression testing and the continuous compression

testing.  In comparison, the single piece scaffolds deformed less after each successive

compression but completely collapsed between 10 and 11 MPa. However, bulging during
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compression in single piece scaffolds was not as pronounced as in the two-piece scaffold.

Also, 0018CI-8550N-001 version scaffolds did not fail in the cylinder region like the

two-piece scaffolds.  Instead, the domes of these scaffolds collapsed into the upper part of

the cylinder (Fig. R15)  Failure of these scaffolds was typically catastrophic with the

Figure R15. The single piece scaffold after reload compression test. The dome collapses into the top of the
cylinder [Qubaisi, 2006].

entire scaffold collapsing all at once.

Transverse load testing of scaffolds was unable to measure the shear strength of the

scaffold.  Instead of shearing, the dome was pulled out of the cylinder of the scaffold

(Fig. R16).  The average load to failure in these tests was 74.0 N although the values

Figure R16.  The dome of the scaffold pulls out of the cylinder rather than failing in shear Qubaisi, 2006].
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varied from 45 N to 105 N.

The failure of the scaffold preceded complete pull out of the dome in each of the trials.

(Fig. R17). Failure occurred when the side-wall of the cylinder was crushed under the

Figure R17. A typical shear test curve.  The loads increase after the shear tool makes contact with the
dome. Failure occurs when the load first drops.  Complete pull out eventually occurs when load drops back

to zero.  This is accompanied by the dome completely detaching from the cylinder [Qubaisi, 2006].

male connector of the dome and was shown by a sharp decrease in the force on the

scaffold.  After the cylinder wall collapsed, the resistance to the load increased until the

dome became completely free of the cylinder.  At this point, the load on the dome

decreased to zero [Qubaisi, 2006].
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3.2 Characterization of Strain Gauges Attached to
        PBT Scaffolds

3.2.1 Water Resistance Studies

Wire ends left to soak in saline solution showed evidence of corrosion 1-2 days after

immersion in the saline.  Copper leads left in saline acquired a greenish tint and the

measurement end of the cable showed salt crystal residues.  Copper leads from the

measurement end of cables coated with PMMA, retained their copper appearance and

were devoid of salt crystals (Fig. R18).  Resistance measurements dramatically increased

Figure R18.  Measurement end and the saline soaked end soaked in of a two-lead conductor cables.  Cable
“A” did not receive any coatings while one of the ends of cable “B” were protected with a PMMA coating.

Both ends of cable “A” showed evidence of corrosion.

to nearly 106 times more than original readings for cables not coated with PMMA, while

coated cable measurements remained constant.

Waterproofed strain gauges attached to scaffolds typically measured an increased

resistance after 24 hrs in saline (Fig. R19).  After 5-6 days in saline, resistance

measurements reached a plateau.  However, 3-5 days after being removed from the saline

solution bath, measurements decreased to near presoak levels (Fig R19).
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Gauge Base Line Changes Due to Water Soaking
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Figure R19.  Representative graph of the change in sensate scaffold strain gauge electrical resistance over
time before, during and after soaking in saline solution bath (** denotes scaffold placement in saline bath

and *** denotes removal of scaffold from bath).  Legend distinguishes the three individual strain gauges on
a sensate scaffold.

3.2.2 Gauge Sensitivity as a Function of Location and Orientation of
               Sensing Element

Scaffold calibrations revealed a linear relation between applied loads and strains.  To

delineate the changes in linear coefficients from the different strain gauge orientations, a

sensitivity coefficient was defined.  The sensitivity coefficient Λ, represents the ability of

the scaffold to distinguish slight changes in loads applied to the scaffold, where

sensitivity (µstrain/N) is proportional to Λ.  Strain gauges placed off axis to the

longitudinally applied loads had consistently lower Λ values (Table R4).  Λ values were
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Table R4.  Sensitivity values (Λ) for scaffolds with gauges attached at various angles on the sides of
scaffolds.

GAUGE ANGLE Λ (µstrain/N) R2

0° 53.76 .9515
30° 9.60 .9246
45° 5.69 .8586
60° 12.90 .9378
90° 185.19 .9935

higher for gauges attached along the loading axis than for gauges placed at an angle.

Λ was lower than for gauges placed 90° to the longitudinal axis.

Sensor location had a nominal influence on Λ values, although sensing elements attached

closer to the dome were slightly more sensitive to applied loads  (Fig R20,Table R5).

Figure R20.  Representative graph with accompanying linear relation for sensing elements lying closer to
the dome (inset picture) and sensing elements centered on the cylindrical portion of the scaffold.
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Table R5.  Sensitivity values (Λ) for scaffolds with gauges attached in the 90° orientation and placed either
in the center of the scaffold cylinder or placed closer to the dome or base of the scaffold

GAUGE LOCATION Λ (µstrain/N) R2

Next to Base 6.49 .9812
Centered 13.30 .9954

Next to Dome 5.32 .988

3.2.3  Three Dimensional Strain Gauge Configuration

Strain gauges aligned along the axis of loading were most sensitive to the applied loading

(z-axis).  During axially loading, gauges not aligned along the axis of loading were

typically comparable in sensitivity (Fig. R21).

Calibration Relations for 3D Oriented Strain Gauges

Load = 0.057 x (Strain) - 3.289

Strain Gauge 1        R2 = 0.995

Load = -0.636 x (Strain) + 75.58

Strain Gauge 2         R2 = 0.989

Load = -0.082 x (Strain) + 11.39

Strain Gauge 3          R2 = 0.983
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Figure R21.  Representative graph of strain measurements collected during axial loading with
accompanying calibration curves relating strain to applied load for each stain gauge.  Strain gauges were

embedded in PMMA in a 3D orientation along the three Cartesian axis.
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3.2.4  Scaffold loading at an angle

In previous testing, an axial load was applied to scaffolds with strain gauges attached at

various angles.  Then, scaffolds with strain gauges attached along the long axis were

loaded axially, at small angles off of the long axis (5˚, 10˚, 20˚, and 30˚) of the scaffold

and perpendicular to the long axis (90˚).  Axially attached gauges were unable to tell the

difference between slight angle loading and axial loading.  However, when a 90˚ load

was applied, there was a notable change in sensitivity (Table R6).  Rotating the scaffold

Table R6.  Sensitivity coefficients for axially mounted strain gauges under applied angle loading.  Cyclic
loading of the scaffolds resulted in similar sensitivity values for all angles.

LOADING ANGLE Λ (µstrain/N) R2

Axial 4.07 ± 0.159 0.9926 ± .0011

5° 4.44 ± 0.004 0.9928 ± .0008

10° 4.14 ± 0.007 0.9913 ± .0020

20° 4.19 ± 0.014 0.9893 ± .0025

30° 2.95 ± 0.001 0.9913 ± .0008

90° 5.81 ± 1.43 0.9966 ± .0012

Rotating Axial 4.71 ± 0.178 0.9868 ± .0012

with respect to the loading axis produced dramatic effects at small angles (5˚-30˚) but not

during axial loading or 90˚ loading.
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3.3  Sensate Scaffold Calibration
3.3.1  Scaffold Orientation During Calibration

Strain vs. load curves for gauged scaffolds were consistently linear throughout the range

of loads applied during the calibration process (Fig. R22).  Within physiological loading

Typical Scaffold Calibration
Load vs. Strain

Calibration Equation
Load = 0.0802 x (Strain) - 0.7366

R2 = 0.9984
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Figure R22.  A typical scaffold calibration curve showing linear relationship between load and strain. In the
accompanying calibration equation, L indicates the load and S, the strain [Bliss, 2006].

rates [Hale, 1992; Nunamaker, 1985], changes in calibrations were insignificant

(Kendall’s W: p = 0.495)(Table R7).
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Table R7. Calibration equation comparison of load rates, orientation, and stiffness of silicone spacer.  Each
scaffold has an individual calibration equation [Bliss, 2006].

CALIBRATION
PARAMETER Gauge 1 Gauge 2 Gauge 3
Load Rate

100 N/s L = 0.0172 S L = 0.0202 S L = 0.0196 S

10 N/s L = 0.0169 S L = 0.0188 S L = 0.0195 S

5 N/s L = 0.0177 S L = 0.0189 S L = 0.0195 S

Orientation
0˚ L = 0.0091 S L = 0.0052 S L = 0.0049 S

90˚ L = 0.0091 S L = 0.0055 S L = 0.0045 S

Silicone
A L = 0.0181 S L = 0.0141 S L = 0.0212 S

B L = 0.0242 S L = 0.0156 S L = 0.0222 S

C L = 0.0169 S L = 0.0188 S L = 0.0195 S

(The “Load rate” calibration coefficients listed are for one scaffold at various loads rates using a Silicone C
spacer.  “Orientation” values are those noted when an individual scaffold was calibrated, then rotated 90°

and calibrated again.  The “Silicone” values are calibration equations for one scaffold as the stiffness of the
silicone spacer used in the calibration process was varied)

Rotating the scaffold along the axis of loading provided an insignificant change in the

linear coefficients of the load/strain calibration relations (Kendall’s W: p = 0.146) (Fig

R23).
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Figure R23.  Rotating the scaffold with respect to the loading axis during the calibration process had a
nominal effect.

3.3.2  Confined vs. Unconfined loading

Scaffold calibration relations calculated from scaffolds in both confined and unconfined

loading showed a nominal difference (Table R8).

Table R8.  Comparison of Scaffold Calibration Relations in Confined and Unconfined Loading

Gauge Linear
Coefficient Gauge 1 Gauge 2 Gauge 3
Unconfined L = 0.0191 S L = 0.0121 S L = 0.0312 S
Confined L = 0.0202 S L = 0.0126 S L = 0.0322 S

3.3.3 Load Applicator Stiffness

An insignificant change was noted when silicone layers of different elastic moduli were

used in the calibration process (Kendall’s W: p = 0.779) (Table R7 Fig R24).
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Figure R24.  Effect of silicone stiffness on the calibration process.  Silicone of varying stiffness were
inserted between the MTS ram and the sensate scaffold.

However, a significant variation of coefficients was apparent when comparing calibration

relation equations from one strain-gauged scaffold to the next.

3.3.4.  Effect of Changing the Loading Rate During Calibration

Loading rate had a nominal effect on the sensitivity coefficient and was found to be

ubiquitously linear throughout all scaffolds calibrated (Fig R25).
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Figure R25.  Comparison of the effect of changing the loading rate during the scaffold calibration process.

3.3.5  Effect of Cartilage Layers on Scaffold Calibration

Scaffolds, layered with cartilage taken from femoral and humeral heads, were calibrated.

Calibrations with cartilage layers varied slightly when comparing loading procedures that

included just the metal applicator from the MTS, the metal applicator and a layer of

silicone and the metal applicator and a layer of cartilage.  Calibrations varied from

scaffold to scaffold and gauge to gauge; however, when different cartilage layers were

exchanged on individual scaffolds, calibrations remained constant for each individual

gauge (Fig R26).
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Figure R26.  Comparisons of calibration sensitivity coefficients for scaffolds covered in explant cartilage
layers and/or silicone.
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3.4  Pressure Sensitive Film Testing
3.4.1  Comparison of Calibration Procedures

A calibration curve was created by comparing the applied load over the contact area with

the calculated weighted average (Fig R27).  The films showed a near linear relationship

Correlation of Pressure to Weighted Average
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Fi
gure R27.  Equation correlating calculated pressures created from MTS applied loads via the flat glass

indenter and the derived weighted average.

between pressure and density over a comparatively narrow range. The films became

saturated at pressures near 1 MPa and did not register at pressures below 0.1 MPa.

Contact area of the glass rectangle indenter was determined to be 22.7 mm2 and the

contact area of the cylindrical indenter was calculated to be 404.7mm2.

When comparing pressures determined by both of the techniques that utilize weighted

averages, a sharp distinction is apparent  (Fig R28).  Weighted averaging gives rise to a
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Comparison of Calibration Methods
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Figure R28.  Comparison of two different pressure calculation methods

non-linear trend corresponding to the manufacturer supplied calibration color swatches.

When comparing all three analytical techniques used in the calibration process, IPP most

closely predicts pressures when compared to the estimated pressure derived from contact

area of the indenter and the applied load (Table R9, Fig. R29).  When trials of similar

Table R9.  Pressures calculated using IPP, Linear WA and Swatch WA were compared with calculated
pressures based on applied load and contact area.

Applied Load
(KgF)

Pressure
(MPa)

IPP
(MPa)

Linear WA
(MPa)

Swatch WA
(MPa)

16.28 1.0275 0.931 1.4044 1.2181
16.2 1.0225 1.031 1.5629 1.3077
12.51 0.7918 0.816 1.1448 1.0459
12.51 0.7918 0.681 0.8997 0.8550
10.42 0.6612 0.623 0.8159 0.7839
10.44 0.6625 0.604 0.7769 0.7499
8.47 0.5393 0.495 0.5879 0.5778
8.42 0.5362 0.521 0.6344 0.6212
5.42 0.3487 0.372 0.4012 0.3982
5.19 0.3343 0.421 0.4651 0.4605
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Figure R29.  Comparison of the three analytical techniques (Linear Weighted Averaging - Linear WA,
Weighted averaging based on color swatches – Swatch WA and Individual Pixel Pressure – IPP) used to
determine pressures using pressure sensitive film and the calculated pressure based on applied load and

contact area of the indenter.  Several different applied loads were used to create the pressure film
impressions.

loads were averaged and the zero-pressure pixels were manually removed,  IPP showed a

strong correlation with the expected pressure readings (Fig. R30)
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Figure R30.  Comparison of averaged results for the similar loads trials between calculated pressures and
IPP.

3.4.2  Pressure Derivation

Contact area of implanted scaffolds was .271 cm2 based on pressure film measurements

whereas, the domes of scaffolds were measured to have an area of  .439 cm2.  On the

basis of a calculated contact area of the scaffold surface with cartilage, contact stresses

(pressures) were estimated to be 2.39 MPa for peak loads measured during gait and were

on average 0.38 MPa during swing and 1.19 MPa during standing. Post sacrifice pressure

film measurements of loaded joints containing scaffolds at 30° flexion (which

represented the angle at which the scaffold was most clearly loaded) were between 0.98

MPa and 2.34 MPa.
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3.5 Strain and Pressure Measurements From
       Benchtop Testing of Explanted Knee Joints

3.5.1  Peak Contact Pressure in the Knee Joint

Similar maximum contact surface pressures, measured using pressure sensitive film, were

obtained before and after scaffold placement (Fig. R31).  On the joint surface of the nine

Figure R31. Comparison of peak surface pressures measured using pressure sensitive film before and after
placement of a strain-gauged scaffold in one mongrel’s joint [Bliss, 2006].

hounds, peak pressures at 30° of flexion ranged from 0.91MPa to 2.36 MPa on the medial

surface and 0.86 MPa to 2.43 MPa on the lateral surface (Table R10).  At 50° of flexion
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Table R10. Comparison of peak surface pressures measured in the knee joint in which the scaffold was
placed (experimental) and the contralateral joint which received no scaffold (control) of each test animal at

30°, 50°, and 70° flexion [Bliss, 2006].
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the medial surface pressures ranged from 0.97 MPa to 2.43 MPa, whereas the lateral

surface pressures ranged from 0.85 MPa to 2.02 MPa (Table R10).  Peak pressures at 70°

of flexion ranged from 1.01 MPa to 2.53 MPa on the medial surface and 1.07 MPa to

2.29 on the lateral surface (Table R10).  Figure R32 shows the peak pressures from the

Figure R32. Contact surface pressure measured from the medial joint surface in both right and left knees at
30° flexion [Bliss, 2006].

medial surface of all joints at 30° of flexion.  Thirty degrees of flexion is of particular

interest because at this angle, the condyle area containing the implanted scaffold is most

directly loaded and load transmission is most closely aligned along the axis of loading of

the strain gauges.  Changes in peak pressures between control and test knees were not

significant (p = 0.452).



214

Figure R33.  Representative peak contact stress measurements in both of one test animal’s knees, both the
knee with a surgically placed scaffold and the contralateral control knee.  Measurements were taken at 30,

50 and 70 degrees of knee flexion.

Dramatically increased maximum surface pressures were detected using pressure

sensitive films in the stifle joint where the scaffold was placed relatively proud to the

condyle surface (Fig. R34).
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Figure R34. Comparison of peak surface pressures measured before and after scaffold placement in one
canine’s joint. In this experiment, the scaffold was placed protruding from the surrounding cartilage layer

[Bliss, 2006].

Strain measurements were consistently and repeatedly acquired from all strain-gauged

scaffolds during compression loading of the stifles.  Loads as small as 2.5 N, applied to

the joints, produced detectable changes in measured strains corresponding to the change

in applied loads.  Both cyclic and sustained loads were reliably monitored through the

strain-gauged scaffold systems.

3.5.2  Orientation of Scaffold in the Condyle

Scaffold orientation affected gauge reading consistency in implanted scaffolds.  In one
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scaffold at the initial placement orientation, all three gauges inferred similar loads (39.72

N ± 1.17) based on strain measurements, yielding a coefficient of variance of 2.95%.

When the scaffold was tested then rotated 90°, inferred loads yielded a coefficient of

variance of 12.67% (15.03 N ± 1.90).

3.5.3  Strain Measurements Collected on the Benchtop

3.5.3.1 Applied Loads Isolated to Individual Condyles

When the stifles were aligned so as to isolate load transfer through the medial condyle, a

flexion angle of 30° resulted in the most precise and sensitive measurements (R2 = .97

and Λ = 0.727 µstrain/N respectively).  In contrast, a flexion angle of 50° resulted in the

poorest precision and sensitivity when isolating load to the medial condyle (R2
 =.63 and

Λ = 0.369 µstrain/N respectively).  No load transfer regardless of stifle flexion angle was

measured when load was isolated to the lateral condyle.

3.5.3.2  Spatial Sensitivity of Implanted Scaffolds

Testing of the femoral condyle for spatial sensitivity indicated that the scaffold was most

sensitive (Λ = 8.641 µstrain/N) when the load was placed directly onto the exposed

portions of the scaffold.  When load was applied to the soft tissue covering the scaffold,

the measured sensitivity was Λ = 3.317 N/µstrain.  Load application using the 9 mm

diameter doughnut resulted in a lower sensitivity of Λ = 0.437 µstrain/N.  When the same

procedure was repeated but with the 13 mm diameter loader, the scaffold sensitivity
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decreased to Λ = 0.388 µstrain/N and the precision was the poorest (R2
 = .67). Overall, as

load was applied further away from the scaffold but parallel to the strain gauge axes,

sensitivity and precision of the scaffold decreased (Table R9).  Applying load

perpendicular to the longitudinal axis of the scaffold, medial-laterally across the

condyles, resulted in no strain transfer to the sensate scaffold.

3.5.3.3  Simulation of Bone In-Growth into Scaffolds

Bench top testing comparing the sensitivity of scaffolds that had been press fit versus

cemented in place resulted in an increase in sensitivity in all experiments; however,

findings were inconsistent.  Increases in sensitivity were noted to be between 57% and

245%.
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3.6  In Vivo Canine Studies
3.6.1  Treadmill Strain Measurements

In vivo strain patterns were similar in shape to patterns collected from the mid-diaphysis

of the femora of dogs during earlier in vivo studies.  Each gait cycle contained a low load

during swing phase, which was assigned the zero strain value.  Load vs. time graphs,

converted by using calibration curves for each scaffold, indicated that peak loads ranged

from 80 to 120 N during gait (Fig. R35).  This indicated that roughly 40% of the dogs

Strain Gauge Measurements During Gait
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Figure R35. Representative graph of load measurements during gait from the stifle joint of dog. Repeated
collection of these loads over several weeks produced the same patterns and the same peak loads within

each dog.

body weight was acting on its hind limb during relaxed gait.  The length of swing phase

(during which loads are at a minimum) was 0.2 s and the length of mid stance (during

which loads peaked) was 0.4 s.  Peak strain measurements collected using hardwired and
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radio telemetry systems during gait were within 5 µstrain of each other and strain patterns

were visually identical.  When raised to stand only on their hind limbs, a 260% increase

in peak load was observed during two-legged walking.  As expected, load rates also

increased when swing phase and stance phase times decreased in length.

A load of 65 ± 6.5 N was recorded while animals stood relaxed prior to and following

gait measurements.  This indicated that 40% of the dogs body weight was acting on its

hind limbs.  Passive loading of the hind limb containing the scaffold produced loads of

the same magnitude as stance.  Loads were noted to be a function of knee flexion, with

higher loads observed at high flexion angles.

In vivo load measurements were recorded for up to 16 weeks post-op.  During this time

31 data sets met established criteria.   The three-strain-gauge configuration around the

scaffold, placed along the same loading axis, provided strain gauge auxiliary

measurements and ensured that at least one gauge consistently gave analyzable readings.

Load changes were monitored both as a function of time post implantation and stride

time.

3.6.2  Gait Variance During Treadmill Exercise

Results comparing load as a function of speed indicated that as stride time decreased

(increased walking speed) total impulse decreased by 20% (Table R11).  In addition, the
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Table R11. Statistical results with a p <.05 indicating significance and an R2 value indicating how well the
independent variables predict the corresponding measurement.

Time Post-Op p < Stride Time p < Adjusted R2

Total Impulse < 0.001 0.01 0.665
Pawstrike Impulse < 0.010 0.3 0.327
Toe-off Impulse < 0.001 < 0.001 0.649
% Pawstrike Load 0.18 0.05 0.101
% Toe-off Load 0.29 < 0.01 0.218
% Mid-stance Load 0.6 0.05 0.089
Pawstrike Load Rate 0.6 < 0.01 0.231
Toe-off Load Rate < 0.01 0.1 0.388
Max Load Peak < 0.001 0.7 0.747
Video Stride Time 0.9 < 0.001 0.978

toe-off impulse decreased as speed increased (p < 0.001).  Walking speed of the test

animal also changed the load distribution throughout gait.  As speed increased an

increased percentage of load was observed during pawstrike and mid-stance (224% and

26% increase respectively), while the load during toe off decreased by 28%.

Additionally, increasing speed had a significant effect on maximum pawstrike loading

rate (p < 0.01). However, altering speed did not have an effect on the maximum load

measured during gait (p = 0.7).

Maximum load increased with time post-implantation (p < 0.001) and ranged from

21 N to 88 N (Table R12), which represents a range of approximately 8% to 33% of body
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Table R12. Measurements from the 31 data sets that were used for analysis.

TIME
POSTOP
(DAYS)

STRIDE
TIME (S)

TOTAL
IMPULSE

(N)

PAWSTRIKE
IMPULSE (N)

TOE
IMPULSE

(N)

MAX
PEAK (N)

PAWSTRIK
E LOAD
RATE

(N/SEC)
16 0.82±0.02 -7.31±0.99 -0.95±0.19 -4.26±0.72 -39.42±2.54 1018±178
21 0.67±0.01 -3.96±0.43 -0.83±0.25 -1.92±0.21 -37.95±2.94 1673±487
30 0.74±0.02 -7.28±1.10 -0.72±0.15 -1.53±0.80 -27.20±1.50 1026±493
37 0.77±0.02 -9.62±1.13 -0.49±0.12 -3.44±0.78 -49.05±4.83 699±196
48 0.82±0.01 -14.96±0.69 -0.84±0.19 -5.67±0.61 -49.68±3.24 903±73
55 0.56±0.01 -7.78±0.29 -0.64±0.13 -0.64±0.34 -45.76±4.63 949±321
70 0.67±0.03 -6.46±1.63 -0.45±0.09 -3.40±0.67 -48.45±3.38 718±284
85 0.78±0.03 -18.23±1.51 -1.04±0.23 -6.04±2.01 -70.97±2.03 568±101
98 0.64±0.01 -15.64±1.09 -1.09±0.43 -4.76±1.49 -81.74±13.69 1407±469

weight.  In addition to maximum load increasing, the measured total, pawstrike, and toe

off impulses increased with time post-op (p<.001, p<.010, and p<.001 respectively)

(Table R12).  The maximum toe off loading rate increased with time post-op (p<.01) as

well.  Qualitative analysis of the incline data indicated that as treadmill incline increased

from 0% to 27% the amount of time spent during toe off increased.

Altering treadmill speed resulted in changes in load distribution throughout gait.  Stride

time was inversely proportional to the percentage of impulse observed during pawstrike

(p = 0.05) and proportional to the percentage of impulse occurring during toe off (p <

0.01).  Additionally, decreasing stride time resulted in a significant increase on maximum

pawstrike loading rate (p < 0.04).  Altering stride time did not have a significant effect on

the maximum load measured during gait (p = 0.7).  Maximum load measured from

scaffolds increased with time post-implantation (p = 0.03) between the early and late time
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points from 9 N to 95 N, which represented an increase from 3% to 38% of the test

animal’s body weight.  In addition, total impulse (p < 0.02) and duty factor (p < 0.02)

increased with time post-implantation.

Table R13. Averages and standard deviations from time points based on surgery dates and stride times.

Short Stride Time

 Early Middle Late

Total Impulse 1.661 ± 0.621* 2.482 ± 1.158 4.757 ± 2.779*
Strike Total Impulse 0.399 ± 0.191* 0.385 ± 0.143 0.725 ± 0.448*
Toe Total Impulse  ^ 0.399 ± 0.241* 0.509 ± 0.247+ 1.681 ± 1.121*+
Max strike Load rate  ^ 365.4 ± 226.6 300.7 ± 94.1 384.8 ± 218.9
Max Toe Load rate 121.2 ± 70.34 100.2 ± 30.3 179.4 ± 136.6
Peak Difference 10.80 ± 4.281* 12.50 ± 4.527 19.43 ± 10.14*
Duty Factor 0.663 ± 0.031* 0.675 ± 0.062 0.744 ± 0.062*
%Strike Impulse  ^ 24.84 ± 10.43 16.81 ± 6.261 14.70 ± 5.726
%Midstance Impulse 52.72 ± 14.05 62.58 ± 7.721 50.58 ± 13.02
%Toe Impulse  ^ 22.44 ± 7.895 20.61 ± 6.682 34.71 ± 9.492

Long Stride Time

 Early Middle Late

Total Impulse 2.516 ± 1.301* 3.853 ± 1.588 6.515 ± 4.331*
Strike Total Impulse 0.267 ± 0.139* 0.449 ± 0.303 0.729 ± 0.349*
Toe Total Impulse  ^ 0.992 ± 0.583* 1.42 ± 0.966+ 2.573 ± 1.893*+
Max strike Load rate  ^ 172.1 ± 108.2 213.5 ± 174.8 220.2 ± 77.82
Max Toe Load rate 98.33 ± 49.92 79.10 ± 60.94 156.6 ± 139.4
Peak Difference 9.53 ± 4.73* 11.79 ± 5.13 18.44 ± 11.69*
Duty Factor 0.69 ± 0.026* 0.706 ± 0.03 0.734 ± 0.077*
%Strike Impulse  ^ 11.515±5.555 10.996±5.681 15.108±9.632
%Midstance Impulse 49.368±6.693 54.065±10.823 48.069±6.443
%Toe Impulse  ^ 39.117±3.514 34.94±9.844 36.822±5.623

(* Statistical significance was found between the early and late time points.  + Statistical significance was
found between the middle and late time points.  ^ Statistical significance was found between the long and

short stride time.)
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3.6.3  Video Analysis of Treadmill Exercise

Measurements from video of stride time correlated well (R2 = 0.978) with the stride time

determined using sensate scaffold measurements.  In addition, it was noted from the

video data that at higher treadmill inclination angles the test animal’s stifle flexion angle

was less than 30 degrees during toe off.

3.6.4  Gait Analysis Using Force Pad Measurements

Gaitrite analysis software provides measurements of stance time,  percentage of time that

stance represented of the gait cycle, relative max pressure and the number of sensors

activated.  Comparisons of these measurements were made between the left hind limb

and the right hind limb (Table R14).  Symmetry ratios showed that at a normal walking

Table R14.  Representative data for normal gait walking.

(F – Front)
(H – Hind)

Stance
Time

Stance %
Gait Cycle

Stride
Time

Stride
Length

Max
Pressure

# of
Sensors

Left F 0.21 (0.01) 0.29 0.51 133.35 33.0 (2.83) 17.0 (1.41)
Right F 0.22 (0.01) 0.29 0.51 134.74 34.0 (7.07) 19.5 (0.71)
Left H 0.19 (0.01) 0.25 0.51 135.93 23.0 (1.41) 14.0 (2.83)

Right H 0.20 (0.02) 0.25 0.51 132.73 23.0 (5.66) 14.5 (2.12)
Ratio F / H 1.10 1.16 1.00 1.00 1.46 1.28

Symmetry Left /
Right

0.95 1.00 1.00 1.01 0.98 0.91

Symmetry Left F
/ Right F

0.95 1.00 1.00 0.99 0.97 0.87

Symmetry Left
H / Right H

0.95 1.00 1.00 1.02 1.00 0.97

gait, the test animal showed no bias towards either limb.  Symmetry of the number of

sensors activated was approximately 1 (1.04 ± 0.1) when comparing the right hind
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surgically operated leg and the control left hind leg.  Similar comparisons for dogs that

had not undergone scaffold placement surgery were calculated to be 0.97 ± 0.07 and 1.01

± 0.09 (Table R15).  Relative pressure assessment showed that the dogs carried 60.7% of

Table R15.  Symmetry of the number of Gaitrite sensors activated during canine gait.

NUMBER OF SENSORS ACTIVATED
Test Animal Symmetry
Front Left/Right 0.99 ± 0.21

Front/Hind 1.28 ± 0.15

Hind Left/Right 1.04 ± 0.10

Control 1
Front Left/Right 1.06 ± 0.16

Front/Hind 1.38 ± 0.15

Hind Left/Right 0.97 ± 0.07

Control 2
Front Left/Right 0.72 ± 0.07

Front/Hind 1.29 ± 0.24

Hind Left/Right 1.01 ± 0.09

body weight on their front limbs.   Maximum relative pressure symmetry comparison

showed an average symmetry of 1.057 for gait cycles completed with stride times of

0.54-0.56 seconds.   Dogs with longer legs typically completed 2 full gait cycles, while

shorter dogs were able to complete 3 full gait cycles (min 16 steps) within the carpet

sensing area. The last step of this group was often disregarded because of a change in gait

due to the animal walking of the edge of the carpet (Fig R36).
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Figure R36.  Groupings of pixels represent spatial positions of paw placement as measured by the 12’
Gaitrite carpet.

3.7  Post Sacrifice Evaluation of Joints
3.7.1  Visual Examination of Joint Surfaces

Gross examination of knee surfaces in the explanted hind limbs showed that

scaffolds were adequately recessed; however, mild scoring of the tibial cartilage

was noted in some animals (Fig R37).  Scaffolds appeared to be securely fixed

Figure R37. Picture showing a tibial surface with a rare case of minor scoring caused by a scaffold
[Szivek, 05].
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with no visible adverse reaction to the scaffold material.  Cables were surrounded

by a thin fibrous tissue layer, which prevented them from migrating.

3.7.2  Histology

There was an overall increase in the soft tissue volume seen in the experimental

stifle compared with the control in all regions (Table R16).  The increased amount

Table R16. Bone Volume, Marrow Volume, and Osteoid Volume are Reported Normalized Relative to the
Total Volume.

Control
Limb

Experimental p Values

Scaffold
BV/TV (%) 35.2 ± 5.2 6.8 ± 8.8e <0.005
MaV/TV (%) 63.2 ± 5.3 28.2 ± 13.2 <0.005
OsV/TV (%) 0.9 ± 0.8 64.9 ± 17.2 <0.005
Periscaffold
BV/TV (%) 36.3 ± 3.9 59.5 ± 9.5 <0.005
MaV/TV (%) 62.8 ± 4.1 8.7 ± 6.2 <0.005
OsV/TV (%) 0.9 ± 0.7 31.8 ± 10.0f <0.005
Deep
BV/TV (%) 27.3 ± 6.6a 27.2 ± 11.0 <0.6
MaV/TV (%) 72.7 ± 6.6 17.3 ± 10.3 <0.005
OsV/TV (%) 0.0 ± 0.0b 55.6 ± 19.1 <0.005
Superficial
BV/TV (%) 43.4 ± 7.2 18.6 ± 13.3

<0.01

MaV/TV (%) 25.9 ± 9.0c 1.6 ± 1.2c <0.01
OsV/TV (%) 30.7 ± 15.1d 79.7 ± 14.4 <0.01

(The p Values in the Far Right Column Indicate Whether a Significant Difference Exists Between the
Experimental and Control Cells in which values are in italic and marked with lower case letters show
significant differences in values determined in one area relative to the other three areas.  BV, Bone

Volume; MaV, Marrow Volume; OsV, Osteold Volume; TV, Total Volume.  a - BV/TV, lower in deep
scaffold area (p < 0.01), b - MaV/TV, lower in joint space (p < 0.001), c - OsV/TV, lower in deep scaffold
area (p < 0.001), d - OsV/TV, higher in joint space (p < 0.001), e - OsV/TV, lower in periscaffold region (p

< 0.005), f - BV/TV, lower in scaffold area (p < 0.01)).

of soft tissue in the marrow cavity space (Fig. R38) resulted in a relatively lower
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Figure R38. Figure 9. (a) and (b) are representative images portraying overall layout and composition of
both control and experimental slides, respectively, at 6 months post-op. Magnified images of the

experimental scaffold region revealed less bone volume (d) than the control (c). The experimental
periscaffold region (f) presented significantly more bone volume and a wider double label distance (h) than

the control (e and g). Within each image, (BN) indicates bone; (CP) represents CPC particles; (E) marks
epoxy; (O) denotes osteoid; and (P) signifies the PBT scaffold. Scale bar is 1mm in (a) through (f) and 100

m in (g) and (h) [Szivek, 05].

marrow cavity volume measurement in the experimental knees.  The average %

surface area of the scaffold dome (in the superficial space) that was covered by
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soft tissue was (67.7 ± 19.7)%, and the dome was covered primarily with cartilage

and some fibrous tissue.  There were regions of cartilage tissue overlying the dome

that contained large numbers of chondroblasts (Fig. R39).  In general, the tissue

Figure R39. The superficial scaffold region showing the scaffold dome and overlying cartilage (a) with
magnified images of normal cartilage (b), the fibrous tissue directly superficial to the dome of the scaffold
(c), and large lacunae filled with chondroblast-like cells near the edge of the scaffold dome (d). Within the
images, (BN) designates bone with (P) representing the PBT scaffold. Scale bar is 1 mm in (a) and 50 m in

the remaining images [Szivek, 05].
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over the center of the dome was more fibrous than that near the edges, which resembled

cartilage and contained chondroblasts.

Histological analysis of the experimental scaffold region showed a decrease in

bone volume and an increase in osteoid volume, whereas the peri-scaffold region showed

an increase in bone and osteoid volume compared to the contra lateral control (Table

R17).  Additionally, the deep peri-scaffold region of the experimental slides had the same

Table R17. Results from histology. Reported as averages ± standard deviation as well as percent change
[Szivek, 2005].

Scaffold Control Experimental % Change

MaV/TV 56.15±0.4 42.66±15.13 -24.03
BV/TV 40.04±0.27 0.46±0.78 -98.85
OsV/TV 3.81±0.67 56.88±14.78 1393.29

Peri Control Experimental % Change

MaV/TV 58.53±0.27 24.37±1.63 -58.37
BV/TV 35.34±0.09 54.83±0.21 55.14
OsV/TV 6.12±0.18 20.8±1.74 239.62

Deep Control Experimental % Change

MaV/TV 64.57±4.68 37.85±10.6 -41.38
BV/TV 35.43±4.68 34.39±7.21 -2.92
OsV/TV 0±0 27.75±3.44 n/a

Super Control Experimental % Change

MaV/TV 6.86±2.42 2.89±1.29 -57.91
BV/TV 13.1±0.89 43.38±4.86 231.11
OsV/TV 80.03±3.31 53.73±5.07 -32.87

(Scaffold = scaffold region, Peri = peri-scaffold region, Deep = deep peri-scaffold, Super = superficial
region).

bone volume and an increased osteoid volume compared to the control.
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3.7.3  Histomorphometry

While the soft tissue and marrow cavity volumes were similar in all regions, the bone

volume was highly dependant on the region of the scaffold.  The bone volume was

significantly decreased within the scaffold relative to controls (Fig. R38, image D);

however, it was increased in the periscaffold region (Fig. R38, image F).  In both the

scaffold and periscaffold regions, there was a significant increase in the bone formation

rate (Table R18).  The increase within the scaffold was due to a larger amount of labeled

surface (Fig. R38 and Table R18) whereas in the periscaffold region, it was due to both a

larger amount of labeled surface and an augmented mineral apposition rate.

Table R18.   Histomorphometry from control and implanted (experimental) limbs.

Scaffold Control Limb Experimental p Values

MAR (um/day) 0.0007 ± 0.0004 0.0010 ± 0.0008 0.9
Lbl sur (%) 1.7 ± 0.5 5.4 ± 2.8 0.05
BFR/BS 1.3E-5 ± 0.8E-5 8.2E-5 ± 5.9E-5 0.05

Periscaffold Control Limb Experimental p Values

MAR (um/day) 0.0009 ± 0.0005 0.0015 ± 0.0007 0.05
Lbl sur (%) 1.7 ± 0.9 10.5 ± 8.7 0.05
BFR/BS 1.7E-5 ± 0.9E-5 1.8E-4 ± 1.6E-4 0.01

Deep Control Limb Experimental p Values

MAR (um/day) 0.0006 ± 0.0003 0.0018 ± 0.0013 0.1
Lbl sur (%) 2.5 ± 1.7 8.9 ± 6.3 0.1
BFR/BS 2.2E-5 ± 1.9E-5 2.0E-4 ± 2.1E-4 0.1

Superficial Control Limb Experimental p Values

MAR (um/day) 0.0007 ± 0.0003 0.0006 ± 0.0009 0.6
Lbl sur (%) 1.6 ± 1.2 7.2 ± 6.2 0.05
BFR/BS 1.1E-5 ± 1.1E-5 0.8E-5 ± 1.5E-4 0.7

The p Values in the far right column indicate whether a significant difference exists between the
experimental and control. MAR - Mineral Apposition Rate, Lbl - Labeled Surface, BFR - Bone Formation

Rate, BS - Bone Surface).
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In addition to comparing the control to the experimental stifle, different regions

within each limb were analyzed to detect differences.  Within the control stifles,

no differences were noted in the scaffold and periscaffold regions (Fig. R38,

images C and E); however, the deep scaffold space had a lower bone and soft

tissue volume (Table R17).  The superficial region of the scaffold contained

significantly more soft tissue than other regions.  This was primarily due to the

amount of cartilage in this region.  Within the experimental stifles, there was less

bone within the scaffold (Fig. R38, image D) and there was an increased amount

of soft tissue within the periscaffold region (Fig. R17, image F).  There were no

significant differences in histomorphometric parameters when comparing the

control or experimental stifles regions (Tables R17 and R18).

Histomorphometry indicated that mineral apposition rate and bone formation rate

were significantly higher in the sections from the experimental limbs (Table R18).

It also indicated continued bone formation adjacent to the scaffold with 5 times the

amount of labeled surface within the scaffold (Table R18).  This confirmed that

bone formation was widespread in this region of the scaffold.



232

Scanning electron micrographs of various regions of the scaffolds showed direct

bone apposition to inner regions of scaffolds and CPC particles coating the outer

scaffold surfaces (Fig. R40).  Although the inner scaffold surfaces were coated

Figure R40.  Backscatter electron microscopy images of the superficial scaffold region of the control (a)
and the experimental (b) joints. (c) is an image from within the scaffold region of an experimental stifle
demonstrating bone (BN) within a PBT (P) pore. (d) shows bone surrounding a CPC particle (CP) and

growing up to the scaffold edge as well as bone within a PBT pore. AC, articular cartilage [Szivek, 2005].

with a TCP layer prior to implantation, no TCP particles were observed on any

sections.
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4.0  DISCUSSION

4.1  Scaffold Development

Over the course of this research, several different patterned scaffold designs were

developed to encourage bone in-growth and support tissue-engineered cartilage.

Scaffolds used for tissue engineering projects are specialized in that mechanical

properties of the scaffold need to be compatible with the material properties of multiple

joint tissues (subchondral bone, cartilage and synovium).  These material properties vary

and can be affected by the disease state of the joint [Thibault, 2002].  All scaffolds

created for this project were created from biocompatible, sterilizable PBT and had a

similar stiffness to trabecular bone.   The stiffness and strength of the scaffolds proved to

be sufficient to support normal canine knee loads experienced during walking, running,

jumping and stair climbing.  Excessive implant stiffness can lead to bone loss adjacent to

the implant [Lin, 2005].  However, bench top testing and in vivo experiments both,

established that suitable strength and stiffness characteristics had been developed for

these scaffolds.

Trabeculated scaffolds were tested in the late stages of this project.  These scaffolds were

created with a combination of µCT and freeform fabrication in order to duplicate the

unique tissue microstructure of trabecular bone.  These scaffolds are likely to provide the

most beneficial structure to support seeded cells and synthesize new tissue.

Osteoconduction is likely to occur during scaffold degradation, with the bone tissue
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initially taking on the shape and size of the trabecular scaffold, leaving newly synthesized

bone in a pattern similar to the surrounding native bone.  Bone remodeling will then

adapt this bone to the changing needs of the patient.

Another scaffold requirement unique to bone integration was a controllable

interconnected porosity that directs the osteoblast cells to grow bone tissue into the

desired physical form within the scaffold while supporting bone vascularization without

allowing vascularization of the cartilage tissue.  A porosity of 90% and a pore diameter of

at least 100 µm have been shown to facilitate bone in-growth and vascularization of the

ingrown tissue [Antoniou, 2000; Levenber, 2004; Griffith, 2002; Karageorgiou, 2005].

Previously reported scaffolds developed for bone/cartilage tissue engineering have been

weak compared to cortical and cancellous bone [Rezwan, 2006; Wan, 2005; Srouji, 2005;

Kim, 2005; Uematsu, 2005; Hutmacher, 2000; Orgill, 1999; McGlohorn, 2004; Marei,

2005; Li, 2004; Gomes, 2003; Furuzono, 2004; Gomes, 2002; Li, 2005; Mikos, 2005;

Sherwood, 2002].  The porosities of scaffolds produced for this study were similar to

published porosity levels of other scaffolds [Bayraktar, 2004; Kabel, 1999; Muller,

1998].  The mean porosity of the trabecular scaffold group was less than that of human

cadaveric samples reported in the literature, but as expected was nearly identical to that

of the porous canine femoral neck sample from which the design was created [Vahey,

1987; Kuhn, 1989; Sumner, 1994; Nakabayshi, 1994; Finlay, 1989].
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In an effort to correlate connectivity density of cancellous bone to its elastic properties,

one study collected and analyzed five trabecular specimens [Kabel, 1999].  Using

digitally reconstructed 3D voxels, finite element and morphological analysis, the

connectivity density for this series was determined to be 3.36 ± 1.50 mm-3.  The volume

fraction for these specimens was 0.16 ± 0.07 with a corresponding porosity of 84 ± 7%.

Even though the trabeculated scaffolds from our study were created from a µCT scan of

canine trabecular bone, it was the connective density of the simple pore scaffold designs

that fell within the range of published observations.  The mean connectivity density value

for the trabecular-like scaffold group (0.521 ± 0.013 mm-3) was found to be lower than

the published values.  This may have been the result of the resolution limitations of the

fused deposition modeler used in this study, which was originally designed to build larger

models.  The 3D scaffold CAD model was scaled up 2.54 times to obtain better

resolution, but it is apparent that either the process must be further refined or a modeler

with better resolution must be utilized to achieve scaffold connectivity densities that

better match natural bone.

Fused deposition modeling has been used to produce tissue-engineered scaffolds with

designed, interconnected pore structures similar to the simple and complex porous

scaffolds produced for this study.  Several investigators have used fused deposition

modeling to produce porous polymer scaffolds with complex interconnected pore

structures [Hutmacher, 2001; Szivek, 2005; Cao, 2003; Darling, 2005].  In this study,

FDM was utilized to produce simple, complex and “trabeculated” scaffolds of
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polybutylene terephthalate (PBT).  Hutmacher, et al, Cao, et al, and Darling and Sun,

used fused deposition modeling to produce polycaprolactone (PCL) scaffolds.

Hutmacher, et al  reported porosity values, measured by an ultrapycnometer, as 55% and

56% for their two complex scaffold designs.  However, using porosimetry, scaffold

porosity was measured as 61 ± 1% for both scaffold designs, which was nearly identical

to the porosity measurements of the trabecular scaffolds produced in this study.

Hutmacher, et al  also performed mechanical testing of the polycaprolactone scaffolds,

reporting a compressive stiffness of 41.9 ± 3.5 MPa for dry scaffolds with a honeycomb-

like raster angle pattern of 0o/60o/120o and 29.4 ± 4.0 MPa for the same scaffolds that had

been soaked in a phosphate-buffered saline solution at 37oC for 1 day prior to

compression testing.  The scaffolds produced with a more complex pore structure (raster

angle pattern 0o/72o/144o/36o/108o) had a lower dry compressive stiffness of 20.2 ± 1.7

MPa.   Like the more complex structured scaffolds produced by Hutmacher, et al, the

complex scaffold groups in our study also had significantly lower stiffness values than

their simpler counterparts.  Overall, the dry compressive stiffness values for the

polycaprolactone scaffolds were substantially higher than the values observed for PBT

scaffolds.  However, unlike the PCL scaffolds, soaking the scaffolds in saline at 25oC for

seven days did not cause a change in stiffness of the PBT scaffold groups.  PBT is less

susceptible to hydrolysis than polymers such as polycaprolactone.

One of the chief advantages of combining high resolution imaging, CAD, and free-form

fabrication techniques to produce tissue engineering constructs is the potential to create a
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more patient-specific scaffold whose microstructure can be made to resemble that of

native tissue [Tsang , 2004; Leong, 2003; Hutmacher, 2002].  This is especially important

given that cell function is closely related to the way in which the cells are organized in

space to form a three-dimensional tissue [Quadrani, 2005; Holy, 2003].  Because of the

importance of scaffold microstructure in tissue engineering, a number of researchers are

following a biomimetic approach to scaffold design by using computer aided

manufacturing or other techniques to copy natural structures such as trabecular bone.

While it is important to attempt to match the microstructure of the tissue being

engineered, it is also necessary to understand how a scaffold responds in the in vivo

environment.  This is most often assessed using in vitro and in vivo degradation

experiments.  Empty PPF/β-TCP scaffolds implanted subcutaneously in immuno-

compromised mice were mechanically tested within two weeks post-operatively to

determine the apparent compressive modulus [Lin, 2005].  Results showed that the

modulus decreased by approximately 61.5% (130 MPa to 55 MPa), and continued to

decrease for the remainder of the twelve-week experiment.  From week two to week

twelve, the compressive modulus of the seeded scaffolds remained constant at

approximately 60 MPa, indicating that growing bone was compensating for the degrading

composite.  In comparison to the PPF/β-TCP scaffolds, the PBT scaffolds produced for

the present study showed no significant decrease in apparent modulus over the course of

three months.
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This is in keeping with the results reported by Sakkers et al, who produced mechanical

test specimens (via injection molding) made of polyethylene oxide-polybutylene

terephthalate (PEO-PBT) block co-polymers [Sakkers, 1998].  The soft, amorphous PEO

is strongly hydrophilic and rapidly degrading in comparison to the hard, semi-crystalline

PBT.  The test specimens that had the highest compressive modulus were the ones made

of 30% PEO - 70% PBT.  Those that were initially tested dry had an average modulus of

274 ± 18.55 MPa, while those that had been kept in 37oC saline for five days prior to

testing had a slightly lower compressive modulus of 252 ± 15.56 MPa, indicating slight

degradation of the PEO portion of the co-polymer.  The same 30% PEO - 70% PBT

scaffolds were implanted subcutaneously in goats for up to 25 weeks, and by three weeks

in vivo, the compressive modulus decreased again to 240 ± 3.67 MPa.  After nine-weeks,

the compressive modulus of the 30% PEO - 70% PBT specimens was essentially

unchanged at 237 ± 33.82 MPa, and by 25 weeks in vivo, the compressive modulus was

237 ± 13.08 MPa. These results indicate that once some of the PEO degraded, the

remaining PBT maintained its mechanical properties for over six months in vivo.  The

apparent compressive modulus of the porous PBT scaffolds produced for this study fall at

the low end of reported values for trabecular bone, thereby preventing stress-shielding

that may lead to bone resorption once implanted [Lin, 2005].  The compliance of the PBT

scaffolds also makes it more responsive to applied loading, increasing the sensitivity of

the “sensate” scaffold.  The slow degradation of PBT will provide support to cartilage

tissue and allow bone remodeling to gradually adjust the bone structure to an optimal

shape [Rho, 1993].
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Some investigators have described the ideal tissue-engineering scaffold as one that will

degrade at a rate matching the growth rate of the tissue it is repairing; however, degraded

synthetic materials must be removed before new tissues can form in their place.

Matching these degradation rates is not ideal.  Instead a slowly bioabsorbing material

allows gradual bone growth and allows the structure to maintain its mechanical integrity

as newly synthesized bone begins to carry loads previously supported by the scaffold

material. The design criteria for this study included a controlled biodegradability that

would allow long-term measurement acquisition.  The PBT material used to create the

scaffolds in this study is marginally degradable.  Results of a degradation study indicated

that PBT scaffolds do not begin to lose their mechanical properties for at least 1 year in

vivo [Van Cleynenbreugel, 2002].  This will provide the engineered cartilage substantial

time to heal and integrate with the surrounding tissue while allowing real time load

measurement acquisition over this time period.

Scaffold designs went through many revisions in order to accommodate surgical, tissue

engineering and sensor measurement needs.  They were initially constructed to be

cylindrical in order to simplify surgical preparation of the knee.  Subsequently, the radius

of curvature of the dome was enlarged in order to flatten the dome to match the change in

curvature at the outer edge of the condyle.   This flattening of the dome distributed the

loads to the surfaces with gauges and increased the area where tissue-engineered cartilage

could be grown.
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In early scaffold designs, wires from the strain gauges leading to the telemetry transmitter

were found to obstruct pores at the base of the scaffold.  To encourage rapid bone in-

growth, the solid sides of the scaffold were opened up into windows to expose the porous

interior of the trabeculated scaffold.  Large window like openings were used instead of

completely removing the outer ring of PBT in order to maintain scaffold integrity and to

provide strain gauges with as much surface area as needed for bonding.

Strain gauge adherence is critical to accurate measurements and it is believed that the

solid outer ring is a key component to achieving a linear response from the attached strain

gauges during loading [Bliss, 2006].  Strain gauge sensing accuracy is limited by the

extent of adhesion of the strain gauge/ scaffold/ bone interfaces and the amount of gauge

area connected to the scaffold material.

Openings at the base of the scaffold were created to simplify strain gauge attachment.

The base was also rounded to make it easier for the surgeon to initialize scaffold

placement.  Scaffold domes were hollowed to prepare this surface for tissue-engineered

cartilage growth.  In addition, markers were created in the dome to identify scaffold

orientation and strain gauge location after in vivo scaffold placement.  To prepare for

future bioreactor tissue growth, a two-piece scaffold design was developed.  This design

was created to allow the dome portion of the scaffold to be placed in a bioreactor for

cartilage tissues to be grown into the well in the dome.   During incubation time, the
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cylindrical strain gauged section of the scaffold will be calibrated and prepared for

surgical placement.  In surgery, a sterilized scaffold cylinder and a dome hosting the

cartilage tissue can be assembled in the sterile surgical environment by the surgeon.

Tests performed on two-piece scaffolds showed that the average pressure needed for

assembly was 0.815 MPa with 83 percent of the scaffolds assembling at less than 1 MPa.

This pressure is small enough to prevent damage to the tissue-engineered cartilage.  Two-

piece scaffold failure strength was enhanced by the non-porous design. The average

pressure at failure during the continuous compression test was higher than for any single

piece scaffold; however, it is unclear if two-piece scaffolds with porous structures will be

substantially stronger than any of the other porous scaffold designs.  The current material

properties of the two-piece scaffold indicate that these scaffolds will not fail in service.

Instead, when impact loaded, the surrounding trabecular bone will fail first.  Shear pull-

out tests demonstrated that excessive force is required to dislodge a seated dome from the

cylinder and that the dome will not pull out of the cylinder under shear forces less than 45

N.  Current predicted shear forces on articular cartilage are negligible due to the

extremely low coefficient of friction of cartilage.
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4.2 Bone Growth

It was expected that CPC coated scaffolds prepared for this study would encourage rapid

bone in-growth and attachment based on previous studies of CPC coated strain gauges

[Szivek, 2005].  Bone grew around and into the pores of scaffolds and attached directly to

CPC coatings on the exterior of the gauges, scaffold and cable. The increased bone

volume in the periscaffold region provided an indication that bone had securely anchored

these scaffolds to the surrounding native tissue. In contrast to the periscaffold region, the

bone volume was lower within the scaffold pores. Despite a lower bone volume, a large

amount of osteoid and the increased bone formation rate demonstrated in pores indicated

that further bone growth and attachment were still occurring at 6 months post operation.

In addition, there was a similar increase in soft tissue volume and bone formation rate

noted in the periscaffold region, indicating that additional tissue growth around the

scaffold was also still occurring.

In general, soft tissue within the scaffold pores and in the periscaffold space was primarly

osteoid. In the deep scaffold region, the soft tissue components were primarily fibrous.  A

likely reason for this was the motion of wires during gait. Despite this, bone growth from

the deep scaffold region into the scaffold was noted, even though bone growth from the

deep scaffold region into the scaffold pores was less pronounced than growth into the

scaffold from pores in the periscaffold region.
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In the superficial scaffold region, the soft tissue overlying the dome of the scaffold was

more fibrous near the center of the scaffold. This was expected since no cartilage-derived

cells, engineered tissue, or growth factors were applied to the superficial surface of the

scaffold in this study.  Near the perimeter of the scaffold at the interface between the

implant and the native tissue, there was proliferation of chondroblast-like cells

surrounded by thick cartilage-like tissue.  This indicated that this scaffold system

supported some cartilage regeneration near the tissue implant interface.  This

regeneration may be beneficial in future studies aimed at integrating a scaffold with a

tissue-engineered cartilage on the superficial surface with the surrounding native

cartilage.

Analysis of the various regions within the control knee was performed to compare these

to the implanted knees. As expected, there was no change in tissue composition between

the scaffold and periscaffold regions within the control knee, and there was a decrease in

the bone volume in the deep scaffold region (which was below the subchondral plate).  In

addition, there was less marrow cavity space and more soft tissue noted in the superficial

scaffold region. These observations allowed clear analysis of differences noted relative to

the experimental joints.

Bench top testing clarified the spatial sensitivity of the sensate scaffold. The highest

sensitivity occurred when the exposed regions of the scaffold were loaded directly and

the lowest when the applied load was only distributed to the surrounding bone and not the
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scaffold surface.  As expected, load measurements were most precise and the sensing

system was more sensitive when loads were applied directly to the scaffold because the

loads were not dissipated by any soft tissue covering the dome or bone surrounding the

scaffold.

This testing also indicated that if a scaffold is recessed into the implantation site and has

no overlying tissue, the measured load will result from the surrounding bone.  This

observation is consistent with peak load increases noted as a function of time post-op.

This leads to the conclusion that the healing response can be monitored by identifying

changes in peak loads over time.  It also indicates that increasing bone attachment to the

scaffold results in increasing load transfer and higher strains.  Results from bench top

testing comparing press fit scaffolds to cemented scaffolds are in agreement with this

conclusion.

Peak loads are expected to remain constant as a function of stride time but will change as

a function of time post-implantation until healing is complete [Bejek, 2005].  Previous in

vitro studies have demonstrated that accurate load measurements can be collected from

these sensors, and in vivo studies have demonstrated that accurate load measurements are

possible through hardwired sensate PBT scaffolds once secure bone bonding has

occurred [Szivek, 2005; Bliss, 2006].  Those studies demonstrated that secure bone to

implant bonding was necessary for accurate load measurement.  The current study shows

that the load-transfer to the sensor from the surrounding tissues is a function of the extent
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of healing.  The results of this study are consistent with the previous studies

demonstrating that monitoring changes in the peak load could be used to follow healing

and will aid in the development of post-surgical rehabilitation regimens.  It also indicates

that healing must be complete before “sensate” scaffolds can be used to accurately

measure peak physiological loads at the cartilage surface during various activities in

order to prevent overloading of tissues by active patients.

4.3 Scaffold Calibrations

In order for scaffolds instrumented with strain sensors to be useful in the determination of

loads and contact stresses acting on cartilage, a clear reproducible relationship between

strain measurements and loads is essential. The scaffold designs reported in this study

had a linear load strain relationship allowing straightforward determination of loads from

strain measurements.  Throughout the duration of the study, these individual scaffold

load/strain relations were found to be consistent over a range of loading rates.  This

consistent linear calibration relationship between load and strain insured a simple

interpretation of measurements collected within a physiological load range.  The

difference between calibration coefficients from one strain-gauged scaffold to the next

can be attributed to the distinct characteristics of each gauge and the slight variations in

material properties of the PBT composite in each scaffold.  Scaffolds were tested in

connection with materials of varying stiffness because the material properties of joints

can vary within a patient population or within an individual joint depending on location

[Lechner, 2000; Csintalan, 2002; Tonuk, 2004; Jurvelin, 1996].  Scaffold calibration
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relations remained consistent over a range of silicone support structure stiffnesses,

suggesting that calibration algorithms will accurately measure loads in a wide range of

locations in test animals and patients.

Although early testing of scaffolds was done without a cartilage layer, calibrations taken

with cartilage tissues of various thicknesses and from different anatomical locations in

addition to calibration testing with metal and silicone applicators indicate that cartilage

tissue grown on the domes of scaffolds will have a nominal affect on strain/load

correlations.  This will become increasingly important as tissue-engineered cartilage like

materials are developed and tested.  Scaffolds will need to be calibrated before cartilage

is grown to protect the viability of the newly engineered tissue and allow separate

sterilization of the scaffold.  It is clearly valuable that the combination of newly grown

cartilage and calibrated scaffold will be able to maintain the established load/strain

calibrations in order to obtain accurate measurements.

The higher strains measured perpendicular to loads, suggest that Poisson’s strain is very

large and/or scaffold stiffness is much larger along the long axis than across it.
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4.4 In Vivo Measurements

This study demonstrated that strain measurements from gauged scaffolds could be

reliably collected and used to determine both magnitude and duration of applied loads

acting on the femoral condyles.  Load measurements collected from strain-gauged

scaffolds were in agreement with published evidence showing that, during relaxed gait,

30-40% of the dogs body weight is on its hind limb [Kimura, 1972; Budsberg, 1987].

Peak loads increased during rapid gait and increased substantially during two-legged

stance and gait. It is noteworthy that loads equivalent to stance phase loads during

relaxed gait were observed during passive flexion. As such, this experimental procedure

could be used to monitor and control loading in a model utilized to study the effects of

passive loading on healing of cartilage tissue.

Peak loads measured by scaffolds during in vivo canine gait, remained constant as gait

speed was varied in agreement with published evidence indicating that altering speed

alone does not alter peak loads on joints [Bejek, 2005].  Increasing speed did result in

increased loading rates. Furthermore, since impulses are directly proportional to time,

decreasing stance time (through increasing speed) decreased impulses.

As expected, paw strike loading rates increased with an increase in speed while total and

toe off impulses decreased.  Another observation supporting the accuracy of the sensate

scaffold measurement system for assessing loading patterns was the high correlation of

stride time measured with the sensate scaffold system and the video system. The accuracy
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and precision of the temporal data provided by the sensors was high, as the stride time

measured via video and that measured from the implanted scaffold were always within

0.03 seconds.  This indicates that the load measurements collected through the telemetry

based system provide adequate temporal resolution, which is in agreement with published

results comparing the telemetry system to a hard-wired system [Szivek, 2006].  In

addition, the results demonstrate that these sensors can provide temporal data about gait

as early as 2 weeks post-op, which is sensitive to gait speed and not time post-

implantation.  The ability of the sensor to measure higher load rates as stride time

decreased demonstrated the temporal resolution of these sensors and their ability to

accurately monitor in vivo joint loading.  Collected measurements showed that loading

rates are inversely proportional to stride time, which is in agreement with standard gait

analysis.

Observations made during bench top testing validated the loading measurements

collected in vivo.  Isolated loading of the lateral condyle showed that the scaffold, in the

medial condyle, did not detect this loading. Orientation of all strain gauges on the

scaffold maximized strain sensitivity along the cylinder during stance phase loading

[Bliss, 2006].

No load transfer was noted at stifle flexion angles less than 30 degrees during bench top

testing, because loads were not collinear with the strain gauges. Non co-linear loading of

the scaffold can also account for inclined treadmill walking abnormalities such as
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indistinguishable toe off peaks and minimums that did not meet the established criteria

for analysis. Video analysis of incline gait indicated that stifle flexion angles decreased to

less than 30 degrees during toe off, in agreement with published evidence, and results

from bench top testing indicated that poor load transfer occurs at those low angles

[Tapper, 2006].

Analysis of data from tests with an inclined treadmill revealed that with increasing

incline there was an increase in the time required for toe off. One possible explanation is

that as incline angles increased the test animal had to spend a greater amount of time

during toe off in order to overcome the increased effect of gravity.

4.5  Pressure Derivation

Ideally, measurements taken from scaffolds would be used to determine in vivo joint

pressures.  To provide a more complete picture of the loading environment, more sensors

would be necessary.  Currently the limitation on the number of channels of the

transmitter makes it challenging to incorporate more sensors.  Loads inferred from strain

gauge measurements taken more than 3 months post-op indicated that scaffolds were

accurately predicting the load.

The average dog in our study weighed 28 ± 4.3 Kg and carried ~275 N load.  As

indicated earlier, canines carry roughly 40% of their weight on their hind limbs and

distribute that weight evenly between the right and left limbs.  Accordingly, the right hind
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limb in which the scaffold is implanted should carry half the load supported by the hind

limbs (~55 N). Also, within a knee, the medial condyle will carry a slightly larger load

distribution as a result of its slightly larger contact area (60 % of total area).  Based on

this assumption, the scaffold should experience ~33 N during relaxed stance and ~65 N

during gait.  Average peak loads, inferred from strain measurements taken from the three

dogs whose scaffolds systems functioned for a minimum 3 months, were in agreement

with these calculations.   However, peak measurements are based on the difference in the

load experienced during the swing phase of gait and the maximum load measured during

the gait cycle.  It is assumed that a nominal load is experienced in the knee during the

swing phase.  The assumption would indicate that joint reaction forces, measured from

the interaction of the ligaments and tendons of knee, do not influence the contact forces

exerted upon the distal end of the femoral condyles during swing phase.  This assumption

would seem logical considering the joint reaction forces are generated by the moment

arm created by the length of the various tendons and ligaments and the fact that similar

measurements were obtained during passive loading of the knee during the swing phase

of gait.

Pressures calculated from this load were based on the contact area of the scaffold and the

peak loads measured.  These pressure measurements are in agreement with other

benchtop experiments including the pressure film analysis completed in this study.

Although pressure distribution throughout the joint, can not be defined without the
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addition of more sensors, this preliminary work provides detailed pressure information

for an area of the knee where peak pressures are expected to be present.

4.6  Three Dimensional Measurements

Throughout the study strain measurement fidelity was found to be greatest at 30° of

flexion, which corresponds to push off during gait. This was likely due to the design and

orientation of the strain gauges on the scaffolds. Strain gauges used in this study were

limited to sensing along a single axis, and the implanted gauges were most closely

aligned with the 30° flexion angle.   For dogs, when the knee is in 30° flexion during gait

it is expected to support the maximum amount of weight during gait.  Since axial loads

are considerably larger than tangential and shear loads, they are most likely to affect

healing and remodeling.  As such this first attempt to measure these loads was designed

to measure axial loads.

In order to measure three-dimensional loads several obstacles must be considered.  In our

present study, axial loads directly load the dome of the scaffold.  Non-axial loads are

transmitted through the trabeculated network of the surrounding cancellous bone.  The

trabeculae transmit loads in the way that bridge trusses transmit loads to the ground.

Thus, it would be more difficult to accurately measure loads transmitted to the scaffold

beneath the cartilage surface.  Since the aim of this project is to elucidate the mechanical

environment of cartilage, three-dimensional cartilage loads would have to be measured
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by strain gauges just below the surface of the cartilage or buried within the cartilage,

which might impede the integration of the newly engineered tissue with its host.

An additional factor that must be taken into account is the scaffold shape.  When large

loads are transmitted across the section of a cylinder, a large Poisson’s effect occurs.  The

loading causes the cylinder to form into an ellipse, potentially altering axial

measurements.  This affect was noted when strain gauges were embedded in PMMA in a

three-dimensional orientation and tested.

4.7  Scaffold Effect on Joint Mechanics

Innate to any cartilage repair procedure is the risk of altering joint mechanics, which will

lead to damage of the surrounding native tissue. A meniscectomy, for example, reduces

joint contact area, causing dramatic increases in peak contact stress [Schreppers, 1990;

Donahue, 2002; Lee, 2003; Allen, 1984].  The increased surface pressure has frequently

led to the premature development of osteoarthritis [Krause, 1976; Newman, 1989;

McBride, 1988].  Recently, implants used in meniscal repair procedures have led to

significant increases in peak joint pressures, initiating femoral cartilage damage [Chan,

2000].

Pressure sensitive films have been widely used in joint mechanics experiments to analyze

stress.  They were used in this study to verify the normal pressures of the knee joint as

well as determining the effects of scaffold implantation [Hale, 1992; Marder, 1993;
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Fukubayashi, 1980; Harris, 1999; Agneskirchner, 2004; Takahashi, 1997; Hasler, 1996].

Contact pressures measured in this study were comparable to those previously reported

[Nelson, 1988; Brown, 1991].  A comparison of joint pressures, with and without a

scaffold in place, indicated that the scaffold placement procedure did not significantly

alter contact pressures. The lower pressures measured in both medial and lateral

compartments of the experimental joint of specimen C7 (0.67 MPa and 0.52 MPa), when

compared with those of the control, may be attributed to disparities of the stifle joints of

the test animal [Brower].  It is also possible that the scaffold was improperly placed,

slightly altering the mechanics of the knee and reducing the peak load on the medial

surface. Although care was taken to select animals of similar size and breed, the

variability of pressures noted when comparing the results of one test animal with those of

another may be attributed to the minor anatomical differences of the test animals.

This study also established normal surface pressures on the canine tibia-femoral joint.

Although much has been published about surface pressure experienced in the patellar-

femoral joint, information about the tibia-femoral joint is limited. Studies that have

measured contact pressure in the meniscofemoral joint space are limited.  In one study,

normal meniscofemoral pressures were found to be up to 6 MPa when loaded at 6 times

body weight [Brown, 1991].

Additional development of the implantable scaffolds is needed before using them in a

clinical model to insure protection of healthy tibial plateau cartilage and menisci are not
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damaged by tissue-engineered cartilage.  Although the scaffolds placed in the in vivo

trials did not have a tissue engineered cartilage layer, properly placed scaffolds did not

appear to cause cartilage surface damage on either the tibial or meniscal surface.

Examination of cartilage surfaces to detect subsurface damage using optical coherence

tomography, SEM, and hard tissue histology staining techniques will be valuable in more

thoroughly characterizing any potential damage on these surfaces.  These techniques will

also be useful when comparing native tissues with the engineered tissue layer. In clinical

studies, additional precautions should be taken to prevent infection due to the

implantation of the scaffolds, strain gauges, or wires.  As reported, none of the test

animals that received scaffolds showed any signs of synovitis or infection at any of the

sites involved in the surgical placement of wires or scaffolds [Szivek, 2005]. This is

consistent with previously published work looking at the effect of implanted strain

gauges, cables, and radio transmitters [Lanyon, 1975; Szivek, 1997; Cordaro, 2001;

Rabkin, 2001].

Although peak loads measured with these scaffolds have been shown to change with

bone to scaffold bonding, pain also influences limb loading [Bejek, 2005; Szivek, 2005].

Pain is expected to decrease with time post-implantation, and for this reason the animal

may spend more time and place a higher load on the limb as pain decreases.  Even though

the animals did not appear to be in pain or favoring the limb at any time after the first

week post op, the animals in this study spent more time on the surgically manipulated

limb as the study progressed, as indicated by the increase in duty factor with time post-
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implantation.  This demonstrates that changes in duty factor could be useful as an

objective indicator of comfort in animal models and clinically.

Gaitrite analysis of a dog that had received scaffold placement surgery corroborated

pressure film studies that indicated that joint mechanics are only nominally affected by

scaffolds.   Measurements indicating that the animal carried 60% of its body weight on its

front limbs were consistent with studies performed by other studies, indicating that the

Gaitrite analysis was accurate.  Comparisons of left and right hind limbs showed a

consistent balance similar to that seen in two other dogs that were analyzed with the same

system that had not undergone surgery.

While more extensive testing using the GAITRite system will be valuable, preliminary

results indicate that the test animal was not favoring the surgically treated limb.  This

implies that the measurements collected from the sensate scaffold were not significantly

influenced by the surgical intervention itself for the entire duration of the experiment.

The potential ability to use cartilage covered “sensate” scaffolds to simultaneously

analyze discomfort and load warrants further study as there is currently no clinically used

method to objectively monitor pain in patients following Orthopaedic surgical procedures

to repair or regenerate cartilage.
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4.8  Device Limitations

The telemetry system utilized for this study provided peak strain measurements that were

in agreement with hard wired measurements, in agreement with previous reports [Szivek,

2002].  It functioned well when the exciting coil was accurately aligned on the skin with

the transmitter coil (below the skin), but stopped transmitting when the power coil was

misaligned.  Future formulations would benefit from a larger external coil and a coil

power-monitoring device to insure continuous powering of the system.

Monitoring of loads over a period of weeks provided an indication of the consistency of

the output signal and indicated that this system can be used over extended periods.

However, it was noted that gradual resistance increases shortened the time that

measurements could be collected from some of the gauges. These increases may have

been caused by scaffold swelling or fluid infiltration into cables and techniques should be

developed to offset changes so that they do not incapacitate the measurement system in

the long term.  A circuit rebalancing procedure is now being utilized, which shows

promise in reducing failures caused by the inability to balance the monitoring system.

High noise levels, fluid infiltration, and inconsistent gait patterns dramatically reduce the

size of data sets collected with the current system.  Current surgical requirements of the

project necessitate connecting an electrical junction in vivo.  Improvements made to

waterproofing this connection, in addition to improvements in waterproofing the

telemetry transmitter and sensate scaffold, have made current sensate scaffolds

considerably more reliable than earlier versions of the measurement system.  Work also
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needs to be continued to simplify the in vivo connection and waterproofing procedure as

well as improving transmitter and sensate scaffolds waterproofing.  With these

improvements, benchmarks in the durability of measurement acquisition achieved during

this study can become standard.  Future plans of further miniaturization of the transmitter

could reduce waterproofing concerns.  It is anticipated that a transmitter will be

developed that is roughly the size of the scaffold.  Should this be accomplished, the

transmitter could be connected directly to the scaffold and embedded in the trabecular

bone beneath the scaffold.  This direct connection would eliminate the need for

connecting wires during surgery.  Additionally, during scaffold placement surgery, the

transmitter could be buried in a cement such as PMMA or HA cement.  This would fix

the scaffold/transmitter in place and strengthen the waterproof coatings that are applied to

the scaffold and transmitters prior to surgery.

4.9  Device Applications

The reproducibility of the strain measurements and ease of load analysis from the strain-

gauged scaffolds make this system ideal for use in an in vivo model. The 2.5-N sensitivity

calculated in this study is more than adequate for joint load measurement.  Results from

this study imply that a strain-gauged scaffold measurement system has the attributes

necessary for accurately taking measurements in animal studies and eventually clinical

studies because of the uniformity of calibration relationships at load rates within the

physiological range. This further indicates that strain-gauged scaffolds can be used to

collect measurements in test animals and in patients when they are standing, walking, and
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running. The consistency of measurements from cyclic and sustained loads suggests that

this measurement system is robust and can generally be applied to studies in animals or

patients. Material properties of joints can vary within a patient population or within an

individual joint depending on location [Lechner, 2000; Csintalan, 2002; Tonuk, 2004;

Jurvelin, 1996].  Scaffold calibration relations remained consistent over a range of

silicone stiffness, suggesting that calibration algorithms will accurately measure loads in

a wide range of locations in test animals and patients.

Measurements collected in vivo may have both clinical and basic science relevance.

Currently no measurements have been published of cartilage loading during various

impact generating activities such as kneeling, stair climbing, and jumping.  These

measurements will help determine native cartilage tissue environments and can provide

standards for both peak loads and loading rates in the testing of engineered cartilage

products.  Once the native cartilage loads have been established, monitoring of joint loads

can aid rehabilitation by warning patients of joint overloading.  Additionally, clinical

practitioners could use real time measurements to guide rehabilitation.  An understanding

of healthy cartilage loading can provide key insights to investigators trying to establish

the relationship between mechanical loads and chondrocyte functionality.  A better

understanding of loading regimens during various activities may help cartilage biologists

determine activation loads that lead to cartilage healing and regeneration.
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To our knowledge, the measurements collected in this study represent the most

comprehensive direct in vivo load measurements collected from within a joint.  The

results in this study demonstrate that based on post sacrifice testing calculations based on

canine weight, sensate scaffolds can provide precise measurements of load and load rate

during treadmill running.  This technique can provide measurements that aid in the

development of better bench top models of joint loading.  In addition, it will be useful in

experiments in which physiologic pressures are applied to engineered cartilage-like

tissues grown on scaffolds and it will allow monitoring of joint pressures during healing.

This will provide insight into consequent successes or failures of the engineered tissues.

The results also indicate that, at least at this stage in the development of this technique,

post sacrifice testing is essential before reporting pressure measurements.
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5.0  CONCLUSIONS

• Structurally stable polymer scaffolds can be made from PBT in a cylindrical

shape with a porosity that resembles trabecular bone.

• PBT scaffolds can be created to facilitate bone in-growth and bone integration

into scaffolds can be accelerated using HA and protein coatings.

• PBT shaped scaffolds can be created to facilitate strain gauge attachment.

• Strain gauge orientation affects the quality of measurements taken.

• Gauges can be bonded to a scaffold in an optimized orientation producing clear

measurements that reflect the peak load applied to the scaffold.

• Strain-gauged scaffolds can be calibrated to infer these applied loads from the

strain gauge measurements using load cell and pressure sensitive film

measurements collected simultaneously with strain gauge measurements.

• “Sensate” PBT scaffolds can be surgically placed in the femoral condyle of a

canine stifle joint.

• Orientation of scaffold within the femoral condyle affects quality of

measurements.

• Properly implanted scaffolds do not significantly elevate contact surface pressures

and canines with implanted scaffolds do not significantly favor the surgically

operated leg.

• Amplitude of scaffold measurements increases over time after scaffold placement.
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Sensate Scaffolds Can Reliably Detect Joint Loading
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Abstract: Treatment of cartilage defects is essential to the prevention of osteoarthritis.

Scaffold-based cartilage tissue engineering shows promise as a viable technique to treat focal

defects. Added functionalityAQ2 can be achieved by incorporating strain gauges into scaffolds,

thereby providing a real-time diagnostic measurement of joint loading. Strain-gauged

scaffolds were placed into the medial femoral condyles of 14 adult canine knees and benchtop

tested. Loads between 75 and 130 N were applied to the stifle joints at 308, 508, and 708 of

flexion. Strain-gauged scaffolds were able to reliably assess joint loading at all applied flexion

angles and loads. Pressure sensitive films were used to determine joint surface pressures

during loading and to assess the effect of scaffold placement on joint pressures. A comparison

of peak pressures in control knees and joints with implanted scaffolds, as well as a comparison

of pressures before and after scaffold placement, showed that strain-gauged scaffold

implantation did not significantly alter joint pressures. Future studies could possibly use

strain-gauged scaffolds to clinically establish normal joint loads and to determine loads that

are damaging to both healthy and tissue-engineered cartilage. Strain-gauged scaffolds may

significantly aid the development of a functional engineered cartilage tissue substitute as well

as provide insight into the native environment of cartilage. ' 2006 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 78B: 000–000, 2006

Keywords: sensors; articular cartilage; tissue engineering

INTRODUCTION

Articular cartilage has a poor healing response because it

lacks resident pluripotent cells and is avascular. Failure to

resolve tissue injury weakens the structural integrity of the

cartilage, leading to progressive deterioration of surround-

ing cartilage. As such, even minor lesions can lead to wide-

spread joint degeneration and osteoarthritis.1 Development

of surgical procedures to repair focal defects is critical to

the maintenance of healthy joints. A number of techniques

have been developed to aid the reparative process; how-

ever, all have notable limitations. Autologous tissue trans-

plants2–4 can cause donor site morbidity,5,6 and autologous

cell transplant procedures7,8 often result in poor cell attach-

ment, leading to incomplete healing9–11 and fibro-cartilage

tissue formation.

There has been a recent interest in the development of

biodegradable scaffolds to support implantable tissues

grown in vitro.12 These scaffolds have been created from a

wide variety of materials,12–19 including polylactic acid,

silk protein, polyester, and polybutylene terephthalate. The

use of polymer scaffolds in tissue engineering offers many

advantages. Nutrients and growth factors20–24 can be in-

corporated into scaffold structures to continuously deliver

necessary supplements to newly formed musculoskeletal

tissues, encouraging rapid development and integration into

existing tissues. Scaffolds can be created in a variety of

geometric configurations to allow implantation of engi-

neered tissues that are tailored to fit an array of focal defect

shapes.25 Growing cartilage on scaffolds in vitro provides a

more complete development of the tissue prior to implanta-

tion.26,27 Bone readily grows into implantable scaffolds,28–30

providing secure long-term attachment of engineered tissues

to the surrounding tissues in the implant site. Additionally,

osteoconductive coatings can be applied to scaffolds to accel-

erate bone ingrowth.30,31

To develop functional tissue-engineered cartilage, a thor-

ough understanding of loads acting on cartilage is essential.

By adding strain sensors to scaffolds used in tissue engi-

neering, a complete in vivo tissue loading history can be

recorded through real time monitoring of joint forces.

Insights into cartilage mechanics, pluripotent cartilage pre-

cursor cell triggers, and local material properties can be

discovered from these measurements. Moreover, develop-

ment of a technique that provides continuous in vivo mea-

surements and data acquisition will make available clinically
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relevant diagnostic measurements during surgery and re-

habilitation.1,32 In addition, implanted sensors and data ac-

quisition systems can be configured to generate warning

signals in order to prevent joint overload.33 This can help

patients prevent damage to tissue-engineered cartilage dur-

ing daily activities in the postsurgical healing period.

Adding sensors to a rapidly evolving scaffold design

will also provide insight into the next essential step in the

development of scaffolds and functional tissue by making

supplementary cartilage loading information available to

guide future research and development. Strain gauges have

been successfully used as in vivo load sensors by attaching

them directly to bone in animals and patients.34–37

Recently, strain sensors have been attached to implantable

scaffolds to collect joint load measurements. The prelimi-

nary results of those studies suggest that strain gauges

attached to scaffolds could be used to monitor the in vivo
changes of joint loads during gait in a canine model.38

The goal of this study was to measure joint loads during

benchtop testing using gauges attached to implantable scaf-

folds and to determine whether they can be used to accu-

rately and reproducibly infer joint loads and pressures. An

additional aim was to evaluate the effect of implanted scaf-

folds on stifle joint mechanics by examining surface pres-

sure patterns near scaffolds with pressure sensitive films.

Although canine patellofemoral surface pressures have been

measured,39–44 very little information about tibia–femoral

joint pressure is currently available.

METHODS

Overall Approach

The carcasses of five adult mongrels were obtained accord-

ing to an IACUC approved protocol. Both hind limbs from

each dog were explanted and the stifle joints were excised,

leaving the capsules and soft tissues intact. Additionally,

the hind limbs of nine hounds, that had been part of a

recently completed in vivo study to evaluate bone ingrowth

into implanted polybutylene terephthalate (PBT) scaffolds

and PBT scaffold biocompatibility, were obtained and

explanted in a similar manner. Strain measurements were

not taken from the in vivo test animals. All isolated joints

were loaded using the same procedure with an MTS servo-

hydraulic test machine (Materials Testing System, Minne-

apolis, MN) while strain gauges attached to the PBT scaf-

folds and pressure sensitive film were used to assess joint

loading.

PBT Scaffold

A three-dimensional (3D) porous PBT scaffold design was

created on a CAD program (SolidWorks, Concord, MA)

using a previously reported method.45 Cylindrical scaffolds

(9.5 mm diameter) had a domed top, where the radius of

curvature (8 mm) of the flattened dome was chosen to ap-

proximate the curvature of the medial femoral condyle

[Figure F11(A)]. Three sets of holes (0.5 mm diameter, 1 mm

depth) spaced 1208 apart were placed perpendicular to the

scaffold’s long axis to facilitate bone ingrowth through the

sides of the scaffold [Figure 1(A)]. Equidistant cutouts

were placed around the base of the scaffold to accommo-

date strain gauge wiring [Figure 1(B)]. The interior of the

scaffold was prepared so that it was porous through the

base to encourage bone ingrowth and solid at the dome to

support a tissue-engineered cartilage layer (Figure 1). A

strand of polymer surrounded the exterior to transfer load

to the strain gauges. Once completed, the 3D model was

exported in a stereolithography format and uploaded into

QuickSlice (Microsoft, Redmond, WA), the processing

software for the Stratasys FDM 1650 fused deposition

modeler (Stratasys, Eden Prairie, MN). Scaffolds were

made with solid layers between the cylindrical portion and

dome [Figure 1(C)]. This design was chosen to prevent

vascular invasion of the dome, where the tissue-engineered

cartilage layer would ultimately be grown in future experi-

ments.

Gauge Attachment and Coating

Three 1000-O strain gauges (EA-06-125BT-120 Measure-

ments Group, Raleigh, NC) were aligned along the long axis

of the scaffold and attached with masterbond, an implantable
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Figure 1. A: Side view of a cylindrical PBT scaffold showing two
holes designed for bone ingrowth. B: Bottom view of scaffold

showing scaffold porosity and three cutouts for strain gauges. C:

Sectional slices showing scaffold porosity throughout the scaffold

layers and the solid layer in the top section to prevent vascular
invasion of the tissue-engineered cartilage layer. D: Top view of

scaffold showing the porous section where the tissue-engineered

cartilage layer would be placed. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.-
com.]
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grade of epoxy (EP42HT, Master Bond, Hackensack, NJ),

around the circumference of each 9-mm cylindrical PBT

porous scaffold (FigureF2 2). The gauge wires were posi-

tioned in slots located at the base of the scaffold, which

prevented the wires from interfering with scaffold place-

ment during implantation while providing sufficient poros-

ity for bone ingrowth. The epoxy, used for gauge

attachment, was cured for 24 h and each scaffold was

tested for functionality and calibrated.

During the calibration process each scaffold was placed

into a polyurethane foam holder. These foam constructs

have previously been reported to have a compressive mod-

ulus similar to that of trabecular bone.46 In each case, the

foam holder and scaffold were compressed between the

MTS loading plate and a layer of silicone at load rates of

50, 100, 150, and 200 N/s at peak loads up to 150 N. Scaf-

folds were loaded and then rotated 908 relative to the scaf-

fold’s long axis before being tested again to determine the

effect of scaffold orientation in the foam. Strain measure-

ments were recorded during both compression and relaxation.

Loads from the MTS load cell and strains were measured

simultaneously and load versus strain curves were plotted

for each gauge. A calibration equation was determined for

each scaffold, based on the load versus strain plots, in the

form of the linear equation: L ¼ m 3 S + b, where L is the

load in newtons, m the linear best fit slope, S the strain in

microstrain, and b the calibration offset. To determine the

influence that support structure stiffness had on the calibra-

tion relations, silicone structures of three different stiff-

nesses were tested.

Scaffold Placement

In both surgery and benchtop scaffold placement, a guide

bit was drilled into the face of the medial condyle. The bit

passed through the mid-diaphysis of the lateral aspect of

the femur to allow the cable from the scaffold to exit at

this location. A 9-mm reamer was used to ream into the

face of the condyle to the depth of the height of the scaf-

fold (2 cm). The reamer and guide bit were removed, leav-

ing a space for the scaffold and a hole to guide the gauge

wires through the condyle to the lateral aspect of the fe-

mur. The wires were passed through the guide bit hole and

the scaffold was seated into the medial condyle, leaving the

dome of the scaffold flush with the articulating surface38

(Figure F33). To allow sufficient bone ingrowth, scaffolds

from the in vivo study were left in place for *6 months

prior to the killing of the animals and removal of their

limbs for testing.

Joint Preparation

Each limb was cut just distal to the femoral neck and prox-

imal to the hock, leaving *75% of the tibia. Holes were

drilled transversely through both cut bone ends, which

allowed a gauge wire (no. 14) to be threaded through the

bone, preventing loosening of the bone once it was

mounted on the MTS. The bone ends were fixed in 5-cm

J_ID: Z8H Customer A_ID: 05-0390 Cadmus Art: JBMB1525 Date: 27-MAY-06 Stage: I Page: 3

Figure 2. Side view of a strain-gauged scaffold showing the face of

one of three strain gauges. The thin polyamide backing of the
remaining two gauges can be seen on either side of the scaffold.

Arrows indicate the direction of expected bone ingrowth on the top

and sides of the cylindrical scaffold. The tissue-engineered cartilage

layer would be grown onto the dome at the bottom of the scaffold.
[Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 3. Representative anterior/posterior (Left) and lateral (Right)

radiographs of an implanted scaffold. Scaffold is placed in the
medial femoral condyle flush with the articulating surface. Wires

from the strain gauges attached to the scaffold pass through the

bone and exit at the lateral aspect of the femur.
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sections of copper tubing (2.5 cm diameter) using quick-

setting epoxy (Devcon, Danvers, MA). The copper tubing

was then attached securely to a loading fixture (FigureF4 4)

connected to the MTS.

After attaching the stifle joints to the loading fixture, the

posterior portion of both right and left joint capsules were

incised and the collateral ligaments were severed. The cru-

ciate ligaments and the patellar tendon were left intact and

the proximal portion of the patellar tendon was attached to

a 5-N weight. The bones of five mongrels received scaf-

folds on the benchtop. The nine sets of hound bones from

the in vivo study had received scaffolds during sterile sur-

gery using a similar procedure. Left knees of both groups

did not receive scaffolds and were used as controls.

Joint Loading

Loads up to 130 N were applied to joints at load rates of

50, 100, 150, and 200 N/s. Loading was carried out with

joints at 308, 508, and 708 flexion to simulate paw strike,

stance, and toe off during gait47 (FigureF5 5). At each flexion

angle, pressure sensitive impressions were taken, scanned,

and analyzed five times. Loads and strains were recorded at

100 samples/s and saved to a spreadsheet. Low-pressure

high-sensitivity films (Super Low Film two sheet type,

Pressurex Film, Hanover, NJ) were cut into 2.5 3 5 cm2

strips. The films were connected with transparent tape to

form a two-part film packet that did not allow fluid infiltra-

tion. Film packets were placed into both medial and lateral

compartments of the joint before being loaded. Three sets

of mongrel joints were tested with pressure sensitive film

before and after placing the scaffold. In one other mongrel,

one scaffold was placed slightly protruding from the femo-

ral surface in order to determine the effect of inadequately

seated scaffolds on peak surface pressure in the joint. In

the remaining two sets of mongrel joints, scaffolds were

placed, tested, and then rotated with respect to the long

axis in order to change the orientation of the scaffolds in

the drill hole of the femoral condyle.

Data Analysis

Pressure sensitive films were scanned using a LaCie Silver-

scanner II at 400 dpi and imported into ImageJ 1.4.2v soft-

ware (NIH, Bethesda, MD. Artifacts, which were visually

identified as marks located outside of the area of the outer

perimeter of the menisci, were removed from the scanned

images. Marks that were straight lines found on pressure

films were considered to be crinkle artifacts and were also

removed. Images were converted and scaled to a range of

0–255 (0 ¼ white, 255 ¼ black). Peak pressures were

determined by applying pixel density conversion algorithms

derived from calibration graphs provided by Pressurex1

pressure sensitive films. Strain measurements from strain-

gauged scaffolds were converted to loads using scaffold

calibration coefficients determined during the calibration

loading procedure. For all the analyses a nonparametric

Kendall’s W test, equivalent to a dependent t test, was used

to determine significance at a p value of 0.05.

RESULTS

Strain-Gauged Scaffold Calibration

Strain versus load curves for gauged scaffolds were consis-

tently linear throughout the range of loads applied during

the calibration process (Figure F66). Within physiological

loading rates,47 changes in calibrations were insignificant

(Kendall’s W: p ¼ 0.495) (Table T1I). Changing scaffold ori-

entation provided an insignificant change in the linear coef-

ficients of the load/strain calibration relations (Kendall’s

W: p ¼ 0.146), and an insignificant change was noted

when silicone layers of different elastic moduli were used

in the calibration process (Kendall’s W: p ¼ 0.779) (Table I).

However, a significant variation of coefficients was apparent
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Figure 5. Flexion angles were measured between the femur and

the tibia. During the paw strike, the femur and tibia roughly form a

708 angle, whereas stance occurs at 508 flexion and toe-off (push-

off) at 308. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4. Left: Intact canine stifle mounted into copper tubing and

fixed into the MTS harness fixture. This fixture allows 308, 508, and

708 flexion of the joint during loading. Right: Posterior view of ca-
nine stifle with joint space exposed for pressure film placement.

[Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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when comparing calibration relation equations from one

strain-gauged scaffold with those from the next.

Pressure Sensitive Film

Similar maximum contact surface pressures, measured

using pressure sensitive film, were obtained before and af-

ter scaffold placement (FigureF7 7). On the joint surface of

the nine hounds, peak pressures at 308 of flexion ranged

from 0.91 to 2.36 MPa on the medial surface and 0.86 to

2.43 MPa on the lateral surface (TableT2 II). At 508 of flex-

ion, the medial surface pressures ranged from 0.97 to 2.43

MPa, whereas the lateral surface pressures ranged from

0.85 to 2.02 MPa (Table II). Peak pressures at 708 of flex-

ion ranged from 1.01 to 2.53 MPa on the medial surface

and 1.07 to 2.29 MPa on the lateral surface (Table II). Fig-

ure F88 shows the peak pressures from the medial surface of

all joints at 308 of flexion. Thirty degrees of flexion is of

particular interest because the condyle area containing the

implanted scaffold is most directly loaded and at this angle

load transmission is most closely aligned along the axis of

loading of the strain gauges. Changes in peak pressures
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TABLE I. Calibration Equation Comparison of Load Rates,a

Orientation,b and Silicone Modulic

Gauge 1 Gauge 2 Gauge 3

Load rate (N/S)

100 L ¼ 0.0172 S L ¼ 0.0202 S L ¼ 0.0196 S

10 L ¼ 0.0169 S L ¼ 0.0188 S L ¼ 0.0195 S

5 L ¼ 0.0177 S L ¼ 0.0189 S L ¼ 0.0195 S

Orientation

08 L ¼ 0.0091 S L ¼ 0.0052 S L ¼ 0.0049 S

908 L ¼ 0.0091 S L ¼ 0.0055 S L ¼ 0.0045 S

Silicone

A L ¼ 0.0181 S L ¼ 0.0141 S L ¼ 0.0212 S

B L ¼ 0.0242 S L ¼ 0.0156 S L ¼ 0.0222 S

C L ¼ 0.0169 S L ¼ 0.0188 S L ¼ 0.0195 S

aEach scaffold has an individual calibration equation. The calibration coefficients

for one scaffold at various loads rates. Silicone layer used: Silicone C.
bThe values are those noted when a scaffold was calibrated, then rotated 908 and

calibrated again.
cThe calibration equations for one scaffold as the silicone layer used in the cali-

bration process was varied.

Figure 6. A typical scaffold calibration curve showing linear relationship between load and strain.
In the accompanying calibration equation, L indicates the load and S, the strain.

Figure 7. Comparison of peak surface pressures measured before

and after placement of a strain-gauged scaffold in one mongrel’s
joint.
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between control and test knees were nonsignificant (p ¼
0.452).

Markedly increased maximum surface pressures were

detected using pressure sensitive films in the mongrel stifle

joint where the scaffold was placed relatively proudAQ3 to the

condyle surface (FigureF9 9).

Strain-Gauged Scaffold Measurements

Strain measurements were consistently and repeatedly acquired

from all strain-gauged scaffolds during compression loading of

the stifles. Loads as small as 2.5 N, applied to the joints, pro-

duced detectable changes in measured strains corresponding to

the change in applied loads. Both cyclic and sustained loads

were reliably monitored through the strain-gauged scaffold sys-

tems. Scaffold orientation did affect gauge reading consistency

in implanted scaffolds. In one scaffold at the initial placement

orientation, all three gauges inferred similar loads (39.72 6 1.17

N) based on strain measurements, yielding a coefficient of var-

iance of 2.95%. When the scaffold was tested and then rotated

908, inferred loads yielded a coefficient of variance of 12.67%

(15.03 6 1.90 N).

DISCUSSION

This study demonstrated that strain measurements from

gauged scaffolds reliably correspond to applied loads acting
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TABLE II. Comparison of Peak Surface Pressures Measured in the Knee Joint in Which the Scaffold Was Placed (Experimental) and
the Contralateral Joint Which Received No Scaffold (Control) of Each Test Animal at Three Different Flexions

Canine

Medial Pressure (MP 6 SD) Lateral Pressure (MP 6 SD)

Experiment Control Experiment Control

At 308 flexion

C1 1.68 6 0.04 1.55 6 0.06 1.64 6 0.14 0.92 6 0.06

C2 1.83 6 0.12 2.26 6 0.04 1.98 6 0.05 1.22 6 0.05

C3 1.72 6 0.13 1.72 6 0.07 1.75 6 0.19 1.39 6 0.13

C4 1.63 6 0.03 1.79 6 0.17 1.60 6 0.01 0.86 6 0.07

C5 2.36 6 0.10 2.06 6 0.14 1.34 6 0.09 2.34 6 0.05

C6 1.06 6 0.05 0.95 6 0.07 1.63 6 0.07 2.32 6 0.04

C7 0.91 6 0.05 1.58 6 0.10 1.36 6 0.13 1.88 6 0.09

C8 1.25 6 0.08 1.42 6 0.16 1.29 6 0.10 1.88 6 0.13

C9 1.45 6 0.08 1.33 6 0.01 1.49 6 0.03 1.57 6 0.08

At 508 flexion

C1 1.43 6 0.13 1.94 6 0.08 1.80 6 0.14 1.23 6 0.07

C2 1.43 6 0.07 2.11 6 0.06 2.02 6 0.03 0.85 6 0.09

C3 1.15 6 0.11 1.67 6 0.13 1.47 6 0.06 1.13 6 0.10

C4 1.12 6 0.05 1.80 6 0.04 1.75 6 0.07 1.04 6 0.09

C5 2.43 6 0.10 2.11 6 0.07 1.54 6 0.17 1.82 6 0.05

C6 1.19 6 0.01 1.08 6 0.07 1.93 6 0.03 1.95 6 0.06

C7 1.77 6 0.05 1.52 6 0.09 1.77 6 0.08 1.80 6 0.06

C8 0.97 6 0.10 1.54 6 0.10 0.97 6 0.08 1.26 6 0.04

C9 1.58 6 0.12 1.10 6 0.05 1.58 6 0.05 1.59 6 0.03

At 708 flexion

C1 1.37 6 0.08 2.03 6 0.04 2.29 6 0.20 1.18 6 0.10

C2 1.74 6 0.16 1.88 6 0.21 1.73 6 0.07 1.18 6 0.26

C3 1.01 6 0.10 1.64 6 0.14 1.54 6 0.12 1.12 6 0.07

C4 1.35 6 0.06 1.71 6 0.02 1.61 6 0.09 1.07 6 0.09

C5 2.53 6 0.12 2.11 6 0.06 1.52 6 0.13 1.33 6 0.08

C6 1.41 6 0.14 1.25 6 0.09 1.77 6 0.04 1.79 6 0.03

C7 1.30 6 0.14 1.52 6 0.21 2.00 6 0.04 1.72 6 0.06

C8 1.49 6 0.14 1.43 6 0.07 1.57 6 0.15 1.16 6 0.04

Figure 8. Contact surface pressure measured from the medial joint
surface in both right and left knees at 308 flexion.
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on the femoral condyles in both magnitude and duration.

It also established normal surface pressures on the canine

tibia–femoral joint and the nominal effect of scaffold

placement on stifle joint pressures. Throughout the dura-

tion of the study, individual scaffold calibrations proved

to be consistent. This consistent linear calibration relation-

ship between load and strain insured a simple interpreta-

tion of measurements collected within the physiological

load range. The variance of calibration coefficients from

one strain-gauged scaffold to the next can be attributed to

the distinct characteristics of each gauge and the slight

variations in material properties of the PBT composite in

each scaffold. This difference of coefficients can be

accounted for by individual scaffold calibrations and ap-

plying those calibrations to strain measurements of that

particular scaffold to infer load transmission through the

scaffold.

Innate to any cartilage repair procedure is the risk of alter-

ing joint mechanics, leading to damage of the surrounding

native tissue. A meniscectomy, for example, reduces joint

contact area surface, causing dramatic increases in peak con-

tact stress.48–51 The increased surface pressure has frequently

led to the premature development of osteoarthritis.52–54

Recently, implants used in meniscal repair procedures have

led to significant increases in peak joint pressures, initiating

femoral cartilage damage.43 Pressure sensitive films have

been widely used in joint mechanic experiments to analyze

surface stress55–61 and were used in this study to validate the

normal pressures of the knee joint as well as determining the

effects of scaffold implantation. Contact joint pressures mea-

sured in this study were comparable to those previously

reported.62,63 A comparison of joint pressures, with and with-

out scaffold placement, indicated that the scaffold placement

procedure did not significantly alter contact pressures. The

lower pressures measured in both medial and lateral condyles

of the experimental joint of specimen C7 (0.67 MPa and

0.52 MPa), when compared with those of the control, may

be attributed to disparities of the stifle joints of the test ani-

mal.64 It is also possible that the scaffold was improperly

placed, slightly altering the mechanics of the knee and reduc-

ing the peak load on the medial surface. Although care was

taken to select animals of similar size and breed, the variabil-

ity of pressures noted when comparing the results of one test

animal with those of another may be attributed to the minor

anatomical differences of the test animals.

Additional concerns about the impact of the implanted

scaffold would need to be addressed before proceeding to

clinical trials. One major concern would be the effect of

the engineered tissue articulating against the healthy tibial

plateau and meniscus. Although the scaffolds placed in the

in vivo trials did not have the tissue engineered cartilage

layer to be placed in future trials, when the scaffolds were

accurately placed no gross evidence of cartilage surface

damage on either the tibial or meniscal surface could be

seen when examined with a stereomicroscope. Currently,

examination of the cartilage surface to detect subsurface

damage using optical coherence tomography, SEM, and

hard tissue histology staining techniques are being devel-

oped. These techniques will also be used to compare the

native tissues with the engineered tissue layer. Another

major concern of implant procedures is the occurrence of

infection due to the implantation of the scaffolds, strain

gauges, or wires. As reported,38 none of the in vivo test

animals that received scaffolds showed signs of synovitis

or infection at any of the sites involved in the surgical

placement of wires or scaffolds. This is consistent with pre-

viously published work looking at the effect of implanted

strain gauges,35–37 cables,35 and radio transmitters.32
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Throughout the study strain measurement fidelity was

found to be greatest at 308 of flexion, which corresponds to

push off during gait. This was likely due to the design and

orientation of the strain gauges on the scaffolds. Strain

gauges used in this study were limited to sensing along a

single axis, and the implanted gauges were most closely

aligned with the 308 flexion angle. Although beyond the

scope of this study, future benchtop development may ben-

efit from the use of multiple gauges oriented along various

axes to allow strain sensing in three dimensions. This

would allow measurements over a broader range of angles

and may facilitate tangential shear detection.

The reproducibility of the strain measurements and ease

of load analysis from the strain-gauged scaffolds make this

system ideal for consideration in an in vivo model. The

2.5-N sensitivity calculated in this study is more than

adequate for joint load measurement. During in vivo experi-

ments, bone growth into scaffold pores will fix scaffolds

securely in place. Once fixed in place, loads on condyles

may more fastidiously compress the scaffold, resulting in

a higher strain measurement accuracy. Evaluation of these

in vivo effects was beyond the scope of this study. How-

ever, this situation could potentially be modeled by cement-

ing scaffolds in place in a benchtop experiment or

conversely by monitoring scaffolds in vivo over extended

periods while bone ingrowth occurs. The PBT material

used to create the scaffolds used in this study is marginally

degradable. Preliminary results of a degradation study65

indicate that PBT scaffolds do not begin to lose their me-

chanical properties for at least 1 year in vivo. This will pro-

vide the engineered cartilage substantial time to heal and

integrate with the surrounding tissue.

Results from this study imply that a strain-gauged scaf-

fold measurement system has the attributes necessary for

animal studies and eventually clinical trials because of the

uniformity of calibration relationships at load rates within

the physiological range. This further indicates that strain-

gauged scaffolds can be used to collect measurements in

test animals and in patients when they are standing, walk-

ing, and running. The consistency of measurements to

cyclic and sustained loads suggests that this measurement

system is robust and can generally be applied to studies in

animals or patients. Material properties of joints can vary

within a patient population or within an individual joint

depending on location.66–69 Scaffold calibration relations

remained consistent over a range of silicone stiffness, sug-

gesting that calibration algorithms will accurately measure

loads in a wide range of locations in test animals and

patients.

Measurements collected in vivo may have both clinical

and experimental relevance. Currently no measurements

exist that show cartilage loading during various impact

generating activities such as kneeling, stair climbing, and

jumping. These measurements will help determine native

cartilage tissue environments and can provide standards for

both peak loads and loading rates in the testing of engi-

neered cartilage products. Once the native cartilage loads

have been established, monitoring of joint loads can aid

rehabilitation by warning patients of joint overloading.

Additionally, clinical practitioners could use real time

measurements to guide rehabilitation. An understanding of

healthy cartilage loading can provide key insights to inves-

tigators trying to establish the relationship between me-

chanical loads and chondrocyte functionality. A better

understanding of loading regimens during various activities

may help cartilage biologists determine activation loads

that lead to a positive chondrocyte response.

CONCLUSIONS

The novel scaffold system tested in this study gives rise to

a new dimension of scaffold-based cartilage engineering by

adding a diagnostic element. Scaffold calibrations relating

strain and applied loads were consistent and repeatable,

allowing the scaffolds to reliably detect load transmission

in the knee. Pressure sensitive film analysis was used to de-

termine joint pressures and indicated that the scaffold itself

did not influence the peak contact pressures on the joint.

Real-time monitoring of joint loading has the potential

to provide important clinical and diagnostic information

such as a complete joint loading history during the postsur-

gery period. It also has the potential to add fundamental

insights into the native environment of the knee joint. Clin-

ical studies may possibly use strain-gauged scaffolds to es-

tablish normal joint loads and to determine loads that are

damaging to both healthy and tissue-engineered cartilage.

This could aid physicians in determining appropriate knee

therapies and will be paramount in the development of a

functional engineered cartilage tissue.

The authors thank Corina Fuentes, funded through Western Alli-
ance to Expand Student Opportunities (WAESO), and Chris Geffre,
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Abstract: No technique has been consistently successful in the repair of large focal defects
in cartilage, particularly in older patients. Tissue-engineered cartilage grown on synthetic
scaffolds with appropriate mechanical properties will provide an implant, which could be used
to treat this problem. A means of monitoring loads and pressures acting on cartilage, at the
defect site, will provide information needed to understand integration and survival of engi-
neered tissues. It will also provide a means of evaluating rehabilitation protocols. A “sensate”
scaffold with calibrated strain sensors attached to its surface, combined with a subminiature
radio transmitter, was developed and utilized to measure loads and pressures during gait. In
an animal study utilizing six dogs, peak loads of 120N and peak pressures of 11 MPa were
measured during relaxed gait. Ingrowth into the scaffold characterized after 6 months in vivo
indicated that it was well anchored and bone formation was continuing. Cartilage tissue
formation was noted at the edges of the defect at the joint–scaffold interfaces. This suggested
that native cartilage integration in future formulations of this scaffold configured with
engineered cartilage will be a possibility. © 2006 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 79B: 218–228, 2006

Keywords: scaffolds; sensor; tissue engineering; hydroxy(1)lapatite; articular cartilage

INTRODUCTION

Joint pain and loss of mobility represents the most common
cause of impairment in the US patient population.1 Although
numerous procedures have been developed for the treatment
of damaged articular cartilage, none exist that consistently
restore the long term function of articular cartilage.2,3 This
may be the reason that of the 500,000 articular cartilage
defects diagnosed in 2001, less than 5% were treated with
repair techniques.4 Although considered one of the most
successful techniques developed to date, autologous chondro-
cyte implantation (ACI), which involves the harvest of chon-
drocytes, their extension in culture, and their injection under
a periosteal flap attached to the patients cartilage, has shown
no marked improvement compared with the results of leaving
an empty defect, when studied in an animal model.5 While
recent long term clinical follow-up6 suggests that stable tis-
sues with a hyaline-like appearance are visible in 80% of
lesions treated with ACI, the quality of the tissue is question-

able. Even if this technique offers advantages to selected
patients, it currently cannot be effectively applied in older
patients or highly loaded areas such as the patellar surface. In
addition, it requires long rehabilitation times.7

Tissue-engineered cartilage covered scaffolds offer a po-
tential solution to resurfacing damaged cartilage in both
young and old patients who want to remain active.8,9 Earlier
studies have shown that porous polymer and calcium phos-
phate ceramic (CPC) scaffolds can be produced with various
pore sizes and shapes and that ingrowth can anchor them in
bone.10–14 These early studies primarily described scaffold
morphology as a function of production techniques, but did
not evaluate the factors affecting ingrowth. In particular, the
effect of loading on bone formation around and into scaffold
structures has not been examined. Indeed, no study has di-
rectly measured in vivo loading experienced by scaffolds,
although one study15 punctuated the need for this type of
measurement by showing that strains in bench top loaded test
coupons made from scaffolds can vary significantly.

Strains due to loading of scaffolds will affect tissue for-
mation and consequently the potential success of both scaf-
fold anchorage and integration of the engineered cartilage
tissue with native tissue. A benefit of measuring loading of
scaffolds directly in vivo is that it will provide more accurate
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measurements of loads acting on cartilage during gait and
various other activities. Cyclically loading dedifferentiated
cells to strains estimated to represent those noted during
stance has been shown to induce some degree of cell align-
ment.16 Cell alignment noted in the layers within cartilage is
likely responsible for the stratified tissue structure and is
necessary for the growth of functional tissue, which mimics
the structure of native articular cartilage. As such, in vivo
measurements are beneficial for developing techniques that
allow growth of functional tissue-engineered cartilage.

The development of a technique to measure loading in
vivo also provides the ability to continuously monitor load-
ing. Currently, no technique exists to monitor loading of
implanted tissue-engineered constructs. A scaffold with em-
bedded sensors coupled with a short range transmitter will be
able to provide real-time feedback to patients acting as a
“sensate” scaffold. A “sensate” scaffold offers the potential
for patients to monitor their tissue-engineered cartilage dur-
ing exercise, allowing them to protect the tissue from activ-
ities that may over load it.

It was the goal of this study to develop, calibrate, and test
an implantable scaffold load monitoring system and use it in
an animal model to collect in vivo load measurements. This is
a first step toward developing an implantable cartilage-cov-
ered “sensate” scaffold to be used in patients.

METHODS

Scaffold Preparation and Calibration Procedure

Polybutylene terephthalate (PBT) scaffolds were manufac-
tured using an extrusion freeform fabrication rapid prototyp-
ing process, which has previously been reported.17 A grid
pattern formed with PBT, which had been noted to develop

good bone ingrowth in a previous study,18 was modified
slightly so that strands within the scaffold were rotated 45°
between layers (Figure 1). This pattern provided an intercon-
nected porous structure, which was expected to insure rapid
bone ingrowth in vivo. The overall outer shape of the scaffold
(Figure 2) was designed with a domed surface on which a
cartilage layer could ultimately be grown, a solid layer within
the scaffold to act as a barrier to bone through growth
(expected to act in the way a subchondral plate acts), and a
cylindrical porous bone interfacing region (Figure 2) to en-
courage bone ingrowth.

The scaffold design was initially prepared in SolidWorks
(Concord, MA), and the data set was exported in stereo-
lithographic format to Quickslice (Microsoft, Redmond,
WA), which produced the files that controlled a Statasys
FDM 1650 modeler (Statasys, Eden Prairie, MN). The scaf-
fold was built one layer at a time, using a 1.778 mm (0.07
inch) diameter filament created from Valox 312 resin (GE
Plastics, Pittsfield, MA), which was heated and extruded
through a 0.3048 mm (0.012 inch) tip. The completed scaf-
fold was 8.9 mm in diameter with a cylindrical section that
was 11.3 mm long and a domed section that had a radius of
curvature of 4.4 mm. Scaffolds had an interconnected pore
structure that resulted in an average porosity of (78 � 2)%
when evaluated with the �CT scanner.19

Scaffolds were cleaned with ethanol and deionized water
prior to coating the interior pores with �-tricalcium phosphate
(TCP) particles, using a published latexing procedure.18 This
procedure utilized polycaprolactone (PCL) mixed with so-
dium dodecylsulfate (Fluka Chemika, Switzerland) in deion-
ized water. The solution was frothed, cooled, centrifuged, and
dried prior to blending it with TCP powder (Fluka Chemika,
Switzerland) in a 2:1 ratio. A slurry formed from the powder
and deionized water was cooled with an ice bath in an
ultrasonic cleaner, and scaffolds were dipped into it and then
allowed to dry at room temperature. They were baked at 75°C
for 12 h, then cleaned with deionized water, 70% ethanol, and
finally rinsed in deionized water.

Figure 1. This picture shows the basic strand pattern used in the
implanted scaffolds. The outer ring provided confinement of the po-
rous structure and insured reproducible strain transfer to gauges
attached to the scaffold surface [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.].

Figure 2. A picture of a representative scaffold, which was sectioned
to show the variation in porosity in the bottom and middle sections of
the scaffold, and a solid layer below the joint interfacing domed (top)
region of the scaffold. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.].
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Three 1000 ohm FAE-12–100-S6ET single element strain
gauges (Micro-Measurements, Raleigh, NC) were aligned
and attached to the surface along the long axis of the scaffold
with a 120° separation (Figure 3). This configuration was
selected based on bench top testing that showed consistent
load determination when this configuration was used to eval-
uate mid-stance loading.20 The exterior surfaces of scaffolds
were coated with a blend of CPC particles (Biointerfaces, San
Diego, CA), which have shown favorable bone-to-CPC bond-
ing21 while providing excellent CPC-to-gauge interface
strength.22 These coatings have previously been used in long-
term animal and clinical strain gauge studies.23,24 This pro-
cedure utilized a 15 wt % solution of medical-grade polysul-
fone (Amoco, Huntington Beach, CA) dissolved in 1,1,2,2-
tetrachloroethane (Kodak, Rochester, NY), which was baked
at 90°C following application of the CPC particle blend.

Gauges were wired to a cable and waterproofed using a
published procedure.23 Scaffolds were loaded in confined
compression, using a synthetic bone support, based on exper-
iments,20 indicating that this configuration provided measure-
ments consistent with those collected from scaffolds in joints.
Loading was carried out with a servo-hydraulic materials
testing system (MTS, MI) at three load rates, 100, 150, and
200 N/s. These rates were chosen to simulate loading at a
series of gait speeds. Load vs. strain calibration curves were
prepared for each strain-gauged scaffold. Wired scaffolds
were cleaned, sterilized using ethylene oxide, and aerated
prior to implantation.

Surgical Placement and Monitoring of Scaffold

Six tall male hounds weighing between 29 and 35 kg were
selected for implantation surgery. The NIH guidelines for
animal care and use were observed during all animal exper-
iments. Following preparation of one hind limb of each of the
six hounds, an incision was made exposing the medial fem-
oral condyle and a scaffold was implanted (Figure 4a,b) by
drilling two concentric holes, one for the cable and the second
for the scaffold. The cable exited the lateral aspect of the

femur and was coiled subcutaneously near the trochanter for
later retrieval. Following a 3-month holding period, retrieved
wires were connected to a male nine pin connector, which
could be attached to either a hard wired system or a submin-
iature radio transmitter system.

Hard wired measurements were collected using a previ-
ously described setup.24 In preparation for measurement col-
lection, the nine pin connector was attached to a mating
connector wired to a series of signal conditioners (Vishay,
2300 Strain Gage Conditioners, Measurements Group, Ra-
leigh, NC). Measurements were collected through an NB-
MIO-16 Data Translation board (National Instruments, Aus-
tin, TX) into a Macintosh G4 computer (Apple, Cupertino,
CA) running LabView Version 5 (National Instruments, Aus-
tin, TX). After zeroing and calibrating each channel, each
animal was walked on a Trotter variable speed inclining
treadmill (United Medical Company, Millis, MA), which was
oriented horizontally and run at speeds up to 2.54 m/s (5.7
mph) while strain measurements were collected. Calibration
curves were used to assess loading from the strain measure-
ments. Measurements were also collected using a subminia-
ture telemetry unit following a previously described proce-
dure, which had been utilized to collect measurements from a
patient.25 Data collection was carried out using custom data
acquisition and analysis software running on a Macintosh G3
laptop computer. A power coil, tuned to the frequency of the
pickup coil on the transmitter unit, was energized. Once a
signal had been established from the transmitter, measure-
ments were collected into Excel spreadsheets and saved for
later analysis.

All dogs were exercised daily and were allowed food and
water ad libidum. Twenty days prior to sacrifice, 15 mg/kg
doses of tetracycline were administered orally 3 times a day,
for 3 days. This procedure was repeated 10 days after the
completion of the first dosing cycle, creating bone labels with
a 10 day separation. Following 6 months of in vivo monitor-
ing, animals were euthanized, and their bones were ex-
planted.

Bench Top Testing Procedure

Explanted bones were loaded as part of a bench top testing
experiment, which has previously been reported.20 As part of
the procedure, both hind limbs of each dog were removed and
the stifle joints excised, leaving the capsules and soft tissues
in the region of the joint intact. Femurs and tibias were cut
and mounted on fixtures attached to an MTS. Low pressure,
high sensitivity Fuji film (Pressurex, Hanover, NJ) was
placed into both medial and lateral compartments of the
menisco-femoral joints and a load was applied at a rate of 200
N/s at 30°, 50°, and 70° flexion, to simulate paw strike,
stance, and toe off during gait. Five impressions were taken
at each angle, scanned, and processed. Films were scanned
using a LaCie Silverscanner II (LaCie, France). ImageJ
1.28 v (National Institutes of Health, Bethesda, MD) was
used following a published procedure20,26 to determine scaf-
fold contact areas to assess contact pressures from in vivo
load data.

Figure 3. A strain-gauged scaffold showing the gauge locations on a
scaffold surface. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.].
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Joint Preparation, Histology and Image Collection

Prior to mechanical testing, both the control and experimen-
tal, explanted stifle joints were radiographed with a Faxitron
high resolution cabinet X-ray unit (Hewlett Packard, CA). In
each case, a lateral and an AP radiograph were taken to
accurately identify the location of the scaffold in the joint.
Films were digitized by photographing them with a Nikon
Coolpix 990 camera (Nikon, Tokyo, Japan).

The stifle joints were separated after mechanical testing by
transecting the ligaments and patellar tendon. All soft tissues
were carefully removed with a scalpel and gross images of
femoral surfaces and tibial plateaus were collected. The me-
dial femoral condyles and the medial tibial plateaus of the
joints were separated and dehydrated using a published pro-
cedure27 utilizing sequentially higher concentrations of etha-
nol solutions beginning with a 70% solution. Following com-
plete dehydration, both the experimental and the control
femoral condyles were embedded in poly-methyl methacry-
late.27,28

A sagittal section was taken through the embedded joints,
using a diamond waffering saw (Bronwill Industries, Roch-
ester, NY). This section separated the medial from the lateral
condyles. Next, up to five slices were made in the sagittal
plane through the middle of the scaffold to provide a reason-
able representation of bone in and around the scaffold. Using
a Reickert-Jung Polycut-e and an Ultra milling machine
(Cambridge Instruments, Germany), the sections were milled
to a section thickness of 100 �m and polished to a 0.05 �m
finish. Sections of the control knee were prepared in the same
manner. Care was taken to cut slices from the identical
locations to those cut on the experimental femur.

Sections were stained with a mineralized bone stain,
M.I.B.S. (Harrington Center, Phoenix, AZ) and were photo-
graphed at 1.4� original magnification using transmitted

light and 2.8� original magnification, using fluorescent light,
through a Nikon Optiphot microscope (Nikon, Tokyo, Japan)
with an Olympus MagnaFire SP digital image viewing and
recording system (Olympus, Tokyo, Japan) and saved in
Adobe Photoshop (Adobe, San Jose, CA). A slide micrometer
was placed in each photograph to insure accurate measure-
ment of characteristic parameters during histomorphometry.
Measurements from transmitted light images were taken at
62.5� magnification. Measurements from fluorescent light
images were taken at 125� magnification, using the same
setup.

Histomorphometry

Gross bone area and perimeter measurements were cata-
logued with respect to designated areas that they were mea-
sured from (Figure 4). These areas were (1) the spaces in the
scaffold, (2) the periscaffold space around the perimeter of
the scaffold, (3) the deep periscaffold space behind the scaf-
fold, and (4) the superficial space (containing the joint sur-
face). The periscaffold space was outlined 1 mm from the
edge of the scaffold. The deep periscaffold space was delin-
eated by drawing a line parallel to the scaffold 1 mm from its
back edge (Figure 5). Measurements were collected in the
control bone, from a comparable area of the same size and
shape as that measured in the experimental bone.

Images were imported into Image J and the edges of each
region were marked. Next, the areas and perimeters from
experimental and control slices were measured and tabulated.
Bone, soft tissue and marrow space (Table I) were measured.

Measurements collected from within the scaffold, the
periscaffold, deep-scaffold, and superficial scaffold regions
included the total volume (measured as the area enclosed
within the outer bone perimeter), bone volume (calculated as
the total volume less the area enclosed within the marrow

Figure 4. (a) Picture showing a 9-mm hole prepared during surgery for scaffold placement with the
guide drill in place. (b) Picture of a scaffold inserted in medial femoral condyle of a dog. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.].
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space and soft tissue space), soft tissue volume, and marrow
volume as well as the perimeters of these components. In
addition, the single label length, outer and inner double label
length, and interlabel distance were measured. The total la-
beled distance was calculated as the single label length plus

the average of the inner and outer double label lengths. The
percent labeled surface was calculated as half of the single
label distance � the average of the inner and outer double
label distance. The mineral apposition rate (MAR, �m/day)
was calculated as the distance between the center of the inner
and outer labels divided by the number of days between the
administration of the tetracycline. The bone formation rate
(BFR, �m2/�m3/day) was calculated as the MAR multiplied
by the total labeled distance divided by the bone perimeter.

Data was characterized for skewness and kurtosis. Be-
cause kurtosis was noted in some parameters, a Krustkal-
Wallis test was used to determine statistical significance. The
scaffold, periscaffold, deep, and superficial regions were
compared between control and experimental limbs. In addi-
tion, regions within each limb were compared. The threshold
for statistical significance was set at p � 0.05.

RESULTS

In Vivo Strain Measurements and Stifle Loads

Strain vs. load curves for gauged scaffolds were noted to be
linear up to the peak test load during calibration (Figure 6). In
vivo strain patterns were similar in shape to patterns collected
from the mid-diaphysis of the femora of dogs during earlier
in vivo studies. Each gait cycle contained a low load during
swing phase, which was assigned the zero strain value. Load
vs. time graphs, converted by using calibration curves for
each scaffold, indicated that peak loads ranged from �80 to
120 N during gait (Figure 7). This indicated that up to 35% of
the dogs body weight was acting on its hind limb during
relaxed gait. The length of swing phase (during which loads
are at a minimum) was �0.2 s and the length of mid stance
(during which loads peaked) was �0.4 s. Peak strain mea-
surements collected using hardwired and radio telemetry sys-
tems during gait were within 5 microstrain and strain patterns
were visually identical.

Figure 5. This drawing shows a schematic diagram with a cross-
sectional side view of the four regions in which histmorphometry
measurements were collected from both the experimental and control
slides.

TABLE I. Bone Volume, Marrow Volume, and Osteoid Volume
are Reported Normalized Relative to the Total Volume. The p
Values in the Far Right Column Indicate Whether a Significant
Difference Exists Between the Experimental and Control

Control Limb Experimental p Values

Scaffold
BV/TV (%) 35.2 � 5.2 6.8 � 8.8 e �0.005
MaV/TV (%) 63.2 � 5.3 28.2 � 13.2 �0.005
OsV/TV (%) 0.9 � 0.8 64.9 � 17.2 �0.005

Periscaffold
BV/TV (%) 36.3 � 3.9 59.5 � 9.5 �0.005
MaV/TV (%) 62.8 � 4.1 8.7 � 6.2 �0.005
OsV/TV (%) 0.9 � 0.7 31.8 � 10.0 f �0.005

Deep
BV/TV (%) 27.3 � 6.6 a 27.2 � 11.0 �0.6
MaV/TV (%) 72.7 � 6.6 17.3 � 10.3 �0.005
OsV/TV (%) 0.0 � 0.0 b 55.6 � 19.1 �0.005

Superficial
BV/TV (%) 43.4 � 7.2 18.6 � 13.3 �0.01
MaV/TV (%) 25.9 � 9.0 c 1.6 � 1.2 c �0.01
OsV/TV (%) 30.7 � 15.1 d 79.7 � 14.4 �0.01

Cells in which values are in italic and marked with lower case letters show
significant differences in values determined in one area relative to the other three areas.

BV, Bone Volume; MaV, Marrow Volume; OsV, Osteold Volume; TV, Total
Volume.

a – BV/TV, lower in deep scaffold area ( p � 0.01); b – MaV/TV, lower in joint
space ( p � 0.001); c – OsV/TV, lower in deep scaffold area ( p � 0.001); d – OsV/TV,
higher in joint space ( p � 0.001); e – OsV/TV, lower in periscaffold region ( p �
0.005); f – BV/TV, lower in scaffold area ( p � 0.01)

Figure 6. Load vs. strain calibration curve for a representative gauge
on one of the scaffolds. Curves were used to translate in vivo strain
measurements into loads. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.].
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When raised to stand only on their hind limbs, a 260%
increase in peak load was observed during two-legged walk-
ing. As expected, load rates also increased while swing phase
and stance phase times decreased in length.

A load of 65 � 6.5 N was recorded while animals stood
relaxed prior to and following gait measurements. This indi-
cated that �40% of the dogs body weight was acting on its
two hind limbs. Passive loading of the hind limb containing
the scaffold produced loads of the same magnitude as stance.
Loads were noted to be a function of knee flexion, with
higher loads observed at high flexion angles.

Post Sacrifice Testing

On the basis of a calculated contact area of the scaffold
surface with cartilage, contact stresses (pressures) were esti-
mated to be between 4 and 6 MPa for peak loads measured
during gait. Post sacrifice Fuji film measurements of loaded
joints containing scaffolds at 30° flexion (which represented
the angle at which the scaffold was most clearly loaded) were
7.26 � 1.0 mm2, which indicated that peak in vivo contact
pressures in the medial compartment were actually as high as
11.0 � 1.54 MPa during gait.

Gross examination of knee surfaces in the explanted hind
limbs showed that scaffolds were adequately recessed but
mild scoring of the tibial cartilage was noted in some animals
(Figure 8). Scaffolds appeared to be securely fixed with no
visible adverse reaction to the scaffold material. Cables were
surrounded by a thin fibrous tissue layer, which prevented
them from migrating.

Histology and Scanning Electron Microscopy

There was an overall increase in the soft tissue volume seen
in the experimental stifle compared with the control in all

regions (Table I). The increased amount of soft tissue in the
marrow cavity space (Figure 9) resulted in a relatively lower
marrow cavity volume measurement in the experimental
knees. The average % surface area of the scaffold dome (in
the superficial space) that was covered by soft tissue was
(67.7 � 19.7)%, and the dome was covered primarily with
cartilage and some fibrous tissue. There were regions of
cartilage tissue overlying the dome that contained large num-
bers of chondroblasts (Figure 10). In general, the tissue over
the center of the dome was more fibrous than that near the
edges, which resembled cartilage and contained chondro-
blasts.

While the soft tissue and marrow cavity volumes were
similar in all regions, the bone volume was highly dependant
on the region of the scaffold. The bone volume was signifi-
cantly decreased within the scaffold relative to controls (Fig-
ure 9, image D); however, it was increased in the periscaffold
region (Figure 9, image F). In both the scaffold and periscaf-
fold regions, there was a significant increase in the bone
formation rate (Table I). The increase within the scaffold was
due to an increased amount of labeled surface (Figure 9 and
Table II) whereas in the periscaffold region, it was due to
both an increase in the amount of labeled surface and an
increased mineral apposition rate.

In addition to comparing the control to the experimental
stifle, different regions within each limb were analyzed to
detect differences. Within the control stifles, no differ-
ences were noted in the scaffold and periscaffold regions
(Figure 9, images C and E); however, the deep scaffold
space had a lower bone and soft tissue volume (Table I).
The superficial region of the scaffold contained signifi-
cantly more soft tissue than other regions. This was pri-
marily due to the amount of cartilage in this region. Within
the experimental stifles, there was less bone within the
scaffold (Figure 9, image D) and there was an increased
amount of soft tissue within the periscaffold region
(Figure 9, image F). There were no significant differences
in histomorphometric parameters when comparing the

Figure 7. Representative graph of load measurements during gait
from the stifle joint of dog. Repeated collection of these loads over
several weeks produced the same patterns and the same peak loads
within each dog. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.].

Figure 8. Picture showing a tibial surface with a rare case of minor
scoring caused by a scaffold. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.].
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Figure 9. (a) and (b) are representative images portraying overall layout and composition of both
control and experimental slides, respectively, at 6 months post-op. Magnified images of the experi-
mental scaffold region revealed less bone volume (d) than the control (c). The experimental periscaf-
fold region (f) presented significantly more bone volume and a wider double label distance (h) than the
control (e and g). Within each image, (BN) indicates bone; (CP) represents CPC particles; (E) marks
epoxy; (O) denotes osteoid; and (P) signifies the PBT scaffold. Scale bar is 1mm in (a) through (f) and
100 �m in (g) and (h). [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.].
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regions within just the control or within just the experi-
mental stifles (Tables I and II).

Histomorphometry indicated that mineral apposition rate
and bone formation rate were significantly higher in the
sections from the experimental limbs (Table II). It also indi-
cated continued bone formation adjacent to the scaffold with
5 times the amount of labeled surface within the scaffold
(Table II). This confirmed that bone formation was wide-
spread in this region of the scaffold.

Scanning electron micrographs of various regions of the
scaffolds showed direct bone apposition to inner regions of

scaffolds and CPC particles coating the outer scaffold sur-
faces (Figure 11). Although the inner scaffold surfaces were
coated with a TCP layer prior to implantation, no TCP
particles were observed on any sections.

DISCUSSION

In order for scaffolds instrumented with strain sensors to be
useful in the determination of loads and contact stresses
acting on cartilage, a clear reproducible relationship between

Figure 10. The superficial scaffold region showing the scaffold dome and overlying cartilage (a) with
magnified images of normal cartilage (b), the fibrous tissue directly superficial to the dome of the
scaffold (c), and large lacunae filled with chondroblast-like cells near the edge of the scaffold dome (d).
Within the images, (BN) designates bone with (P) representing the PBT scaffold. Scale bar is 1 mm in
(a) and 50 �m in the remaining images. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.].
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in vivo strain measurements and loads is essential. The scaf-
fold design reported in this study had a linear load strain
relationship allowing straightforward determination of loads
from strain measurements. The use of a containment ring
around the porous section of the scaffold to which strain
gauges were securely attached may account for this repro-
ducible relationship.

Load measurements collected from strain-gauged scaf-
folds were in agreement with published evidence29,30 show-
ing that, during relaxed gait, 30–40% of the dogs body
weight is on it’s hind limb. Peak loads increased during rapid
gait and increased substantially during two-legged stance and
gait. It is noteworthy that loads equivalent to stance phase
loads during relaxed gait were observed during passive flex-
ion. As such, this experimental procedure could be used to
monitor and control loading in a model utilized to study the
effects of passive loading on healing of cartilage tissue.

Bench top loading of explanted limbs with scaffolds indi-
cated contact areas on scaffold surfaces in the medial com-
partment of joints were similar to those in the lateral com-
partment. Measurements indicated that scaffold surfaces were
not in complete contact i.e. measured surface areas were less
than areas calculated assuming complete contact. As a con-
sequence, peak pressures in excess of 11 MPa were noted.
These peak pressures are comparable to peak pressures of
12.3 MPa previously reported31 by Nelson et al. in the vicin-

TABLE II. Histomorphometry From Control and Implanted
(Experimental) Limbs. The p Values in the Far Right Column
Indicate Whether a Significant Difference Exists Between the
Experimental and Control

Control Limb Experimental p Values

Scaffold
MAR (um/day) 0.0007 � 0.0004 0.0010 � 0.0008 0.9
Lbl sur (%) 1.7 � 0.5 5.4 � 2.8 0.05
BFR/BS 1.3E-5 � 0.8E-5 8.2E-5 � 5.9E-5 0.05

Periscaffold
MAR (um/day) 0.0009 � 0.0005 0.0015 � 0.0007 0.05
Lbl sur (%) 1.7 � 0.9 10.5 � 8.7 0.05
BFR/BS 1.7E-5 � 0.9E-5 1.8E-4 � 1.6E-4 0.01

Deep
MAR (um/day) 0.0006 � 0.0003 0.0018 � 0.0013 0.1
Lbl sur (%) 2.5 � 1.7 8.9 � 6.3 0.1
BFR/BS 2.2E-5 � 1.9E-5 2.0E-4 � 2.1E-4 0.1

Superficial
MAR (um/day) 0.0007 � 0.0003 0.0006 � 0.0009 0.6
Lbl sur (%) 1.6 � 1.2 7.2 � 6.2 0.05
BFR/BS 1.1E-5 � 1.1E-5 0.8E-5 � 1.5E-4 0.7

MAR, Mineral Apposition Rate; Lbl, Labeled Surface; BFR, Bone Formation Rate;
BS, Bone Surface.

Figure 11. Backscatter electron microscopy images of the superficial scaffold region of the control (a)
and the experimental (b) joints. (c) is an image from within the scaffold region of an experimental stifle
demonstrating bone (BN) within a PBT (P) pore. (d) shows bone surrounding a CPC particle (CP) and
growing up to the scaffold edge as well as bone within a PBT pore. AC, articular cartilage. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.].
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ity of defects drilled in canine condyles and assessed using an
India ink staining technique to measure contact areas and
determine pressures. In that study, a range of loads encom-
passing those utilized in our study were used. However, they
loaded their knee specimens at a 40° flexion angle. Their
measurements31 were in agreement with our observations,
which showed that as bench top loads increased, pressures
also increased. This observation has also been reported when
testing artificial joint contact pressures.26

Pressures reported here are higher than measurements
collected in vitro by Brown et al.32 from normal intact canine
knees (6.4 � 2.6 MPa), which were loaded at 40° flexion to
3 times body weight in a tenth of a second. However, their
measurements from the edge of defects with a similar diam-
eter to the scaffold used in our study peaked at a maximum
pressure nearly double (20 MPa) those we recorded (11
MPa). Pressures determined in this study were also higher
than those in a preliminary in vitro study reported by Bliss
and coworkers20 (in the range of 2.4 MPa). Although the
same in vitro loading procedure described in this study was
used, loads measured from strain-gauged scaffolds were
much smaller20 than those observed in this combined in vivo
and in vitro study.

Similarities and differences between these results suggest
that in vivo load measurements are a valuable tool in devel-
oping a better understanding of surface pressures, with the
added advantage of providing continuous monitoring. This
technique can provide measurements that aid in the develop-
ment of better bench top models of joint loading. In addition,
it will be useful in experiments in which physiologic pres-
sures are applied to engineered cartilage-like tissues grown
on scaffolds and it will allow monitoring of joint pressures
during healing. This will provide insight into consequent
successes or failures of the engineered tissues. The results
also indicate that, at least at this stage in the development of
this technique, post sacrifice testing is essential before report-
ing pressure measurements.

To allow long-term monitoring of tissues in vivo, a
stable measurement transmission system is also valuable.
The telemetry system utilized for this study provided peak
strain measurements that were essentially identical to hard
wired measurements, in agreement with previous reports
on this system.25 It was noted to function well when the
exciting coil was accurately aligned on the skin with the
transmitter coil (below the skin), but stopped transmitting
when the power coil was misaligned. Future formulations
may benefit from a larger external coil and a coil power
monitoring device to insure continuous powering of the
system. Monitoring of loads over a period of weeks pro-
vided an indication of the consistency of the output signal
and indicated that this system can be used over extended
periods. However, it was noted that gradual resistance
increases shortened the time that measurements could be
collected from some of the gauges. These increases may
have been caused by scaffold swelling or fluid infiltration
into cables, and techniques must be developed to offset
changes so that they do not incapacitate the measurement

system in the long term. A circuit rebalancing procedure is
now being tested, and shows promise in reducing failures
caused by the inability to balance the monitoring system.

As expected from previous studies,18 this scaffold system
encourages bone growth around and into the pores of these
scaffolds. The increased bone volume in the periscaffold
region provides an indication that bone has anchored these
scaffolds to the surrounding native tissue. The high degree of
bone-to-scaffold contact noted using histology and scanning
electron microscopy correlated well with the in vivo results,
which demonstrated strain transfer through these scaffolds
during both the stance phase of gait as well as during passive
flexion of the knee. In contrast to the periscaffold region, the
bone volume was lower within the scaffold pores. Despite a
lower bone volume, the large amount of osteoid tissue and the
increased bone formation rate demonstrated within the pores
indicates that further bone ingrowth and attachment are still
occurring at 6 months post operation. In addition, there was
a similar increase in soft tissue volume and bone formation
rate noted in the periscaffold region, indicating that additional
tissue growth around the scaffold is still occurring.

In general, the soft tissue component within the scaffold
pores and in the periscaffold region had a large component of
osteoid. In the deep scaffold region, the soft tissue component
consisted of a larger amount of fibrous tissue compared with
osteoid, especially in sections that contained wires. A likely
reason for this is the motion of the wires during gait. CPC
coating the wires in future studies will reduce this motion by
encouraging bone bonding and integration of the wires into
the local bone’s structure. Despite the amount of fibrous
tissue in the deep scaffold region, bone growth from the deep
scaffold region into the scaffold was noted. Bone growth
from the deep scaffold region into the scaffold pores appeared
to be less pronounced than bone growth into the scaffold from
pores in the periscaffold region.

In the superficial scaffold region, the soft tissue overlying
the dome of the scaffold became more fibrous near the center
of the scaffold. This was expected as no cartilage-derived
cells, engineered tissue, or growth inducing factors were
applied to the superficial surface of the scaffold in this study.
Near the perimeter of the scaffold at the interface between the
implant and the native tissue, there was proliferation of
chondroblast-like cells surrounded by thick cartilage-like tis-
sue. This indicates that this scaffold system allows for some
cartilage regeneration near the tissue implant interface. This
limited regeneration will be beneficial in future studies aimed
at integrating a scaffold with a tissue-engineered cartilage on
the superficial surface with the surrounding native cartilage.

Analysis of the various regions within the control knee
was performed to assess whether expected differences in
tissue composition were noted. As expected, there was no
change in tissue composition between the scaffold and
periscaffold regions within the control knee, and there was a
decrease in the bone volume in the deep scaffold region
(which was below the subchondral plate). In addition, there
was less marrow cavity space and more soft tissue noted in
the superficial scaffold region. These observations allowed
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clear analysis of differences noted relative to the experimen-
tal joints.

In summary, bone ingrowth securely anchored the CPC-
coated porous PBT scaffolds developed in this study and
ingrowth was continuing after 6 months post operation. Strain
gauges attached to the surface of scaffolds showed a linear
elastic load–strain response, which provided an accurate de-
termination of in vivo loads during gait from strain measure-
ments. Studies using cartilage-covered “sensate” scaffolds, in
which loads acting on healing tissues can be monitored, and
which were beyond the scope of this study are now possible.
Development of a new zeroing technique, better waterproof-
ing techniques, and better coatings between lead wires and
transmitters indicate that reliable load measurements can be
collected for a substantial length of time and that in combi-
nation with post sacrifice histology, these measurements will
provide the ability to evaluate the impact of loads on engi-
neered tissue incorporation and survival.

REFERENCES

1. Buckwalter JA, Mankin HJ. Articular cartilage: Degeneration
and osteoarthritis, repair, regeneration, and transplantation.
AAOS Instr Course Lect 1998;47:477–486.

2. Hunziker EB. Articular cartilage repair: Basic science and clin-
ical progress. A review of the current status and prospects.
Osteoarthritis Cartilage 2002;10:432–463.

3. Woodfield TBF, Malda J, de Wijn J, Peters F, Riesle J, van
Blitterswijk CA. Design of porous scaffolds for cartilage tissue
engineering using a three-dimensional fiber-deposition tech-
nique. Biomaterials 2004;25:4149–4161.

4. Millenium Research Group Inc., US markets for orthopedic
biomaterials, USBO 01, Millenium Group, Toronto, Ontario,
2002. www.mrg.net

5. Breinan HA, Minas T, Hsu HP, Nehrer S, Shortkroff S, Spector
M. Autologous chondrocyte implantation in a canine model:
Change in composition of reparative tissue with time. J Orthop
Res 2001;19:482–492.

6. Peterson L, Brittberg M, Kiviraanta I, Akerlund EL, Lindahl A.
Autologous chondrocyte transplantation. Biomechanics and
long-term durability. Am J Sports Med 2002;30:2–12.

7. Brittberg M, Tallheden T, Sjogren-Jansson E, Lindahl A, Peter-
son L. Autologous chondrocytes used for articular cartilage
repair: An update. Clin Orthop Relat Res 2001;391 (Suppl):
S337–S348.

8. Grande DA, Breitbart AS, Mason J, Paulino C, Laser J,
Schwartz RE. Cartilage tissue engineering: Current limitations
and solutions. Clin Orthop Relat Res 1999;367 (Suppl):S176–
S185.

9. Solchaga LA, Goldberg VM, Caplan AI. Cartilage regeneration
using principals of tissue engineering. Clin Orthop Relat Res
2001;391 (Suppl):S161–S170.

10. Nam YS, Park TG. Biodegradable polymeric microcellular
foams by modified thermally induced phase separation method.
Biomaterials 1999;20:1783–1790.

11. Kuo CK, Ma PX. Ionically cross linked alginate hydrogels as
scaffolds for tissue engineering: Part 1. Structure, gelation rate
and mechanical properties. Biomaterials 2001;22:511–521.

12. Gomes ME, Ribeiro AS, Malafaya PB, Reis RL, Cunha AM. A
new approach based on injection moulding to produce biode-
gradable starch-based polymeric scaffolds: Morphology, me-
chanical and degradation behavior. Biomaterials 2001;22:883–
889.

13. Deng M, Uhrich KE. Effects of in vitro degradation on prop-
erties of poly(DL-lactide-co-glycolide) pertinent to its biological
performance. J Mater Sci Mater Med 2002;13:1091–1096.

14. Zhang R, Ma PX. Biomimetic polymer/apatite composite scaf-
folds for mineralized tissue engineering. Macromol Biosci
2004;4:100–111.

15. Nicolella DP, Slivka MA, Leatherbury NC, Niederauer GG,
Boyan B. Quantification of tissue scaffold structural strains.
Trans Soc Biomaterials Providence RI 1999;25:80.

16. Neidlinger-Wilke C, Grood E, Claes L, Brand R. Fibroblast
orientation to stretch begins within three hours. J Orthop Res
2002;20:953–956.

17. Vaidyanathan RK, Green C, Bourque P, Calvert PD, Szivek JA,
Maxian SH. Strong porous polymer-ceramic composites by
rapid prototyping for resorbable orthopedic scaffold applica-
tions. Trans Soc Biomaterials, Tampa FL 2002;28:699.

18. Szivek JA, Margolis DS, Garrison BK, Nelson E, Vaidyanathan
RK, DeYoung DW. TGF-�1 enhanced TCP-coated sensate
scaffolds can detect bone bonding. J Biomed Mater Res-B
2005;73–1:43–53.

19. Tellis BC, Szivek JA, Bliss CL, Vaidyanathan R. Polymeric
Scaffolds from microCT Scans: Joint Specific Solutions for
Tissue Supports. Trans Orthopaedic Res Soc, Chicago IL,
March 2006;31:838.

20. Szivek JA, Bliss CL, Schnepp AB, Ruth JT. Determination of
contact pressures in the canine stifle joint. Trans World Bioma-
terials Congress, Sydney, Australia 2004;7:1254.

21. Battraw GA, Szivek JA, Anderson PL. Interface strength studies
of calcium phosphate ceramic strain gauges. J Biomed Mater
Res (Applied Biomater) 1998;43:462–468.

22. Battraw GA, Szivek JA, Anderson PL. Bone bonding strength
of calcium phosphate ceramic coated strain gauges. J Biomed
Mater Res (Applied Biomater) 1999;44:32–35.

23. Szivek JA, Johnson EM, Magee FP. An in vivo strain analysis
of the greyhound femoral diaphysis. J Investig Surg 1992;5:91–
108.

24. Szivek JA, Anderson PL, DeYoung D. In vivo strain measure-
ments collected using calcium phosphate ceramic bonded strain
gauges. J Investig Surg 1997;10:263–273.

25. Szivek JA, Roberto R, Slack JM, Majeed BSM. An implantable
strain measurement system designed to detect spine fusion:
Preliminary results from a biomechanical and in vivo study.
Spine 2002;27:487–497.

26. Szivek JA, Anderson PL, Benjamin JB. Average and peak
tibio–femoral contact stress and stress distribution evaluation of
total knee replacements. J Arthroplasty 1996;11:952–963.

27. Emmanual J, Hornbeck C, Bloebaum RD. A polymethyl-
methacrylate method for large specimens of mineralized bone
with implants. Stain Tech 1987;62:401–410.

28. Martini F, Leichtle U, Lebherz C. Optimierte polymethyl-
methacrylate einbettung ermoglicht exacte schnittuntersuchung
proximaler femora mit zementfreier endoprothese. Z Orthop
Ihre Grenzgeb 2001;139:531–535.

29. Kimura T, Endo B. Comparison of force of foot between
quadrupedal walking of dog and bipedal walking man. J
Faculty Sci, Univ Tokyo, Sect V(Anthropology) 1972;IV(2):
119 –130.

30. Budsberg SC, Verstraete MC, Soutas-Little RW. Force plate
analysis of the walking gait in healthy dogs. Am J Vet Res
1987;48:915–918.

31. Nelson BH, Anderson DD, Brand RA, Brown TD. Effect of
osteochondral defects on articular cartilage: Contact pressures
studied in dog knees. Acta Orthop Scand (Denmark) 1988;59:
574–579.

32. Brown TD, Pope DF, Hale JE, Buckwalter JA, Brand RA.
Effects of osteochondral defect size on cartilage contact stress.
J Orthopaedic Res 1991;9:559–567.

Journal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb

228 SZIVEK ET AL

282



T
im

e
E

vent
F

oot
Loc_X

Loc_Y
F

irstC
ontact

LastC
ontact

S
tride_length

10/19/06 14:02
1

0
36.5

10
6.65

7.075
28.4335

10/19/06 14:02
2

1
25

11.5
7.05

7.35
83.5333

10/19/06 14:02
3

2
64.5

28
7.05

7.375
83.82

10/19/06 14:02
4

3
101.5

14
7.325

7.725
76.2026

10/19/06 14:02
5

0
56

21
7.35

7.65
0

10/19/06 14:02
6

1
90.5

17.5
7.65

8.075
0

10/19/06 14:02
7

2
130.5

28
7.675

8.05
0

10/19/06 14:02
8

3
161.5

14.5
7.95

8.45
0

   T
em

poral D
ata for Id # 87 W

alk       10/19/2006 2:02:28 P
M

P
t Id: 

P
atient N

am
e: A

Z
, C

ody 
T

est D
ate: W

alk       10/19/2006 2:02:28 P
M

R
esearch R

ef: 
C

om
m

ent: 8:33:10

G
aitrite

283



S
tride_tim

e
S

tance_tim
e

S
w

ing_tim
e

N
um

berS
ensors

P
ressureP

eak
P

ressureM
ean

0.7
0.425

0.275
18

50
2.778

432
0.6

0.3
0.3

13
25

1.923
142

0.625
0.325

0.3
17

39
2.294

302
0.625

0.4
0.225

20
49

2.45
398

0
0.3

0
10

21
2.1

123
0

0.425
0

10
21

2.1
145

0
0.375

0
18

41
2.278

310
0

0.5
0

20
46

2.3
499

284



soft silc-1 soft silc-2
255 0 0 0 255
254 0 0 0 254
253 0 0 0 253
252 0 0 0 252
251 0 0 0 251
250 0 0 0 250
249 0 0 0 249
248 0 0 0 248
247 0 0 0 247
246 0 0 0 246
245 0 0 0 245
244 0 0 0 244
243 0 0 0 243
242 0 0 0 242
241 0 0 0 241
240 0 0 0 240
239 0 0 0 239
238 0 0 0 238
237 0 0 0 237
236 0 0 0 236
235 0 0 0 235
234 0 0 0 234
233 0 0 0 233
232 0 0 0 232
231 0 0 0 231
230 0 0 0 230
229 0 0 0 229
228 0 0 0 228
227 0 0 0 227
226 0 0 0 226
225 0 0 0 225
224 0 0 0 224
223 0 0 0 223
222 0 0 0 222
221 0 0 0 221
220 0 0 0 220
219 0 0 0 219
218 0 0 0 218
217 0 0 0 217
216 0 0 0 216
215 0 0 0 215
214 0 0 0 214
213 0 0 0 213
212 0 0 0 212
211 0 0 0 211
210 0 0 0 210
209 0 0 0 209
208 0 0 0 208

285



207 0 0 0 207
206 0 0 0 206
205 0 0 0 205
204 0 0 0 204
203 0 0 0 203
202 0 0 0 202
201 0 0 0 201
200 0 0 0 200
199 0 0 0 199
198 0 0 0 198
197 0 0 0 197
196 0 0 0 196
195 0 0 0 195
194 0 0 0 194
193 0 0 0 193
192 0 0 0 192
191 0 0 0 191
190 0 0 0 190
189 0 0 0 189
188 0 0 0 188
187 0 0 0 187
186 0 0 0 186
185 0 0 0 185
184 0 0 0 184
183 0 0 0 183
182 0 0 0 182
181 0 0 0 181
180 0 0 0 180
179 0 0 0 179
178 0 0 0 178
177 0 0 0 177
176 0 0 0 176
175 0 0 0 175
174 0 0 0 174
173 0 0 0 173
172 0 0 0 172
171 0 0 0 171
170 0 0 0 170
169 0 0 0 169
168 0 0 0 168
167 0 0 0 167
166 0 0 0 166
165 0 0 0 165
164 0 0 0 164
163 0 0 0 163
162 0 0 0 162
161 0 0 0 161
160 0 0 0 160
159 0 0 0 159

286



158 0 0 0 158
157 0 0 0 157
156 0 0 0 156
155 0 0 0 155
154 0 0 0 154
153 0 0 0 153
152 0 0 0 152
151 0 0 0 151
150 0 0 0 150
149 0 0 0 149
148 0 0 0 148
147 0 0 0 147
146 0 0 0 146
145 0 0 0 145
144 0 0 0 144
143 0 0 0 143
142 0 0 0 142
141 0 0 0 141
140 0 0 0 140
139 0 0 0 139
138 0 0 0 138
137 0 0 0 137
136 0 0 0 136
135 0 0 0 135
134 0 0 0 134
133 0 0 0 133
132 3 396 7.93911274 132
131 4 524 10.482053 131
130 4 520 10.380472 130
129 5 645 12.8508844 129
128 7 896 17.819771 128
127 8 1016 20.1729902 127
126 7 882 17.4859663 126
125 8 1000 19.7983 125
124 9 1116 22.0679317 124
123 5 615 12.1480081 123
122 10 1220 24.0760683 122
121 6 726 14.3159983 121
120 4 480 9.459088 120
119 12 1428 28.1269843 119
118 3 354 6.97026446 118
117 4 468 9.21312837 117
116 6 696 13.7009332 116
115 7 805 15.8482345 115
114 6 684 13.4694462 114
113 7 791 15.582722 113
112 4 448 8.83044621 112
111 8 888 17.5153968 111
110 13 1430 28.229942 110

287



109 8 872 17.2314515 109
108 14 1512 29.9125205 108
107 10 1070 21.1955721 107
106 13 1378 27.3359963 106
105 10 1050 20.862355 105
104 10 1040 20.6994858 104
103 10 1030 20.5389987 103
102 10 1020 20.3808107 102
101 14 1414 28.3147744 101
100 10 1000 20.071 100
99 5 495 9.95960558 99
98 20 1960 39.5387786 98
97 12 1164 23.5457416 97
96 13 1248 25.3179085 96
95 10 950 19.330895 95
94 13 1222 24.9445437 94
93 18 1674 34.2843802 93
92 17 1564 32.1420937 92
91 13 1183 24.3993563 91
90 18 1620 33.536988 90
89 14 1246 25.8941255 89
88 21 1848 38.5582774 88
87 12 1044 21.8729022 87
86 11 946 19.9041953 86
85 13 1105 23.3517895 85
84 20 1680 35.6638227 84
83 19 1577 33.6330953 83
82 26 2132 45.6871613 82
81 24 1944 41.8629515 81
80 25 2000 43.2857 80
79 16 1264 27.4976844 79
78 20 1560 34.1162634 78
77 28 2156 47.4052144 77
76 19 1444 31.9254641 76
75 21 1575 35.0182875 75
74 22 1628 36.405266 74
73 22 1606 36.124467 73
72 18 1296 29.3262918 72
71 24 1704 38.794275 71
70 19 1330 30.468058 70
69 36 2484 57.2649032 69
68 32 2176 50.4879708 68
67 15 1005 23.4711854 67
66 18 1188 27.9301188 66
65 24 1560 36.924564 65
64 22 1408 33.5563381 64
63 29 1827 43.8468037 63
62 27 1674 40.4602331 62
61 23 1403 34.1546551 61

288



60 34 2040 50.025016 60
59 30 1770 43.7260751 59
58 28 1624 40.4211418 58
57 32 1824 45.745434 57
56 30 1680 42.4597603 56
55 36 1980 50.434038 55
54 37 1998 51.2966881 54
53 37 1961 50.7518443 53
52 60 3120 81.4056403 52
51 49 2499 65.7411579 51
50 42 2100 55.7067 50
49 51 2499 66.8525093 49
48 48 2304 62.1647293 48
47 48 2256 61.3985631 47
46 52 2392 65.6728708 46
45 48 2160 59.831976 45
44 57 2508 70.099025 44
43 58 2494 70.3456125 43
42 54 2268 64.5642896 42
41 63 2583 74.2226917 41
40 69 2760 80.064564 40
39 53 2067 60.5408822 39
38 69 2622 77.5493793 38
37 85 3145 93.9434834 37
36 84 3024 91.2418671 36
35 90 3150 96.019335 35
34 93 3162 97.3910448 34
33 100 3300 102.720651 33
32 89 2848 89.609304 32
31 104 3224 102.557109 31
30 97 2910 93.608686 30
29 119 3451 112.285267 29
28 105 2940 96.7811006 28
27 107 2889 96.244678 27
26 127 3302 111.358678 26
25 143 3575 122.091613 25
24 157 3768 130.359803 24
23 154 3542 124.188808 23
22 151 3322 118.095595 22
21 172 3612 130.258442 21
20 195 3900 142.75794 20
19 227 4313 160.354651 19
18 184 3312 125.167231 18
17 206 3502 134.647634 17
16 238 3808 149.111204 16
15 233 3495 139.546846 15
14 265 3710 151.264251 14
13 262 3406 142.054919 13
12 308 3696 158.023328 12

289



11 283 3113 136.803729 11
10 416 4160 188.537024 10
9 445 4005 188.003705 9
8 354 2832 138.483316 8
7 454 3178 163.145995 7
6 919 5514 300.459463 6
5 10848 54240 3188.82926 5
4 236 944 61.4509487 4
3 0 0 0 3
2 0 0 0 2
1 0 0 0 1
0 0 0 0 0

20153 306105 10743.337
15.1890537 0.53308872

Weighted ag MTS Pressure swatch pres Unit conversionContact area MTS Pred Load
15.1890537 0.96799002 0.53308872 248000496 8.12619E-05 78.6607411
13.4510341 0.90924495 0.49175397 248000496 7.2137E-05 65.5901599
9.78887172 0.78546386 0.41364329 248000496 6.52216E-05 51.2292443
10.6570917 0.8148097 0.43313191 248000496 6.30281E-05 51.355907
20.4880918 1.1470975 0.6097767 248000496 5.55321E-05 63.7007871
34.5514277 1.62243826 0.89694128 248000496 1.3133E-05 21.3075437

72.1254505
6.53529056

9.06%

51.2925756
0.06333132

0.12%

290



hard silc-1
0 0 0 255 0
0 0 0 254 0
0 0 0 253 0
0 0 0 252 0
0 0 0 251 0
0 0 0 250 0
0 0 0 249 0
0 0 0 248 0
0 0 0 247 0
0 0 0 246 0
0 0 0 245 0
0 0 0 244 0
0 0 0 243 0
0 0 0 242 0
0 0 0 241 0
0 0 0 240 0
0 0 0 239 0
0 0 0 238 0
0 0 0 237 0
0 0 0 236 0
0 0 0 235 0
0 0 0 234 0
0 0 0 233 0
0 0 0 232 0
0 0 0 231 0
0 0 0 230 0
0 0 0 229 0
0 0 0 228 0
0 0 0 227 0
0 0 0 226 0
0 0 0 225 0
0 0 0 224 0
0 0 0 223 0
0 0 0 222 0
0 0 0 221 0
0 0 0 220 0
0 0 0 219 0
0 0 0 218 0
0 0 0 217 0
0 0 0 216 0
0 0 0 215 0
0 0 0 214 0
0 0 0 213 0
0 0 0 212 0
0 0 0 211 0
0 0 0 210 0
0 0 0 209 0
0 0 0 208 0

291



0 0 0 207 0
0 0 0 206 0
0 0 0 205 0
0 0 0 204 0
0 0 0 203 0
0 0 0 202 0
0 0 0 201 0
0 0 0 200 0
0 0 0 199 0
0 0 0 198 0
0 0 0 197 0
0 0 0 196 0
0 0 0 195 0
0 0 0 194 0
0 0 0 193 0
0 0 0 192 0
0 0 0 191 0
0 0 0 190 0
0 0 0 189 0
0 0 0 188 0
0 0 0 187 0
0 0 0 186 0
0 0 0 185 0
0 0 0 184 0
0 0 0 183 0
0 0 0 182 0
0 0 0 181 0
0 0 0 180 0
0 0 0 179 0
0 0 0 178 0
0 0 0 177 0
0 0 0 176 0
0 0 0 175 0
0 0 0 174 0
0 0 0 173 0
0 0 0 172 0
0 0 0 171 0
0 0 0 170 0
0 0 0 169 0
0 0 0 168 0
0 0 0 167 0
0 0 0 166 0
0 0 0 165 0
0 0 0 164 0
0 0 0 163 0
0 0 0 162 0
0 0 0 161 0
0 0 0 160 0
0 0 0 159 0

292



0 0 0 158 0
0 0 0 157 0
0 0 0 156 0
0 0 0 155 0
0 0 0 154 0
0 0 0 153 0
0 0 0 152 0
0 0 0 151 0
0 0 0 150 0
0 0 0 149 0
0 0 0 148 0
0 0 0 147 0
0 0 0 146 0
0 0 0 145 0
0 0 0 144 0
0 0 0 143 0
0 0 0 142 0
0 0 0 141 0
0 0 0 140 0
0 0 0 139 0
0 0 0 138 0
0 0 0 137 0
0 0 0 136 0
0 0 0 135 0
0 0 0 134 0
0 0 0 133 0
0 0 0 132 0
1 131 2.62051324 131 0
1 130 2.595118 130 0
1 129 2.57017688 129 0
3 384 7.6370447 128 0
4 508 10.0864951 127 0
2 252 4.99599037 126 0
6 750 14.848725 125 0
6 744 14.7119545 124 0
5 615 12.1480081 123 1
9 1098 21.6684615 122 0
5 605 11.9299986 121 1
2 240 4.729544 120 2
8 952 18.7513228 119 2

10 1180 23.2342149 118 1
6 702 13.8196926 117 2
8 928 18.2679109 116 2
8 920 18.112268 115 1
6 684 13.4694462 114 0
5 565 11.1305157 113 2
6 672 13.2456693 112 1

10 1110 21.894246 111 2
2 220 4.343068 110 1

293



12 1308 25.8471772 109 0
11 1188 23.5026947 108 0
7 749 14.8369005 107 3
5 530 10.5138447 106 0
7 735 14.6036485 105 0

14 1456 28.9792801 104 0
9 927 18.4850988 103 0

10 1020 20.3808107 102 2
11 1111 22.2473227 101 1
13 1300 26.0923 100 8
7 693 13.9434478 99 3

13 1274 25.7002061 98 3
6 582 11.7728708 97 1
7 672 13.63272 96 2

12 1140 23.197074 95 3
11 1034 21.1069216 94 3
3 279 5.71406336 93 3

15 1380 28.3606709 92 4
13 1183 24.3993563 91 4
12 1080 22.357992 90 4
9 801 16.6462236 89 6

12 1056 22.0333014 88 4
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11 913 19.471792 83 6
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67 2010 64.657546 30 49
57 1653 53.7836995 29 60
67 1876 61.7555595 28 51
78 2106 70.1596718 27 61
97 2522 85.0534784 26 57
89 2225 75.9870875 25 70

111 2664 92.165211 24 84
116 2668 93.544816 23 82
91 2002 71.1701929 22 58

131 2751 99.2084646 21 88
138 2760 101.028696 20 94
132 2508 93.2458766 19 104
142 2556 96.5964497 18 97
148 2516 96.7371352 17 97
156 2496 97.7367556 16 133
148 2220 88.639198 15 149
190 2660 108.453614 14 142
197 2561 106.812287 13 149
223 2676 114.412994 12 163
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253 2783 122.301567 11 205
289 2890 130.978846 10 217
427 3843 180.399061 9 244
312 2496 122.053092 8 189
431 3017 154.88089 7 323
887 5322 289.997327 6 890

10643 53215 3128.56839 5 10909
223 892 58.0659388 4 397

0 0 0 3 0
0 0 0 2 0
0 0 0 1 0
0 0 0 0 0

17890 240639 8797.47854 16175
13.4510341 0.49175397

swatch predloadActual Load
43.3198205 43.022 0.69% 82.84%
35.4736328 43.022 -17.55% 52.46%
26.9784954 43.022 -37.29% 19.08%
27.2994812 43.022 -36.55% 19.37%
33.8622092 43.022
11.7795641 43.022

39.3967267
3.92309382

9.96%

27.1389883
0.16049287

0.59%
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hard silc-2
0 0 255 0 0
0 0 254 0 0
0 0 253 0 0
0 0 252 0 0
0 0 251 0 0
0 0 250 0 0
0 0 249 0 0
0 0 248 0 0
0 0 247 0 0
0 0 246 0 0
0 0 245 0 0
0 0 244 0 0
0 0 243 0 0
0 0 242 0 0
0 0 241 0 0
0 0 240 0 0
0 0 239 0 0
0 0 238 0 0
0 0 237 0 0
0 0 236 0 0
0 0 235 0 0
0 0 234 0 0
0 0 233 0 0
0 0 232 0 0
0 0 231 0 0
0 0 230 0 0
0 0 229 0 0
0 0 228 0 0
0 0 227 0 0
0 0 226 0 0
0 0 225 0 0
0 0 224 0 0
0 0 223 0 0
0 0 222 0 0
0 0 221 0 0
0 0 220 0 0
0 0 219 0 0
0 0 218 0 0
0 0 217 0 0
0 0 216 0 0
0 0 215 0 0
0 0 214 0 0
0 0 213 0 0
0 0 212 0 0
0 0 211 0 0
0 0 210 0 0
0 0 209 0 0
0 0 208 0 0
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0 0 207 0 0
0 0 206 0 0
0 0 205 0 0
0 0 204 0 0
0 0 203 0 0
0 0 202 0 0
0 0 201 0 0
0 0 200 0 0
0 0 199 0 0
0 0 198 0 0
0 0 197 0 0
0 0 196 0 0
0 0 195 0 0
0 0 194 0 0
0 0 193 0 0
0 0 192 0 0
0 0 191 0 0
0 0 190 0 0
0 0 189 0 0
0 0 188 0 0
0 0 187 0 0
0 0 186 0 0
0 0 185 0 0
0 0 184 0 0
0 0 183 0 0
0 0 182 0 0
0 0 181 0 0
0 0 180 0 0
0 0 179 0 0
0 0 178 0 0
0 0 177 0 0
0 0 176 0 0
0 0 175 0 0
0 0 174 0 0
0 0 173 0 0
0 0 172 0 0
0 0 171 0 0
0 0 170 0 0
0 0 169 0 0
0 0 168 0 0
0 0 167 0 0
0 0 166 0 0
0 0 165 0 0
0 0 164 0 0
0 0 163 0 0
0 0 162 0 0
0 0 161 0 0
0 0 160 0 0
0 0 159 0 0
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0 0 158 0 0
0 0 157 0 0
0 0 156 0 0
0 0 155 0 0
0 0 154 0 0
0 0 153 0 0
0 0 152 0 0
0 0 151 0 0
0 0 150 0 0
0 0 149 0 0
0 0 148 0 0
0 0 147 0 0
0 0 146 0 0
0 0 145 0 0
0 0 144 0 0
0 0 143 0 0
0 0 142 0 0
0 0 141 0 0
0 0 140 0 0
0 0 139 0 0
0 0 138 0 0
0 0 137 0 0
0 0 136 0 0
0 0 135 0 0
0 0 134 0 0
0 0 133 0 0
0 0 132 0 0
0 0 131 0 0
0 0 130 1 130
0 0 129 0 0
0 0 128 0 0
0 0 127 0 0
0 0 126 0 0
0 0 125 0 0
0 0 124 0 0

123 2.42960163 123 0 0
0 0 122 0 0

121 2.38599972 121 1 121
240 4.729544 120 0 0
238 4.68783071 119 1 119
118 2.32342149 118 1 118
234 4.60656418 117 3 351
232 4.56697773 116 0 0
115 2.2640335 115 2 230

0 0 114 0 0
226 4.4522063 113 2 226
112 2.20761155 112 1 112
222 4.37884921 111 0 0
110 2.171534 110 1 110
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0 0 109 0 0
0 0 108 2 216

321 6.35867164 107 0 0
0 0 106 6 636
0 0 105 1 105
0 0 104 6 624
0 0 103 4 412

204 4.07616214 102 6 612
101 2.02248388 101 3 303
800 16.0568 100 4 400
297 5.97576335 99 1 99
294 5.93081678 98 3 294
97 1.96214513 97 4 388

192 3.89506285 96 6 576
285 5.7992685 95 5 475
282 5.75643317 94 7 658
279 5.71406336 93 7 651
368 7.56284557 92 8 736
364 7.50749426 91 12 1092
360 7.452664 90 1 90
534 11.0974824 89 6 534
352 7.34443379 88 3 264
522 10.9364511 87 8 696
258 5.42841691 86 6 516
425 8.9814575 85 7 595
588 12.482338 84 12 1008
498 10.6209774 83 6 498
656 14.0575881 82 8 656
243 5.23286893 81 9 729
400 8.65714 80 12 960
395 8.59302638 79 5 395
312 6.82325267 78 5 390
770 16.9304337 77 9 693
228 5.04086275 76 9 684
600 13.3403 75 7 525
370 8.27392408 74 11 814
657 14.7781911 73 4 292
216 4.8877153 72 10 720
213 4.84928437 71 6 426
490 11.225074 70 8 560
621 14.3162258 69 3 207
748 17.35524 68 7 476
670 15.6474569 67 9 603
396 9.31003958 66 8 528
390 9.231141 65 9 585
384 9.15172858 64 19 1216

1134 27.2152575 63 9 567
992 23.9764344 62 11 682
671 16.334835 61 20 1220
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1080 26.483832 60 13 780
590 14.5753584 59 19 1121
638 15.8797343 58 17 986
741 18.5840826 57 17 969
672 16.9839041 56 25 1400
660 16.811346 55 13 715
972 24.9551456 54 17 918
742 19.2034006 53 20 1060
780 20.3514101 52 31 1612

1071 28.174782 51 22 1122
900 23.8743 50 19 950

1029 27.5275038 49 23 1127
672 18.1313794 48 25 1200

1081 29.4201448 47 22 1034
1196 32.8364354 46 11 506
765 21.1904915 45 27 1215

1232 34.4346088 44 19 836
774 21.831397 43 24 1032

1218 34.6734148 42 23 966
1189 34.166001 41 32 1312
1520 44.093528 40 30 1200
1131 33.1261431 39 26 1014
798 23.601985 38 32 1216

1480 44.2086981 37 41 1517
1332 40.18987 36 41 1476
1225 37.3408525 35 39 1365
1326 40.8414059 34 48 1632
1518 47.2514994 33 51 1683
1728 54.36969 32 44 1408
1302 41.4172938 31 41 1271
1470 47.286862 30 50 1500
1740 56.6144206 29 49 1421
1428 47.0079632 28 54 1512
1647 54.8684613 27 64 1728
1482 49.9798791 26 52 1352
1750 59.765125 25 57 1425
2016 69.7466461 24 79 1896
1886 66.1265079 23 70 1610
1276 45.3612219 22 78 1716
1848 66.6438541 21 83 1743
1880 68.816648 20 96 1920
1976 73.4664482 19 109 2071
1746 65.9848987 18 98 1764
1649 63.4020413 17 128 2176
2128 83.3268493 16 135 2160
2235 89.2381115 15 114 1710
1988 81.0548064 14 157 2198
1937 80.7869579 13 183 2379
1956 83.6292286 12 161 1932
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2255 99.0981078 11 224 2464
2170 98.347438 10 263 2630
2196 103.085178 9 359 3231
1512 73.9360077 8 260 2080
2261 116.070829 7 398 2786
5340 290.978152 6 1247 7482

54545 3206.76055 5 9505 47525
1588 103.372994 4 401 1604

0 0 3 0 0
0 0 2 0 0
0 0 1 0 0
0 0 0 0 0

158335 6690.68025 15631 166581
9.78887172 0.41364329 10.6570917
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steel-1
0 255 0 0 0
0 254 0 0 0
0 253 0 0 0
0 252 0 0 0
0 251 0 0 0
0 250 0 0 0
0 249 0 0 0
0 248 0 0 0
0 247 0 0 0
0 246 0 0 0
0 245 0 0 0
0 244 0 0 0
0 243 0 0 0
0 242 0 0 0
0 241 0 0 0
0 240 0 0 0
0 239 0 0 0
0 238 0 0 0
0 237 0 0 0
0 236 0 0 0
0 235 0 0 0
0 234 0 0 0
0 233 0 0 0
0 232 0 0 0
0 231 0 0 0
0 230 0 0 0
0 229 0 0 0
0 228 0 0 0
0 227 0 0 0
0 226 0 0 0
0 225 0 0 0
0 224 0 0 0
0 223 0 0 0
0 222 0 0 0
0 221 0 0 0
0 220 0 0 0
0 219 0 0 0
0 218 0 0 0
0 217 0 0 0
0 216 0 0 0
0 215 0 0 0
0 214 0 0 0
0 213 0 0 0
0 212 0 0 0
0 211 0 0 0
0 210 0 0 0
0 209 0 0 0
0 208 0 0 0
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0 207 0 0 0
0 206 0 0 0
0 205 0 0 0
0 204 0 0 0
0 203 0 0 0
0 202 0 0 0
0 201 0 0 0
0 200 0 0 0
0 199 0 0 0
0 198 0 0 0
0 197 0 0 0
0 196 0 0 0
0 195 0 0 0
0 194 0 0 0
0 193 0 0 0
0 192 0 0 0
0 191 0 0 0
0 190 0 0 0
0 189 0 0 0
0 188 0 0 0
0 187 0 0 0
0 186 0 0 0
0 185 0 0 0
0 184 0 0 0
0 183 0 0 0
0 182 0 0 0
0 181 0 0 0
0 180 0 0 0
0 179 0 0 0
0 178 0 0 0
0 177 0 0 0
0 176 0 0 0
0 175 0 0 0
0 174 0 0 0
0 173 0 0 0
0 172 0 0 0
0 171 0 0 0
0 170 0 0 0
0 169 0 0 0
0 168 0 0 0
0 167 0 0 0
0 166 0 0 0
0 165 0 0 0
0 164 0 0 0
0 163 0 0 0
0 162 0 0 0
0 161 0 0 0
0 160 0 0 0
0 159 0 0 0
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0 158 0 0 0
0 157 0 0 0
0 156 0 0 0
0 155 0 0 0
0 154 0 0 0
0 153 0 0 0
0 152 0 0 0
0 151 0 0 0
0 150 0 0 0
0 149 0 0 0
0 148 0 0 0
0 147 0 0 0
0 146 0 0 0
0 145 0 0 0
0 144 0 0 0
0 143 0 0 0
0 142 0 0 0
0 141 0 0 0
0 140 0 0 0
0 139 0 0 0
0 138 0 0 0
0 137 1 137 2.78288625
0 136 7 952 19.2821433
0 135 14 1890 38.175221
0 134 32 4288 86.3842156
0 133 50 6650 133.634965
0 132 74 9768 195.831447
0 131 71 9301 186.05644

2.595118 130 51 6630 132.351018
0 129 43 5547 110.517606
0 128 39 4992 99.2815812
0 127 23 2921 57.9973468
0 126 35 4410 87.4298314
0 125 28 3500 69.29405
0 124 32 3968 78.4637573
0 123 19 2337 46.1624309
0 122 28 3416 67.4129913

2.38599972 121 23 2783 54.8779937
0 120 28 3360 66.213616

2.34391536 119 10 1190 23.4391536
2.32342149 118 23 2714 53.4386942
6.90984628 117 17 1989 39.1557956

0 116 21 2436 47.9532661
4.528067 115 27 3105 61.1289045

0 114 26 2964 58.3676001
4.4522063 113 23 2599 51.2003724

2.20761155 112 18 2016 39.7370079
0 111 20 2220 43.7884921

2.171534 110 22 2420 47.773748
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0 109 13 1417 28.0011087
4.27321722 108 22 2376 47.0053894

0 107 13 1391 27.5542438
12.6166137 106 19 2014 39.9526099
2.0862355 105 19 1995 39.6384745

12.4196915 104 13 1352 26.9093315
8.21559947 103 10 1030 20.5389987
12.2284864 102 21 2142 42.7997025
6.06745165 101 18 1818 36.4047099

8.0284 100 15 1500 30.1065
1.99192112 99 21 2079 41.8303434
5.93081678 98 20 1960 39.5387786
7.84858053 97 21 2037 41.2050478
11.6851885 96 16 1536 31.1605028
9.6654475 95 18 1710 34.795611

13.4316774 94 13 1222 24.9445437
13.3328145 93 17 1581 32.3796924
15.1256911 92 12 1104 22.6885367
22.5224828 91 17 1547 31.9068506

1.863166 90 15 1350 27.94749
11.0974824 89 23 2047 42.5403491
5.50832534 88 12 1056 22.0333014
14.5819348 87 15 1305 27.3411278
10.8568338 86 14 1204 25.3326123
12.5740405 85 14 1190 25.148081
21.3982936 84 16 1344 28.5310582
10.6209774 83 20 1660 35.4032582
14.0575881 82 17 1394 29.8723747
15.6986068 81 11 891 19.1871861
20.777136 80 15 1200 25.97142

8.59302638 79 21 1659 36.0907108
8.52906584 78 18 1404 30.704637
15.2373903 77 20 1540 33.8608674
15.1225883 76 10 760 16.8028758
11.6727625 75 16 1200 26.6806
18.202633 74 10 740 16.5478482

6.56808491 73 17 1241 27.9143609
16.2923843 72 16 1152 26.0678149
9.69856874 71 15 1065 24.2464219
12.828656 70 14 980 22.450148

4.77207527 69 14 966 22.2696846
11.0442436 68 12 816 18.9329891
14.0827112 67 18 1206 28.1654225
12.4133861 66 13 858 20.1717524
13.8467115 65 17 1105 26.1548995
28.9804738 64 21 1344 32.03105
13.6076287 63 19 1197 28.7272162
16.4837987 62 21 1302 31.4690702
29.6997001 61 8 488 11.87988
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19.127212 60 9 540 13.241916
27.6931809 59 18 1062 26.235645
24.5414075 58 28 1624 40.4211418
24.3022618 57 22 1254 31.4499859
35.3831336 56 23 1288 32.5524829
18.2122915 55 21 1155 29.4198555
23.5687486 54 19 1026 26.3415425
27.4334294 53 23 1219 31.5484438
42.0595808 52 25 1300 33.9190168
29.5164382 51 34 1734 45.6163137

25.20065 50 25 1250 33.15875
30.1491709 49 25 1225 32.7708379
32.3774632 48 18 864 23.3117735
28.1410081 47 28 1316 35.8158285
13.8923381 46 30 1380 37.8881947
33.6554865 45 29 1305 36.1484855
23.3663417 44 32 1408 39.3538386
29.1085293 43 29 1247 35.1728063
27.4996048 42 25 1050 29.8908748
37.7004148 41 23 943 27.0971732

34.81068 40 31 1240 35.971036
29.6993007 39 38 1482 43.4066702
35.9649295 38 31 1178 34.8410255
45.3139155 37 33 1221 36.4721759
44.5347209 36 28 1008 30.4139557
41.6083785 35 25 875 26.6720375
50.2663457 34 33 1122 34.5581127
52.3875319 33 32 1056 32.8706083
44.3012289 32 37 1184 37.2533061
40.4311678 31 39 1209 38.4589157

48.2519 30 38 1140 36.671444
46.2351101 29 45 1305 42.4608154
49.7731375 28 38 1064 35.0255412
57.5669102 27 39 1053 35.0798359
45.5956792 26 37 962 32.4430794
48.6658875 25 46 1150 39.274225
65.5950601 24 53 1272 44.0068124
56.449458 23 69 1587 55.6430371

61.0030225 22 54 1188 42.2328617
62.8572715 21 67 1407 50.7402071
70.280832 20 76 1520 55.638992
76.998489 19 65 1235 45.9165301

66.6651554 18 69 1242 46.9377115
83.6645494 17 71 1207 46.4076797
84.5798846 16 90 1440 56.3865898
68.276139 15 90 1350 53.902215

89.6169339 14 103 1442 58.7932751
99.2215657 13 102 1326 55.3038235
82.6031031 12 112 1344 57.4630282
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108.28281 11 126 1386 60.9090809
119.195282 10 167 1670 75.686738
151.670405 9 219 1971 92.5231717
101.71091 8 170 1360 66.5032874
143.02226 7 199 1393 71.51113

407.696355 6 414 2484 135.353882
2794.04703 5 8701 43505 2557.70681
104.414536 4 104 416 27.0800791

0 3 0 0 0
0 2 0 0 0
0 1 0 0 0
0 0 0 0 0

6770.28487 13772 282162 8397.84469
0.43313191 20.4880918 0.6097767
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steel-2
255 0 0 0
254 0 0 0
253 0 0 0
252 0 0 0
251 0 0 0
250 0 0 0
249 0 0 0
248 0 0 0
247 0 0 0
246 0 0 0
245 0 0 0
244 0 0 0
243 0 0 0
242 0 0 0
241 0 0 0
240 0 0 0
239 0 0 0
238 0 0 0
237 0 0 0
236 0 0 0
235 0 0 0
234 0 0 0
233 0 0 0
232 0 0 0
231 0 0 0
230 0 0 0
229 0 0 0
228 0 0 0
227 0 0 0
226 0 0 0
225 0 0 0
224 0 0 0
223 0 0 0
222 0 0 0
221 0 0 0
220 0 0 0
219 0 0 0
218 0 0 0
217 0 0 0
216 0 0 0
215 0 0 0
214 0 0 0
213 0 0 0
212 0 0 0
211 0 0 0
210 0 0 0
209 0 0 0
208 0 0 0
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207 0 0 0
206 0 0 0
205 0 0 0
204 0 0 0
203 0 0 0
202 0 0 0
201 0 0 0
200 0 0 0
199 0 0 0
198 0 0 0
197 0 0 0
196 0 0 0
195 0 0 0
194 0 0 0
193 0 0 0
192 0 0 0
191 0 0 0
190 0 0 0
189 0 0 0
188 0 0 0
187 0 0 0
186 0 0 0
185 0 0 0
184 0 0 0
183 0 0 0
182 0 0 0
181 0 0 0
180 0 0 0
179 0 0 0
178 0 0 0
177 0 0 0
176 0 0 0
175 0 0 0
174 0 0 0
173 0 0 0
172 0 0 0
171 0 0 0
170 0 0 0
169 0 0 0
168 0 0 0
167 0 0 0
166 0 0 0
165 0 0 0
164 0 0 0
163 0 0 0
162 0 0 0
161 0 0 0
160 0 0 0
159 0 0 0
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158 0 0 0
157 0 0 0
156 0 0 0
155 0 0 0
154 0 0 0
153 0 0 0
152 0 0 0
151 0 0 0
150 0 0 0
149 0 0 0
148 0 0 0
147 0 0 0
146 0 0 0
145 0 0 0
144 0 0 0
143 0 0 0
142 0 0 0
141 0 0 0
140 1 140 2.870876
139 2 278 5.68203999
138 8 1104 22.4935428
137 25 3425 69.5721563
136 28 3808 77.1285733
135 43 5805 117.252465
134 31 4154 83.6847088
133 32 4256 85.5263779
132 52 6864 137.611287
131 36 4716 94.3384768
130 24 3120 62.282832
129 20 2580 51.4035375
128 10 1280 25.4568157
127 7 889 17.6513664
126 18 2268 44.9639133
125 6 750 14.848725
124 4 496 9.80796966
123 5 615 12.1480081
122 9 1098 21.6684615
121 6 726 14.3159983
120 11 1320 26.012492
119 11 1309 25.7830689
118 7 826 16.2639504
117 9 1053 20.7295388
116 5 580 11.4174443
115 8 920 18.112268
114 5 570 11.2245385
113 5 565 11.1305157
112 9 1008 19.868504
111 6 666 13.1365476
110 5 550 10.85767

311



109 5 545 10.7696572
108 3 324 6.40982582
107 1 107 2.11955721
106 8 848 16.8221516
105 7 735 14.6036485
104 1 104 2.06994858
103 5 515 10.2694993
102 6 612 12.2284864
101 3 303 6.06745165
100 6 600 12.0426
99 5 495 9.95960558
98 5 490 9.88469464
97 8 776 15.6971611
96 7 672 13.63272
95 4 380 7.732358
94 2 188 3.83762211
93 5 465 9.52343894
92 4 368 7.56284557
91 3 273 5.63062069
90 5 450 9.31583
89 7 623 12.9470628
88 7 616 12.8527591
87 8 696 14.5819348
86 3 258 5.42841691
85 3 255 5.3888745
84 6 504 10.6991468
83 3 249 5.31048872
82 4 328 7.02879405
81 3 243 5.23286893
80 2 160 3.462856
79 4 316 6.8744211
78 4 312 6.82325267
77 5 385 8.46521686
76 4 304 6.72115034
75 2 150 3.335075
74 8 592 13.2382785
73 1 73 1.64202123
72 8 576 13.0339075
71 6 426 9.69856874
70 4 280 6.414328
69 4 276 6.36276702
68 8 544 12.6219927
67 9 603 14.0827112
66 6 396 9.31003958
65 3 195 4.6155705
64 5 320 7.62644048
63 3 189 4.53587624
62 5 310 7.49263576
61 7 427 10.394895
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60 5 300 7.35662
59 7 413 10.2027509
58 4 232 5.77444883
57 6 342 8.57726887
56 9 504 12.7379281
55 10 550 14.009455
54 13 702 18.0231607
53 9 477 12.3450432
52 11 572 14.9243674
51 11 561 14.7582191
50 9 450 11.93715
49 12 588 15.7300022
48 5 240 6.47549264
47 8 376 10.2330939
46 10 460 12.6293982
45 15 675 18.6974925
44 9 396 11.0682671
43 2 86 2.42571078
42 11 462 13.1519849
41 14 574 16.4939315
40 10 400 11.60356
39 8 312 9.13824637
38 13 494 14.6107526
37 12 444 13.2626094
36 12 432 13.0345524
35 9 315 9.6019335
34 13 442 13.613802
33 14 462 14.3808911
32 14 448 14.0958456
31 12 372 11.8335125
30 17 510 16.405646
29 16 464 15.0971788
28 14 392 12.9041468
27 15 405 13.4922446
26 22 572 19.2904796
25 26 650 22.198475
24 16 384 13.2850755
23 17 391 13.7091541
22 27 594 21.1164309
21 30 630 22.7194957
20 33 660 24.159036
19 41 779 28.9627344
18 31 558 21.0879573
17 36 612 23.5306545
16 49 784 30.6993655
15 52 780 31.143502
14 54 756 30.8236588
13 44 572 23.8565513
12 66 792 33.8621416
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11 51 561 24.6536756
10 87 870 39.429618
9 166 1494 70.1317192
8 92 736 35.9900143
7 133 931 47.7938708
6 298 1788 97.4286397
5 817 4085 240.161644
4 27 108 7.03040515
3 0 0 0
2 0 0 0
1 0 0 0
0 0 0 0

3257 112534 2921.33775
34.5514277 0.89694128
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Title:   Sensate scaffold strain gauge calibration curves.
Approved By:____________________________________
Approved By:____________________________________
Author:_________________________________________

Purpose: The process for creating calibration curves from strain and applied load data
recorded during MTS loading of sensate scaffolds by preparing scatter plots using an
excel macro.

Scope:

Procedure:
1. Open the “Calibration macro.xls” macro.
2. Minimize the window by clicking on the yellow button at the top left corner of the

window.
3. Click “enable macros” button on the command prompt.
4. MTS data is written as a text file (.txt); however, it can be analyzed directly by

opening the file in Excell.  This can be done by clicking on “File-Open” at the top
of the program or simply by dragging the file to the Excell icon located at the
bottom of the screen.

5. Press option-apple-g simultaneously and wait one minute.
6. The macro will create tabs containing:

a. Raw data
b. Line graphs of strain and load data
c. Scatter plots of strain vs. load data including calibration equations and R2

values.

7.  When finished, close the macro but do not save any changes to the macro.

Trouble shooting:  There are two or more versions of Excell running on several machines.
Make sure that the version you opened the macro with is the same version you used to
open your data set.

315



temperature  72 humidity  27 Wednesday, September 24, 20032:14 PM
elapsed time (Sec)load stroke Strain Gauge 1 Strain Gauge 2

0.00E+00 2.15E+00 5.86E+01 -5.37E+01 0.00E+00 -3.83E+01
1.00E-02 2.12E+00 5.86E+01 -5.63E+01 0.00E+00 -5.01E+01
2.00E-02 2.14E+00 5.86E+01 -5.37E+01 0.00E+00 -3.95E+01
3.00E-02 2.10E+00 5.86E+01 -5.71E+01 0.00E+00 -5.21E+01
4.00E-02 2.11E+00 5.86E+01 -5.59E+01 0.00E+00 -4.97E+01
5.00E-02 2.14E+00 5.86E+01 -5.76E+01 0.00E+00 -4.34E+01
6.00E-02 2.07E+00 5.86E+01 -5.67E+01 0.00E+00 -4.26E+01
7.00E-02 2.14E+00 5.86E+01 -6.09E+01 0.00E+00 -3.83E+01
8.00E-02 2.12E+00 5.86E+01 -5.63E+01 0.00E+00 -4.78E+01
9.00E-02 2.07E+00 5.86E+01 -4.82E+01 0.00E+00 -4.78E+01
1.00E-01 2.12E+00 5.86E+01 -5.54E+01 0.00E+00 -3.63E+01
1.10E-01 2.13E+00 5.86E+01 -5.42E+01 0.00E+00 -5.25E+01
1.20E-01 2.11E+00 5.86E+01 -6.01E+01 0.00E+00 -3.87E+01
1.30E-01 2.13E+00 5.86E+01 -6.09E+01 0.00E+00 -4.82E+01
1.40E-01 2.09E+00 5.86E+01 -5.16E+01 0.00E+00 -4.74E+01
1.50E-01 2.12E+00 5.86E+01 -5.50E+01 0.00E+00 -3.59E+01
1.60E-01 2.10E+00 5.86E+01 -5.54E+01 0.00E+00 -4.86E+01
1.70E-01 2.18E+00 5.86E+01 -6.14E+01 0.00E+00 -3.39E+01
1.80E-01 2.04E+00 5.86E+01 -5.84E+01 0.00E+00 -4.58E+01
1.90E-01 2.12E+00 5.86E+01 -5.03E+01 0.00E+00 -4.86E+01
2.00E-01 2.20E+00 5.86E+01 -5.12E+01 0.00E+00 -4.30E+01
2.10E-01 2.14E+00 5.86E+01 -5.63E+01 0.00E+00 -4.86E+01
2.20E-01 2.17E+00 5.86E+01 -5.59E+01 0.00E+00 -4.30E+01
2.30E-01 2.09E+00 5.86E+01 -5.59E+01 0.00E+00 -4.22E+01
2.40E-01 2.08E+00 5.86E+01 -4.82E+01 0.00E+00 -4.22E+01
2.50E-01 2.14E+00 5.86E+01 -5.88E+01 0.00E+00 -4.02E+01
2.60E-01 2.06E+00 5.86E+01 -5.54E+01 0.00E+00 -4.82E+01
2.70E-01 2.18E+00 5.86E+01 -5.42E+01 0.00E+00 -4.30E+01
2.80E-01 2.15E+00 5.86E+01 -4.99E+01 0.00E+00 -4.22E+01
2.90E-01 2.12E+00 5.86E+01 -4.74E+01 0.00E+00 -4.66E+01
3.00E-01 2.20E+00 5.86E+01 -5.33E+01 0.00E+00 -4.54E+01
3.10E-01 2.09E+00 5.86E+01 -5.42E+01 0.00E+00 -5.21E+01
3.20E-01 2.14E+00 5.86E+01 -5.08E+01 0.00E+00 -3.35E+01
3.30E-01 2.08E+00 5.87E+01 -5.33E+01 0.00E+00 -5.73E+01
3.40E-01 2.12E+00 5.87E+01 -5.20E+01 0.00E+00 -4.46E+01
3.50E-01 2.18E+00 5.86E+01 -5.80E+01 0.00E+00 -3.79E+01
3.60E-01 2.10E+00 5.86E+01 -5.42E+01 0.00E+00 -4.97E+01
3.70E-01 2.21E+00 5.86E+01 -5.63E+01 0.00E+00 -3.75E+01
3.80E-01 2.17E+00 5.86E+01 -5.80E+01 0.00E+00 -5.13E+01
3.90E-01 2.09E+00 5.86E+01 -4.78E+01 0.00E+00 -5.25E+01
4.00E-01 2.17E+00 5.86E+01 -5.33E+01 0.00E+00 -4.94E+01
4.10E-01 2.07E+00 5.87E+01 -5.67E+01 0.00E+00 -5.57E+01
4.20E-01 2.17E+00 5.86E+01 -5.16E+01 0.00E+00 -4.30E+01
4.30E-01 2.12E+00 5.87E+01 -5.33E+01 0.00E+00 -5.41E+01
4.40E-01 2.15E+00 5.86E+01 -5.25E+01 0.00E+00 -5.65E+01
4.50E-01 2.17E+00 5.86E+01 -5.37E+01 0.00E+00 -4.22E+01
4.60E-01 2.15E+00 5.86E+01 -5.25E+01 0.00E+00 -5.33E+01

316



4.70E-01 2.23E+00 5.86E+01 -5.59E+01 0.00E+00 -4.14E+01
4.80E-01 2.14E+00 5.86E+01 -5.84E+01 0.00E+00 -5.09E+01
4.90E-01 2.08E+00 5.87E+01 -5.29E+01 0.00E+00 -5.25E+01
5.00E-01 2.23E+00 5.87E+01 -4.91E+01 0.00E+00 -4.62E+01
5.10E-01 2.17E+00 5.86E+01 -4.91E+01 0.00E+00 -5.61E+01
5.20E-01 2.21E+00 5.87E+01 -5.59E+01 0.00E+00 -4.42E+01
5.30E-01 2.16E+00 5.86E+01 -5.08E+01 0.00E+00 -5.41E+01
5.40E-01 2.18E+00 5.86E+01 -5.08E+01 0.00E+00 -5.17E+01
5.50E-01 2.23E+00 5.86E+01 -5.50E+01 0.00E+00 -4.74E+01
5.60E-01 2.18E+00 5.87E+01 -5.29E+01 0.00E+00 -5.37E+01
5.70E-01 2.22E+00 5.87E+01 -5.33E+01 0.00E+00 -4.26E+01
5.80E-01 2.16E+00 5.87E+01 -5.71E+01 0.00E+00 -5.53E+01
5.90E-01 2.16E+00 5.87E+01 -4.95E+01 0.00E+00 -5.17E+01
6.00E-01 2.19E+00 5.87E+01 -5.25E+01 0.00E+00 -4.58E+01
6.10E-01 2.12E+00 5.87E+01 -5.37E+01 0.00E+00 -5.29E+01
6.20E-01 2.23E+00 5.87E+01 -5.84E+01 0.00E+00 -4.10E+01
6.30E-01 2.18E+00 5.86E+01 -5.33E+01 0.00E+00 -5.65E+01
6.40E-01 2.16E+00 5.86E+01 -5.33E+01 0.00E+00 -4.74E+01
6.50E-01 2.17E+00 5.87E+01 -5.12E+01 0.00E+00 -4.78E+01
6.60E-01 2.11E+00 5.87E+01 -5.84E+01 0.00E+00 -5.21E+01
6.70E-01 2.24E+00 5.87E+01 -4.99E+01 0.00E+00 -3.83E+01
6.80E-01 2.10E+00 5.87E+01 -5.29E+01 0.00E+00 -5.57E+01
6.90E-01 2.13E+00 5.87E+01 -4.86E+01 0.00E+00 -5.29E+01
7.00E-01 2.23E+00 5.86E+01 -5.25E+01 0.00E+00 -4.82E+01
7.10E-01 2.17E+00 5.87E+01 -5.37E+01 0.00E+00 -5.69E+01
7.20E-01 2.21E+00 5.87E+01 -5.67E+01 0.00E+00 -4.78E+01
7.30E-01 2.18E+00 5.87E+01 -5.59E+01 0.00E+00 -5.53E+01
7.40E-01 2.12E+00 5.87E+01 -5.50E+01 0.00E+00 -5.21E+01
7.50E-01 2.18E+00 5.87E+01 -5.20E+01 0.00E+00 -5.01E+01
7.60E-01 2.12E+00 5.87E+01 -5.59E+01 0.00E+00 -5.25E+01
7.70E-01 2.21E+00 5.87E+01 -5.71E+01 0.00E+00 -4.42E+01
7.80E-01 2.19E+00 5.87E+01 -5.84E+01 0.00E+00 -5.33E+01
7.90E-01 2.10E+00 5.87E+01 -5.50E+01 0.00E+00 -5.37E+01
8.00E-01 2.26E+00 5.87E+01 -5.12E+01 0.00E+00 -4.34E+01
8.10E-01 2.16E+00 5.87E+01 -5.80E+01 0.00E+00 -5.13E+01
8.20E-01 2.20E+00 5.87E+01 -5.42E+01 0.00E+00 -3.95E+01
8.30E-01 2.16E+00 5.87E+01 -5.29E+01 0.00E+00 -5.33E+01
8.40E-01 2.17E+00 5.87E+01 -4.78E+01 0.00E+00 -5.81E+01
8.50E-01 2.18E+00 5.87E+01 -5.33E+01 0.00E+00 -4.82E+01
8.60E-01 2.18E+00 5.87E+01 -5.63E+01 0.00E+00 -5.77E+01
8.70E-01 2.24E+00 5.87E+01 -5.33E+01 0.00E+00 -4.30E+01
8.80E-01 2.15E+00 5.87E+01 -5.16E+01 0.00E+00 -5.21E+01
8.90E-01 2.20E+00 5.87E+01 -5.42E+01 0.00E+00 -5.57E+01
9.00E-01 2.21E+00 5.87E+01 -5.84E+01 0.00E+00 -4.18E+01
9.10E-01 2.13E+00 5.87E+01 -5.97E+01 0.00E+00 -5.25E+01
9.20E-01 2.18E+00 5.87E+01 -5.84E+01 0.00E+00 -4.10E+01
9.30E-01 2.14E+00 5.87E+01 -5.76E+01 0.00E+00 -4.78E+01
9.40E-01 2.19E+00 5.87E+01 -5.71E+01 0.00E+00 -5.37E+01
9.50E-01 2.24E+00 5.87E+01 -5.37E+01 0.00E+00 -5.21E+01
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9.60E-01 2.24E+00 5.86E+01 -5.63E+01 0.00E+00 -5.21E+01
9.70E-01 2.22E+00 5.87E+01 -5.80E+01 0.00E+00 -4.74E+01
9.80E-01 2.19E+00 5.87E+01 -5.76E+01 0.00E+00 -5.05E+01
9.90E-01 2.12E+00 5.87E+01 -4.82E+01 0.00E+00 -4.90E+01

1.00E+00 2.24E+00 5.87E+01 -5.84E+01 0.00E+00 -5.05E+01
1.01E+00 2.11E+00 5.87E+01 -5.76E+01 0.00E+00 -5.25E+01
1.02E+00 2.18E+00 5.87E+01 -5.80E+01 0.00E+00 -4.62E+01
1.03E+00 2.18E+00 5.87E+01 -5.50E+01 0.00E+00 -5.33E+01
1.04E+00 2.15E+00 5.87E+01 -5.37E+01 0.00E+00 -5.33E+01
1.05E+00 2.21E+00 5.87E+01 -5.54E+01 0.00E+00 -4.90E+01
1.06E+00 2.16E+00 5.87E+01 -6.18E+01 0.00E+00 -4.97E+01
1.07E+00 2.25E+00 5.87E+01 -5.25E+01 0.00E+00 -4.46E+01
1.08E+00 2.14E+00 5.87E+01 -5.88E+01 0.00E+00 -5.53E+01
1.09E+00 2.12E+00 5.87E+01 -4.99E+01 0.00E+00 -5.37E+01
1.10E+00 2.25E+00 5.87E+01 -5.54E+01 0.00E+00 -4.34E+01
1.11E+00 2.20E+00 5.87E+01 -5.88E+01 0.00E+00 -5.89E+01
1.12E+00 2.15E+00 5.87E+01 -5.50E+01 0.00E+00 -4.82E+01
1.13E+00 2.17E+00 5.87E+01 -5.54E+01 0.00E+00 -5.17E+01
1.14E+00 2.15E+00 5.86E+01 -5.63E+01 0.00E+00 -5.89E+01
1.15E+00 2.18E+00 5.87E+01 -5.25E+01 0.00E+00 -4.70E+01
1.16E+00 2.17E+00 5.87E+01 -5.50E+01 0.00E+00 -5.45E+01
1.17E+00 2.25E+00 5.87E+01 -5.46E+01 0.00E+00 -3.91E+01
1.18E+00 2.16E+00 5.87E+01 -5.63E+01 0.00E+00 -5.17E+01
1.19E+00 2.18E+00 5.87E+01 -5.20E+01 0.00E+00 -5.41E+01
1.20E+00 2.20E+00 5.87E+01 -5.67E+01 0.00E+00 -4.06E+01
1.21E+00 2.14E+00 5.87E+01 -5.42E+01 0.00E+00 -5.33E+01
1.22E+00 2.18E+00 5.87E+01 -5.50E+01 0.00E+00 -4.46E+01
1.23E+00 2.15E+00 5.87E+01 -6.09E+01 0.00E+00 -5.49E+01
1.24E+00 2.16E+00 5.87E+01 -5.16E+01 0.00E+00 -5.25E+01
1.25E+00 2.17E+00 5.87E+01 -5.08E+01 0.00E+00 -4.58E+01
1.26E+00 2.14E+00 5.87E+01 -5.50E+01 0.00E+00 -5.01E+01
1.27E+00 2.21E+00 5.87E+01 -5.59E+01 0.00E+00 -4.90E+01
1.28E+00 2.23E+00 5.87E+01 -5.59E+01 0.00E+00 -5.37E+01
1.29E+00 2.09E+00 5.87E+01 -5.20E+01 0.00E+00 -5.93E+01
1.30E+00 2.23E+00 5.87E+01 -5.33E+01 0.00E+00 -4.22E+01
1.31E+00 2.14E+00 5.87E+01 -5.46E+01 0.00E+00 -5.13E+01
1.32E+00 2.23E+00 5.87E+01 -5.42E+01 0.00E+00 -4.26E+01
1.33E+00 2.15E+00 5.87E+01 -6.22E+01 0.00E+00 -4.38E+01
1.34E+00 2.15E+00 5.87E+01 -5.46E+01 0.00E+00 -5.89E+01
1.35E+00 2.17E+00 5.87E+01 -5.80E+01 0.00E+00 -3.98E+01
1.36E+00 2.15E+00 5.87E+01 -5.42E+01 0.00E+00 -5.57E+01
1.37E+00 2.23E+00 5.87E+01 -5.37E+01 0.00E+00 -4.14E+01
1.38E+00 2.17E+00 5.87E+01 -5.80E+01 0.00E+00 -4.82E+01
1.39E+00 2.14E+00 5.87E+01 -5.37E+01 0.00E+00 -4.82E+01
1.40E+00 2.23E+00 5.87E+01 -5.37E+01 0.00E+00 -4.02E+01
1.41E+00 2.15E+00 5.87E+01 -5.50E+01 0.00E+00 -5.17E+01
1.42E+00 2.17E+00 5.87E+01 -5.76E+01 0.00E+00 -3.51E+01
1.43E+00 2.20E+00 5.87E+01 -5.42E+01 0.00E+00 -5.21E+01
1.44E+00 2.17E+00 5.87E+01 -4.95E+01 0.00E+00 -5.37E+01
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1.45E+00 2.16E+00 5.87E+01 -5.08E+01 0.00E+00 -4.90E+01
1.46E+00 2.16E+00 5.87E+01 -5.42E+01 0.00E+00 -5.13E+01
1.47E+00 2.17E+00 5.87E+01 -5.37E+01 0.00E+00 -4.38E+01
1.48E+00 2.13E+00 5.87E+01 -5.88E+01 0.00E+00 -4.94E+01
1.49E+00 2.16E+00 5.87E+01 -5.03E+01 0.00E+00 -4.97E+01
1.50E+00 2.21E+00 5.87E+01 -5.88E+01 0.00E+00 -4.50E+01
1.51E+00 2.14E+00 5.87E+01 -5.88E+01 0.00E+00 -4.50E+01
1.52E+00 2.20E+00 5.87E+01 -5.97E+01 0.00E+00 -3.91E+01
1.53E+00 2.15E+00 5.87E+01 -5.84E+01 0.00E+00 -4.94E+01
1.54E+00 2.17E+00 5.87E+01 -5.42E+01 0.00E+00 -5.41E+01
1.55E+00 2.18E+00 5.87E+01 -5.84E+01 0.00E+00 -4.62E+01
1.56E+00 2.14E+00 5.87E+01 -5.59E+01 0.00E+00 -5.41E+01
1.57E+00 2.20E+00 5.87E+01 -5.37E+01 0.00E+00 -3.83E+01
1.58E+00 2.16E+00 5.87E+01 -5.92E+01 0.00E+00 -4.86E+01
1.59E+00 2.09E+00 5.87E+01 -5.63E+01 0.00E+00 -5.01E+01
1.60E+00 2.16E+00 5.87E+01 -5.67E+01 0.00E+00 -4.22E+01
1.61E+00 2.15E+00 5.87E+01 -6.05E+01 0.00E+00 -4.70E+01
1.62E+00 2.23E+00 5.87E+01 -5.63E+01 0.00E+00 -4.02E+01
1.63E+00 2.15E+00 5.87E+01 -5.67E+01 0.00E+00 -4.74E+01
1.64E+00 2.10E+00 5.87E+01 -5.50E+01 0.00E+00 -4.30E+01
1.65E+00 2.24E+00 5.87E+01 -5.29E+01 0.00E+00 -4.06E+01
1.66E+00 2.14E+00 5.87E+01 -5.37E+01 0.00E+00 -5.13E+01
1.67E+00 2.17E+00 5.87E+01 -5.63E+01 0.00E+00 -3.11E+01
1.68E+00 2.12E+00 5.87E+01 -5.80E+01 0.00E+00 -4.74E+01
1.69E+00 2.11E+00 5.87E+01 -5.20E+01 0.00E+00 -4.62E+01
1.70E+00 2.21E+00 5.87E+01 -5.76E+01 0.00E+00 -4.10E+01
1.71E+00 2.15E+00 5.87E+01 -6.22E+01 0.00E+00 -4.78E+01
1.72E+00 2.14E+00 5.87E+01 -6.26E+01 0.00E+00 -3.71E+01
1.73E+00 2.15E+00 5.87E+01 -5.84E+01 0.00E+00 -5.29E+01
1.74E+00 2.17E+00 5.87E+01 -5.25E+01 0.00E+00 -4.90E+01
1.75E+00 2.20E+00 5.87E+01 -5.63E+01 0.00E+00 -4.30E+01
1.76E+00 2.14E+00 5.87E+01 -5.88E+01 0.00E+00 -5.21E+01
1.77E+00 2.17E+00 5.87E+01 -5.59E+01 0.00E+00 -4.38E+01
1.78E+00 2.18E+00 5.87E+01 -6.18E+01 0.00E+00 -4.26E+01
1.79E+00 2.15E+00 5.87E+01 -5.46E+01 0.00E+00 -5.45E+01
1.80E+00 2.22E+00 5.87E+01 -5.80E+01 0.00E+00 -4.54E+01
1.81E+00 2.12E+00 5.87E+01 -6.43E+01 0.00E+00 -5.13E+01
1.82E+00 2.12E+00 5.87E+01 -5.59E+01 0.00E+00 -3.71E+01
1.83E+00 2.12E+00 5.87E+01 -5.80E+01 0.00E+00 -4.62E+01
1.84E+00 2.11E+00 5.87E+01 -5.33E+01 0.00E+00 -4.97E+01
1.85E+00 2.16E+00 5.87E+01 -5.54E+01 0.00E+00 -3.71E+01
1.86E+00 2.07E+00 5.87E+01 -5.97E+01 0.00E+00 -4.82E+01
1.87E+00 2.20E+00 5.87E+01 -6.01E+01 0.00E+00 -3.98E+01
1.88E+00 2.14E+00 5.87E+01 -5.67E+01 0.00E+00 -4.90E+01
1.89E+00 2.08E+00 5.86E+01 -5.50E+01 0.00E+00 -4.90E+01
1.90E+00 2.19E+00 5.87E+01 -5.54E+01 0.00E+00 -4.18E+01
1.91E+00 2.11E+00 5.86E+01 -5.97E+01 0.00E+00 -5.05E+01
1.92E+00 2.17E+00 5.87E+01 -5.92E+01 0.00E+00 -3.75E+01
1.93E+00 2.17E+00 5.87E+01 -5.84E+01 0.00E+00 -4.70E+01
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1.94E+00 2.14E+00 5.87E+01 -5.54E+01 0.00E+00 -4.82E+01
1.95E+00 2.18E+00 5.87E+01 -5.67E+01 0.00E+00 -3.87E+01
1.96E+00 2.11E+00 5.86E+01 -5.84E+01 0.00E+00 -4.62E+01
1.97E+00 2.17E+00 5.87E+01 -6.31E+01 0.00E+00 -4.06E+01
1.98E+00 2.09E+00 5.86E+01 -5.84E+01 0.00E+00 -3.98E+01
1.99E+00 2.15E+00 5.87E+01 -5.33E+01 0.00E+00 -4.46E+01
2.00E+00 2.15E+00 5.87E+01 -6.26E+01 0.00E+00 -3.95E+01
2.01E+00 2.07E+00 5.87E+01 -6.26E+01 0.00E+00 -4.74E+01
2.02E+00 2.15E+00 5.87E+01 -6.09E+01 0.00E+00 -3.43E+01
2.03E+00 2.07E+00 5.87E+01 -6.43E+01 0.00E+00 -3.98E+01
2.04E+00 2.09E+00 5.87E+01 -5.33E+01 0.00E+00 -4.10E+01
2.05E+00 2.17E+00 5.86E+01 -6.14E+01 0.00E+00 -3.43E+01
2.06E+00 2.17E+00 5.86E+01 -5.92E+01 0.00E+00 -5.09E+01
2.07E+00 2.09E+00 5.86E+01 -5.54E+01 0.00E+00 -4.02E+01
2.08E+00 2.12E+00 5.86E+01 -6.14E+01 0.00E+00 -4.26E+01
2.09E+00 2.07E+00 5.87E+01 -5.67E+01 0.00E+00 -4.94E+01
2.10E+00 2.18E+00 5.87E+01 -5.71E+01 0.00E+00 -3.51E+01
2.11E+00 2.16E+00 5.87E+01 -6.35E+01 0.00E+00 -4.42E+01
2.12E+00 2.14E+00 5.87E+01 -6.48E+01 0.00E+00 -3.59E+01
2.13E+00 2.13E+00 5.87E+01 -5.92E+01 0.00E+00 -4.94E+01
2.14E+00 2.07E+00 5.86E+01 -5.29E+01 0.00E+00 -4.34E+01
2.15E+00 2.12E+00 5.86E+01 -5.97E+01 0.00E+00 -3.31E+01
2.16E+00 2.11E+00 5.86E+01 -5.88E+01 0.00E+00 -4.50E+01
2.17E+00 2.15E+00 5.87E+01 -6.01E+01 0.00E+00 -3.83E+01
2.18E+00 2.09E+00 5.87E+01 -6.43E+01 0.00E+00 -4.38E+01
2.19E+00 2.11E+00 5.87E+01 -6.01E+01 0.00E+00 -4.06E+01
2.20E+00 2.14E+00 5.87E+01 -5.92E+01 0.00E+00 -4.02E+01
2.21E+00 2.08E+00 5.87E+01 -5.59E+01 0.00E+00 -4.02E+01
2.22E+00 2.17E+00 5.86E+01 -6.31E+01 0.00E+00 -3.31E+01
2.23E+00 2.11E+00 5.86E+01 -6.39E+01 0.00E+00 -4.62E+01
2.24E+00 2.04E+00 5.87E+01 -5.84E+01 0.00E+00 -4.42E+01
2.25E+00 2.16E+00 5.86E+01 -6.09E+01 0.00E+00 -3.03E+01
2.26E+00 2.06E+00 5.87E+01 -5.92E+01 0.00E+00 -4.66E+01
2.27E+00 2.17E+00 5.87E+01 -5.97E+01 0.00E+00 -4.02E+01
2.28E+00 2.04E+00 5.86E+01 -6.43E+01 0.00E+00 -3.91E+01
2.29E+00 2.04E+00 5.87E+01 -6.01E+01 0.00E+00 -4.30E+01
2.30E+00 2.13E+00 5.87E+01 -6.05E+01 0.00E+00 -3.15E+01
2.31E+00 2.13E+00 5.86E+01 -6.82E+01 0.00E+00 -3.91E+01
2.32E+00 2.14E+00 5.86E+01 -6.31E+01 0.00E+00 -3.15E+01
2.33E+00 2.11E+00 5.86E+01 -5.84E+01 0.00E+00 -3.55E+01
2.34E+00 2.07E+00 5.87E+01 -5.59E+01 0.00E+00 -4.18E+01
2.35E+00 2.13E+00 5.87E+01 -5.97E+01 0.00E+00 -2.99E+01
2.36E+00 2.07E+00 5.87E+01 -6.73E+01 0.00E+00 -3.27E+01
2.37E+00 2.07E+00 5.87E+01 -6.69E+01 0.00E+00 -2.80E+01
2.38E+00 2.03E+00 5.86E+01 -6.43E+01 0.00E+00 -3.39E+01
2.39E+00 2.08E+00 5.86E+01 -5.67E+01 0.00E+00 -4.26E+01
2.40E+00 2.12E+00 5.86E+01 -6.22E+01 0.00E+00 -3.15E+01
2.41E+00 2.09E+00 5.86E+01 -6.52E+01 0.00E+00 -3.98E+01
2.42E+00 2.13E+00 5.86E+01 -6.31E+01 0.00E+00 -3.35E+01
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2.43E+00 2.00E+00 5.86E+01 -5.50E+01 0.00E+00 -3.63E+01
2.44E+00 2.09E+00 5.87E+01 -5.80E+01 0.00E+00 -3.83E+01
2.45E+00 2.17E+00 5.87E+01 -6.43E+01 0.00E+00 -3.59E+01
2.46E+00 2.08E+00 5.86E+01 -6.14E+01 0.00E+00 -3.55E+01
2.47E+00 2.08E+00 5.86E+01 -6.69E+01 0.00E+00 -3.23E+01
2.48E+00 2.06E+00 5.86E+01 -6.56E+01 0.00E+00 -3.55E+01
2.49E+00 2.07E+00 5.86E+01 -6.09E+01 0.00E+00 -3.11E+01
2.50E+00 2.08E+00 5.86E+01 -6.09E+01 0.00E+00 -2.92E+01
2.51E+00 2.09E+00 5.86E+01 -6.56E+01 0.00E+00 -3.31E+01
2.52E+00 2.09E+00 5.86E+01 -6.94E+01 0.00E+00 -2.72E+01
2.53E+00 2.01E+00 5.87E+01 -6.35E+01 0.00E+00 -3.11E+01
2.54E+00 2.03E+00 5.86E+01 -6.18E+01 0.00E+00 -4.14E+01
2.55E+00 2.11E+00 5.86E+01 -6.48E+01 0.00E+00 -3.07E+01
2.56E+00 2.08E+00 5.86E+01 -6.43E+01 0.00E+00 -3.27E+01
2.57E+00 2.12E+00 5.86E+01 -6.48E+01 0.00E+00 -2.76E+01
2.58E+00 1.99E+00 5.86E+01 -6.94E+01 0.00E+00 -2.48E+01
2.59E+00 2.03E+00 5.86E+01 -6.18E+01 0.00E+00 -3.31E+01
2.60E+00 2.03E+00 5.87E+01 -6.35E+01 0.00E+00 -2.60E+01
2.61E+00 2.05E+00 5.86E+01 -7.07E+01 0.00E+00 -2.88E+01
2.62E+00 2.09E+00 5.86E+01 -6.05E+01 0.00E+00 -2.28E+01
2.63E+00 2.03E+00 5.86E+01 -6.73E+01 0.00E+00 -3.43E+01
2.64E+00 2.06E+00 5.86E+01 -6.52E+01 0.00E+00 -2.84E+01
2.65E+00 2.14E+00 5.86E+01 -6.86E+01 0.00E+00 -1.81E+01
2.66E+00 1.97E+00 5.86E+01 -7.03E+01 0.00E+00 -2.84E+01
2.67E+00 2.06E+00 5.86E+01 -6.56E+01 0.00E+00 -2.96E+01
2.68E+00 2.04E+00 5.86E+01 -6.86E+01 0.00E+00 -2.24E+01
2.69E+00 2.01E+00 5.86E+01 -6.73E+01 0.00E+00 -3.23E+01
2.70E+00 2.09E+00 5.86E+01 -6.60E+01 0.00E+00 -2.68E+01
2.71E+00 2.01E+00 5.86E+01 -7.11E+01 0.00E+00 -3.07E+01
2.72E+00 2.08E+00 5.86E+01 -7.28E+01 0.00E+00 -1.81E+01
2.73E+00 2.00E+00 5.86E+01 -7.15E+01 0.00E+00 -3.23E+01
2.74E+00 1.97E+00 5.86E+01 -6.43E+01 0.00E+00 -2.76E+01
2.75E+00 2.06E+00 5.86E+01 -7.11E+01 0.00E+00 -1.21E+01
2.76E+00 1.92E+00 5.86E+01 -6.94E+01 0.00E+00 -2.28E+01
2.77E+00 2.01E+00 5.86E+01 -6.99E+01 0.00E+00 -1.73E+01
2.78E+00 1.99E+00 5.86E+01 -7.24E+01 0.00E+00 -2.44E+01
2.79E+00 2.00E+00 5.86E+01 -6.77E+01 0.00E+00 -2.44E+01
2.80E+00 2.04E+00 5.86E+01 -6.73E+01 0.00E+00 -1.45E+01
2.81E+00 1.98E+00 5.86E+01 -7.07E+01 0.00E+00 -2.56E+01
2.82E+00 2.02E+00 5.86E+01 -7.49E+01 0.00E+00 -2.28E+01
2.83E+00 2.00E+00 5.86E+01 -7.11E+01 0.00E+00 -2.84E+01
2.84E+00 1.96E+00 5.86E+01 -6.82E+01 0.00E+00 -2.99E+01
2.85E+00 2.05E+00 5.86E+01 -7.07E+01 0.00E+00 -1.01E+01
2.86E+00 1.98E+00 5.86E+01 -7.03E+01 0.00E+00 -2.56E+01
2.87E+00 2.01E+00 5.86E+01 -7.37E+01 0.00E+00 -1.69E+01
2.88E+00 1.98E+00 5.86E+01 -7.41E+01 0.00E+00 -2.04E+01
2.89E+00 1.98E+00 5.86E+01 -6.86E+01 0.00E+00 -2.80E+01
2.90E+00 2.05E+00 5.86E+01 -7.07E+01 0.00E+00 -1.13E+01
2.91E+00 1.96E+00 5.86E+01 -7.71E+01 0.00E+00 -2.40E+01
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2.92E+00 2.00E+00 5.86E+01 -7.41E+01 0.00E+00 -1.09E+01
2.93E+00 1.92E+00 5.86E+01 -6.94E+01 0.00E+00 -2.32E+01
2.94E+00 1.96E+00 5.86E+01 -7.20E+01 0.00E+00 -2.44E+01
2.95E+00 2.03E+00 5.86E+01 -7.75E+01 0.00E+00 -7.37E+00
2.96E+00 2.01E+00 5.86E+01 -7.41E+01 0.00E+00 -2.08E+01
2.97E+00 1.95E+00 5.86E+01 -7.45E+01 0.00E+00 -1.05E+01
2.98E+00 1.97E+00 5.86E+01 -7.75E+01 0.00E+00 -1.13E+01
2.99E+00 1.95E+00 5.86E+01 -7.03E+01 0.00E+00 -2.12E+01
3.00E+00 2.00E+00 5.86E+01 -7.15E+01 0.00E+00 -1.05E+01
3.01E+00 1.93E+00 5.86E+01 -7.66E+01 0.00E+00 -1.33E+01
3.02E+00 2.01E+00 5.86E+01 -7.32E+01 0.00E+00 -8.56E+00
3.03E+00 1.89E+00 5.86E+01 -7.24E+01 0.00E+00 -1.41E+01
3.04E+00 1.92E+00 5.86E+01 -7.41E+01 0.00E+00 -1.89E+01
3.05E+00 1.98E+00 5.86E+01 -7.88E+01 0.00E+00 -7.37E+00
3.06E+00 1.93E+00 5.86E+01 -7.71E+01 0.00E+00 -1.65E+01
3.07E+00 1.96E+00 5.86E+01 -8.26E+01 0.00E+00 1.50E-01
3.08E+00 1.93E+00 5.85E+01 -7.92E+01 0.00E+00 -1.41E+01
3.09E+00 1.92E+00 5.85E+01 -7.88E+01 0.00E+00 -2.32E+01
3.10E+00 1.89E+00 5.86E+01 -7.54E+01 0.00E+00 -8.56E+00
3.11E+00 1.92E+00 5.86E+01 -7.79E+01 0.00E+00 -1.61E+01
3.12E+00 1.92E+00 5.86E+01 -8.05E+01 0.00E+00 -2.46E-01
3.13E+00 1.89E+00 5.86E+01 -8.13E+01 0.00E+00 -1.17E+01
3.14E+00 1.90E+00 5.85E+01 -7.54E+01 0.00E+00 -1.09E+01
3.15E+00 1.95E+00 5.85E+01 -7.32E+01 0.00E+00 -3.81E+00
3.16E+00 1.92E+00 5.85E+01 -8.00E+01 0.00E+00 -1.85E+01
3.17E+00 1.96E+00 5.85E+01 -8.09E+01 0.00E+00 -6.42E-01
3.18E+00 1.93E+00 5.85E+01 -8.34E+01 0.00E+00 -6.98E+00
3.19E+00 1.88E+00 5.85E+01 -7.66E+01 0.00E+00 -8.56E+00
3.20E+00 1.89E+00 5.86E+01 -7.62E+01 0.00E+00 3.32E+00
3.21E+00 1.95E+00 5.86E+01 -8.17E+01 0.00E+00 -7.77E+00
3.22E+00 1.96E+00 5.85E+01 -7.96E+01 0.00E+00 1.50E-01
3.23E+00 1.87E+00 5.85E+01 -8.17E+01 0.00E+00 -6.19E+00
3.24E+00 1.85E+00 5.85E+01 -7.66E+01 0.00E+00 -3.81E+00
3.25E+00 1.92E+00 5.85E+01 -8.21E+01 0.00E+00 -6.42E-01
3.26E+00 1.87E+00 5.85E+01 -8.34E+01 0.00E+00 -1.17E+01
3.27E+00 1.92E+00 5.86E+01 -8.00E+01 0.00E+00 -1.04E+00
3.28E+00 1.82E+00 5.86E+01 -8.34E+01 0.00E+00 -3.02E+00
3.29E+00 1.87E+00 5.86E+01 -7.62E+01 0.00E+00 -6.58E+00
3.30E+00 1.95E+00 5.86E+01 -8.47E+01 0.00E+00 -1.43E+00
3.31E+00 1.86E+00 5.85E+01 -8.47E+01 0.00E+00 -6.42E-01
3.32E+00 1.85E+00 5.85E+01 -8.38E+01 0.00E+00 9.43E-01
3.33E+00 1.93E+00 5.85E+01 -8.81E+01 0.00E+00 -8.56E+00
3.34E+00 1.84E+00 5.85E+01 -7.96E+01 0.00E+00 2.53E+00
3.35E+00 1.90E+00 5.85E+01 -8.55E+01 0.00E+00 5.30E+00
3.36E+00 1.79E+00 5.85E+01 -8.94E+01 0.00E+00 -1.43E+00
3.37E+00 1.88E+00 5.85E+01 -8.51E+01 0.00E+00 1.32E+01
3.38E+00 1.87E+00 5.85E+01 -8.72E+01 0.00E+00 3.32E+00
3.39E+00 1.82E+00 5.85E+01 -8.30E+01 0.00E+00 -4.21E+00
3.40E+00 1.91E+00 5.85E+01 -8.21E+01 0.00E+00 9.26E+00
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3.41E+00 1.85E+00 5.85E+01 -8.60E+01 0.00E+00 -3.41E+00
3.42E+00 1.87E+00 5.85E+01 -8.77E+01 0.00E+00 3.32E+00
3.43E+00 1.87E+00 5.85E+01 -8.51E+01 0.00E+00 -3.02E+00
3.44E+00 1.82E+00 5.85E+01 -8.21E+01 0.00E+00 2.13E+00
3.45E+00 1.87E+00 5.85E+01 -8.51E+01 0.00E+00 1.04E+01
3.46E+00 1.78E+00 5.85E+01 -9.02E+01 0.00E+00 4.51E+00
3.47E+00 1.86E+00 5.85E+01 -9.06E+01 0.00E+00 8.07E+00
3.48E+00 1.87E+00 5.85E+01 -8.68E+01 0.00E+00 3.71E+00
3.49E+00 1.78E+00 5.85E+01 -8.00E+01 0.00E+00 3.32E+00
3.50E+00 1.81E+00 5.85E+01 -8.43E+01 0.00E+00 6.88E+00
3.51E+00 1.79E+00 5.85E+01 -9.40E+01 0.00E+00 1.12E+01
3.52E+00 1.87E+00 5.85E+01 -8.64E+01 0.00E+00 1.80E+01
3.53E+00 1.78E+00 5.85E+01 -8.68E+01 0.00E+00 3.32E+00
3.54E+00 1.82E+00 5.85E+01 -8.38E+01 0.00E+00 7.68E+00
3.55E+00 1.85E+00 5.85E+01 -9.11E+01 0.00E+00 1.52E+01
3.56E+00 1.73E+00 5.85E+01 -9.02E+01 0.00E+00 1.04E+01
3.57E+00 1.89E+00 5.85E+01 -9.36E+01 0.00E+00 1.64E+01
3.58E+00 1.83E+00 5.85E+01 -9.32E+01 0.00E+00 7.68E+00
3.59E+00 1.81E+00 5.85E+01 -8.64E+01 0.00E+00 5.69E+00
3.60E+00 1.83E+00 5.85E+01 -8.34E+01 0.00E+00 1.76E+01
3.61E+00 1.74E+00 5.85E+01 -8.60E+01 0.00E+00 6.09E+00
3.62E+00 1.76E+00 5.85E+01 -8.81E+01 0.00E+00 1.48E+01
3.63E+00 1.77E+00 5.85E+01 -9.36E+01 0.00E+00 1.04E+01
3.64E+00 1.78E+00 5.85E+01 -8.98E+01 0.00E+00 1.20E+01
3.65E+00 1.83E+00 5.85E+01 -9.15E+01 0.00E+00 1.72E+01
3.66E+00 1.72E+00 5.85E+01 -9.57E+01 0.00E+00 8.07E+00
3.67E+00 1.84E+00 5.84E+01 -9.02E+01 0.00E+00 2.07E+01
3.68E+00 1.82E+00 5.85E+01 -9.74E+01 0.00E+00 9.66E+00
3.69E+00 1.78E+00 5.85E+01 -9.40E+01 0.00E+00 8.07E+00
3.70E+00 1.77E+00 5.85E+01 -8.89E+01 0.00E+00 1.64E+01
3.71E+00 1.78E+00 5.85E+01 -9.36E+01 0.00E+00 9.26E+00
3.72E+00 1.74E+00 5.85E+01 -9.78E+01 0.00E+00 2.31E+01
3.73E+00 1.76E+00 5.85E+01 -9.40E+01 0.00E+00 1.32E+01
3.74E+00 1.74E+00 5.85E+01 -9.15E+01 0.00E+00 2.15E+01
3.75E+00 1.78E+00 5.85E+01 -9.66E+01 0.00E+00 2.75E+01
3.76E+00 1.71E+00 5.84E+01 -9.87E+01 0.00E+00 1.24E+01
3.77E+00 1.73E+00 5.85E+01 -9.83E+01 0.00E+00 2.03E+01
3.78E+00 1.77E+00 5.85E+01 -9.74E+01 0.00E+00 1.76E+01
3.79E+00 1.68E+00 5.85E+01 -9.53E+01 0.00E+00 1.24E+01
3.80E+00 1.74E+00 5.85E+01 -9.06E+01 0.00E+00 2.19E+01
3.81E+00 1.68E+00 5.85E+01 -9.61E+01 0.00E+00 1.84E+01
3.82E+00 1.77E+00 5.85E+01 -1.01E+02 0.00E+00 3.06E+01
3.83E+00 1.72E+00 5.84E+01 -1.00E+02 0.00E+00 1.80E+01
3.84E+00 1.72E+00 5.84E+01 -9.44E+01 0.00E+00 1.56E+01
3.85E+00 1.74E+00 5.84E+01 -9.87E+01 0.00E+00 2.83E+01
3.86E+00 1.62E+00 5.85E+01 -9.66E+01 0.00E+00 2.19E+01
3.87E+00 1.71E+00 5.85E+01 -1.02E+02 0.00E+00 2.75E+01
3.88E+00 1.70E+00 5.85E+01 -1.00E+02 0.00E+00 2.35E+01
3.89E+00 1.65E+00 5.85E+01 -9.53E+01 0.00E+00 2.59E+01
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3.90E+00 1.71E+00 5.85E+01 -1.00E+02 0.00E+00 2.51E+01
3.91E+00 1.67E+00 5.84E+01 -9.83E+01 0.00E+00 2.19E+01
3.92E+00 1.73E+00 5.84E+01 -1.07E+02 0.00E+00 2.99E+01
3.93E+00 1.63E+00 5.84E+01 -1.03E+02 0.00E+00 2.39E+01
3.94E+00 1.68E+00 5.84E+01 -9.53E+01 0.00E+00 2.31E+01
3.95E+00 1.74E+00 5.84E+01 -1.04E+02 0.00E+00 3.38E+01
3.96E+00 1.66E+00 5.84E+01 -1.05E+02 0.00E+00 3.14E+01
3.97E+00 1.70E+00 5.84E+01 -9.66E+01 0.00E+00 3.18E+01
3.98E+00 1.64E+00 5.84E+01 -1.04E+02 0.00E+00 2.79E+01
3.99E+00 1.67E+00 5.84E+01 -9.95E+01 0.00E+00 2.63E+01
4.00E+00 1.67E+00 5.84E+01 -1.05E+02 0.00E+00 3.18E+01
4.01E+00 1.60E+00 5.84E+01 -1.08E+02 0.00E+00 2.39E+01
4.02E+00 1.74E+00 5.84E+01 -1.07E+02 0.00E+00 4.01E+01
4.03E+00 1.63E+00 5.84E+01 -1.04E+02 0.00E+00 2.67E+01
4.04E+00 1.65E+00 5.84E+01 -1.03E+02 0.00E+00 2.79E+01
4.05E+00 1.71E+00 5.84E+01 -1.08E+02 0.00E+00 4.37E+01
4.06E+00 1.62E+00 5.84E+01 -1.05E+02 0.00E+00 3.38E+01
4.07E+00 1.68E+00 5.84E+01 -1.10E+02 0.00E+00 4.25E+01
4.08E+00 1.60E+00 5.84E+01 -1.13E+02 0.00E+00 3.70E+01
4.09E+00 1.61E+00 5.84E+01 -1.04E+02 0.00E+00 2.99E+01
4.10E+00 1.66E+00 5.84E+01 -1.04E+02 0.00E+00 3.66E+01
4.11E+00 1.63E+00 5.84E+01 -1.07E+02 0.00E+00 3.38E+01
4.12E+00 1.64E+00 5.84E+01 -1.12E+02 0.00E+00 4.89E+01
4.13E+00 1.62E+00 5.84E+01 -1.11E+02 0.00E+00 3.14E+01
4.14E+00 1.62E+00 5.84E+01 -1.07E+02 0.00E+00 3.14E+01
4.15E+00 1.69E+00 5.84E+01 -1.11E+02 0.00E+00 3.82E+01
4.16E+00 1.56E+00 5.84E+01 -1.11E+02 0.00E+00 3.22E+01
4.17E+00 1.64E+00 5.84E+01 -1.09E+02 0.00E+00 4.77E+01
4.18E+00 1.63E+00 5.84E+01 -1.11E+02 0.00E+00 3.42E+01
4.19E+00 1.58E+00 5.84E+01 -1.05E+02 0.00E+00 3.54E+01
4.20E+00 1.63E+00 5.84E+01 -1.10E+02 0.00E+00 4.49E+01
4.21E+00 1.57E+00 5.84E+01 -1.09E+02 0.00E+00 3.66E+01
4.22E+00 1.64E+00 5.84E+01 -1.16E+02 0.00E+00 5.36E+01
4.23E+00 1.59E+00 5.84E+01 -1.11E+02 0.00E+00 4.21E+01
4.24E+00 1.60E+00 5.84E+01 -1.12E+02 0.00E+00 3.14E+01
4.25E+00 1.68E+00 5.84E+01 -1.08E+02 0.00E+00 4.69E+01
4.26E+00 1.56E+00 5.83E+01 -1.17E+02 0.00E+00 3.62E+01
4.27E+00 1.59E+00 5.84E+01 -1.16E+02 0.00E+00 4.97E+01
4.28E+00 1.56E+00 5.83E+01 -1.16E+02 0.00E+00 4.53E+01
4.29E+00 1.56E+00 5.84E+01 -1.17E+02 0.00E+00 4.65E+01
4.30E+00 1.64E+00 5.84E+01 -1.16E+02 0.00E+00 5.12E+01
4.31E+00 1.57E+00 5.84E+01 -1.13E+02 0.00E+00 4.49E+01
4.32E+00 1.62E+00 5.84E+01 -1.18E+02 0.00E+00 5.52E+01
4.33E+00 1.54E+00 5.83E+01 -1.22E+02 0.00E+00 4.17E+01
4.34E+00 1.56E+00 5.83E+01 -1.10E+02 0.00E+00 3.54E+01
4.35E+00 1.56E+00 5.83E+01 -1.20E+02 0.00E+00 5.40E+01
4.36E+00 1.56E+00 5.83E+01 -1.17E+02 0.00E+00 4.45E+01
4.37E+00 1.54E+00 5.84E+01 -1.19E+02 0.00E+00 5.20E+01
4.38E+00 1.49E+00 5.83E+01 -1.16E+02 0.00E+00 4.53E+01
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4.39E+00 1.53E+00 5.84E+01 -1.17E+02 0.00E+00 4.89E+01
4.40E+00 1.57E+00 5.84E+01 -1.18E+02 0.00E+00 5.44E+01
4.41E+00 1.50E+00 5.83E+01 -1.17E+02 0.00E+00 4.97E+01
4.42E+00 1.55E+00 5.83E+01 -1.19E+02 0.00E+00 5.88E+01
4.43E+00 1.49E+00 5.83E+01 -1.19E+02 0.00E+00 5.12E+01
4.44E+00 1.52E+00 5.83E+01 -1.14E+02 0.00E+00 4.77E+01
4.45E+00 1.59E+00 5.84E+01 -1.19E+02 0.00E+00 5.28E+01
4.46E+00 1.50E+00 5.83E+01 -1.22E+02 0.00E+00 4.93E+01
4.47E+00 1.55E+00 5.83E+01 -1.21E+02 0.00E+00 5.96E+01
4.48E+00 1.48E+00 5.83E+01 -1.23E+02 0.00E+00 5.04E+01
4.49E+00 1.49E+00 5.83E+01 -1.17E+02 0.00E+00 5.16E+01
4.50E+00 1.51E+00 5.83E+01 -1.25E+02 0.00E+00 6.59E+01
4.51E+00 1.54E+00 5.83E+01 -1.23E+02 0.00E+00 5.12E+01
4.52E+00 1.53E+00 5.83E+01 -1.28E+02 0.00E+00 6.19E+01
4.53E+00 1.46E+00 5.83E+01 -1.27E+02 0.00E+00 5.28E+01
4.54E+00 1.47E+00 5.83E+01 -1.20E+02 0.00E+00 5.24E+01
4.55E+00 1.50E+00 5.83E+01 -1.28E+02 0.00E+00 6.11E+01
4.56E+00 1.44E+00 5.83E+01 -1.26E+02 0.00E+00 5.52E+01
4.57E+00 1.49E+00 5.83E+01 -1.19E+02 0.00E+00 5.76E+01
4.58E+00 1.45E+00 5.83E+01 -1.30E+02 0.00E+00 6.00E+01
4.59E+00 1.46E+00 5.83E+01 -1.26E+02 0.00E+00 5.60E+01
4.60E+00 1.52E+00 5.83E+01 -1.20E+02 0.00E+00 7.10E+01
4.61E+00 1.43E+00 5.83E+01 -1.25E+02 0.00E+00 6.55E+01
4.62E+00 1.51E+00 5.83E+01 -1.30E+02 0.00E+00 7.26E+01
4.63E+00 1.43E+00 5.83E+01 -1.28E+02 0.00E+00 5.88E+01
4.64E+00 1.40E+00 5.83E+01 -1.24E+02 0.00E+00 6.07E+01
4.65E+00 1.50E+00 5.83E+01 -1.28E+02 0.00E+00 6.63E+01
4.66E+00 1.45E+00 5.83E+01 -1.33E+02 0.00E+00 6.47E+01
4.67E+00 1.48E+00 5.83E+01 -1.25E+02 0.00E+00 7.34E+01
4.68E+00 1.36E+00 5.83E+01 -1.32E+02 0.00E+00 6.47E+01
4.69E+00 1.39E+00 5.83E+01 -1.26E+02 0.00E+00 6.15E+01
4.70E+00 1.46E+00 5.83E+01 -1.29E+02 0.00E+00 7.82E+01
4.71E+00 1.40E+00 5.83E+01 -1.30E+02 0.00E+00 5.84E+01
4.72E+00 1.49E+00 5.83E+01 -1.30E+02 0.00E+00 7.18E+01
4.73E+00 1.42E+00 5.83E+01 -1.33E+02 0.00E+00 6.71E+01
4.74E+00 1.40E+00 5.83E+01 -1.24E+02 0.00E+00 5.92E+01
4.75E+00 1.53E+00 5.82E+01 -1.31E+02 0.00E+00 7.30E+01
4.76E+00 1.43E+00 5.82E+01 -1.33E+02 0.00E+00 6.67E+01
4.77E+00 1.43E+00 5.83E+01 -1.30E+02 0.00E+00 7.98E+01
4.78E+00 1.48E+00 5.83E+01 -1.30E+02 0.00E+00 6.75E+01
4.79E+00 1.35E+00 5.83E+01 -1.30E+02 0.00E+00 7.18E+01
4.80E+00 1.45E+00 5.83E+01 -1.34E+02 0.00E+00 8.09E+01
4.81E+00 1.38E+00 5.83E+01 -1.31E+02 0.00E+00 7.02E+01
4.82E+00 1.45E+00 5.83E+01 -1.38E+02 0.00E+00 7.66E+01
4.83E+00 1.40E+00 5.82E+01 -1.37E+02 0.00E+00 6.63E+01
4.84E+00 1.34E+00 5.82E+01 -1.33E+02 0.00E+00 7.34E+01
4.85E+00 1.43E+00 5.82E+01 -1.34E+02 0.00E+00 8.09E+01
4.86E+00 1.35E+00 5.82E+01 -1.33E+02 0.00E+00 7.26E+01
4.87E+00 1.41E+00 5.83E+01 -1.39E+02 0.00E+00 8.21E+01
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4.88E+00 1.40E+00 5.83E+01 -1.33E+02 0.00E+00 7.78E+01
4.89E+00 1.37E+00 5.83E+01 -1.34E+02 0.00E+00 7.78E+01
4.90E+00 1.44E+00 5.82E+01 -1.35E+02 0.00E+00 8.09E+01
4.91E+00 1.38E+00 5.82E+01 -1.39E+02 0.00E+00 7.46E+01
4.92E+00 1.39E+00 5.82E+01 -1.35E+02 0.00E+00 8.73E+01
4.93E+00 1.34E+00 5.82E+01 -1.45E+02 0.00E+00 7.34E+01
4.94E+00 1.34E+00 5.82E+01 -1.32E+02 0.00E+00 7.50E+01
4.95E+00 1.37E+00 5.82E+01 -1.33E+02 0.00E+00 8.89E+01
4.96E+00 1.31E+00 5.82E+01 -1.38E+02 0.00E+00 7.98E+01
4.97E+00 1.41E+00 5.82E+01 -1.40E+02 0.00E+00 9.20E+01
4.98E+00 1.35E+00 5.82E+01 -1.42E+02 0.00E+00 8.41E+01
4.99E+00 1.33E+00 5.82E+01 -1.40E+02 0.00E+00 8.05E+01
5.00E+00 1.37E+00 5.82E+01 -1.39E+02 0.00E+00 9.12E+01
5.01E+00 1.28E+00 5.82E+01 -1.40E+02 0.00E+00 8.01E+01
5.02E+00 1.43E+00 5.82E+01 -1.37E+02 0.00E+00 9.01E+01
5.03E+00 1.27E+00 5.82E+01 -1.45E+02 0.00E+00 7.54E+01
5.04E+00 1.27E+00 5.82E+01 -1.38E+02 0.00E+00 7.86E+01
5.05E+00 1.37E+00 5.82E+01 -1.40E+02 0.00E+00 9.56E+01
5.06E+00 1.26E+00 5.82E+01 -1.45E+02 0.00E+00 7.82E+01
5.07E+00 1.36E+00 5.82E+01 -1.48E+02 0.00E+00 9.32E+01
5.08E+00 1.33E+00 5.82E+01 -1.50E+02 0.00E+00 8.49E+01
5.09E+00 1.29E+00 5.82E+01 -1.39E+02 0.00E+00 7.86E+01
5.10E+00 1.34E+00 5.82E+01 -1.43E+02 0.00E+00 9.28E+01
5.11E+00 1.32E+00 5.82E+01 -1.46E+02 0.00E+00 8.73E+01
5.12E+00 1.34E+00 5.82E+01 -1.51E+02 0.00E+00 9.48E+01
5.13E+00 1.28E+00 5.82E+01 -1.48E+02 0.00E+00 8.21E+01
5.14E+00 1.23E+00 5.82E+01 -1.42E+02 0.00E+00 8.21E+01
5.15E+00 1.32E+00 5.82E+01 -1.46E+02 0.00E+00 9.96E+01
5.16E+00 1.28E+00 5.82E+01 -1.45E+02 0.00E+00 9.56E+01
5.17E+00 1.31E+00 5.82E+01 -1.50E+02 0.00E+00 9.96E+01
5.18E+00 1.26E+00 5.81E+01 -1.50E+02 0.00E+00 8.81E+01
5.19E+00 1.24E+00 5.81E+01 -1.47E+02 0.00E+00 9.44E+01
5.20E+00 1.31E+00 5.82E+01 -1.42E+02 0.00E+00 1.00E+02
5.21E+00 1.22E+00 5.81E+01 -1.44E+02 0.00E+00 8.85E+01
5.22E+00 1.32E+00 5.82E+01 -1.53E+02 0.00E+00 1.04E+02
5.23E+00 1.32E+00 5.82E+01 -1.49E+02 0.00E+00 9.52E+01
5.24E+00 1.22E+00 5.82E+01 -1.45E+02 0.00E+00 9.52E+01
5.25E+00 1.29E+00 5.82E+01 -1.48E+02 0.00E+00 1.00E+02
5.26E+00 1.26E+00 5.81E+01 -1.54E+02 0.00E+00 9.01E+01
5.27E+00 1.26E+00 5.81E+01 -1.46E+02 0.00E+00 1.06E+02
5.28E+00 1.24E+00 5.81E+01 -1.53E+02 0.00E+00 9.16E+01
5.29E+00 1.20E+00 5.81E+01 -1.51E+02 0.00E+00 1.00E+02
5.30E+00 1.28E+00 5.81E+01 -1.47E+02 0.00E+00 1.00E+02
5.31E+00 1.20E+00 5.81E+01 -1.50E+02 0.00E+00 9.56E+01
5.32E+00 1.26E+00 5.82E+01 -1.60E+02 0.00E+00 1.08E+02
5.33E+00 1.20E+00 5.81E+01 -1.55E+02 0.00E+00 9.64E+01
5.34E+00 1.21E+00 5.81E+01 -1.49E+02 0.00E+00 9.68E+01
5.35E+00 1.24E+00 5.81E+01 -1.57E+02 0.00E+00 1.07E+02
5.36E+00 1.20E+00 5.81E+01 -1.55E+02 0.00E+00 1.00E+02
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5.37E+00 1.24E+00 5.81E+01 -1.56E+02 0.00E+00 1.07E+02
5.38E+00 1.21E+00 5.81E+01 -1.53E+02 0.00E+00 1.05E+02
5.39E+00 1.13E+00 5.81E+01 -1.58E+02 0.00E+00 1.03E+02
5.40E+00 1.26E+00 5.81E+01 -1.61E+02 0.00E+00 1.10E+02
5.41E+00 1.18E+00 5.81E+01 -1.57E+02 0.00E+00 1.02E+02
5.42E+00 1.27E+00 5.81E+01 -1.59E+02 0.00E+00 1.16E+02
5.43E+00 1.18E+00 5.81E+01 -1.62E+02 0.00E+00 9.72E+01
5.44E+00 1.16E+00 5.81E+01 -1.56E+02 0.00E+00 1.03E+02
5.45E+00 1.19E+00 5.81E+01 -1.57E+02 0.00E+00 1.11E+02
5.46E+00 1.16E+00 5.81E+01 -1.60E+02 0.00E+00 1.15E+02
5.47E+00 1.21E+00 5.81E+01 -1.60E+02 0.00E+00 1.17E+02
5.48E+00 1.25E+00 5.81E+01 -1.65E+02 0.00E+00 1.07E+02
5.49E+00 1.15E+00 5.81E+01 -1.62E+02 0.00E+00 1.02E+02
5.50E+00 1.22E+00 5.81E+01 -1.58E+02 0.00E+00 1.13E+02
5.51E+00 1.14E+00 5.81E+01 -1.60E+02 0.00E+00 1.06E+02
5.52E+00 1.20E+00 5.81E+01 -1.61E+02 0.00E+00 1.19E+02
5.53E+00 1.17E+00 5.81E+01 -1.64E+02 0.00E+00 1.11E+02
5.54E+00 1.06E+00 5.81E+01 -1.64E+02 0.00E+00 1.04E+02
5.55E+00 1.17E+00 5.81E+01 -1.60E+02 0.00E+00 1.21E+02
5.56E+00 1.13E+00 5.81E+01 -1.64E+02 0.00E+00 1.12E+02
5.57E+00 1.15E+00 5.81E+01 -1.68E+02 0.00E+00 1.29E+02
5.58E+00 1.12E+00 5.81E+01 -1.65E+02 0.00E+00 1.17E+02
5.59E+00 1.08E+00 5.81E+01 -1.60E+02 0.00E+00 1.17E+02
5.60E+00 1.13E+00 5.81E+01 -1.65E+02 0.00E+00 1.21E+02
5.61E+00 1.13E+00 5.80E+01 -1.67E+02 0.00E+00 1.20E+02
5.62E+00 1.15E+00 5.81E+01 -1.67E+02 0.00E+00 1.27E+02
5.63E+00 1.07E+00 5.81E+01 -1.68E+02 0.00E+00 1.12E+02
5.64E+00 1.07E+00 5.81E+01 -1.62E+02 0.00E+00 1.17E+02
5.65E+00 1.12E+00 5.81E+01 -1.67E+02 0.00E+00 1.26E+02
5.66E+00 1.07E+00 5.81E+01 -1.64E+02 0.00E+00 1.21E+02
5.67E+00 1.11E+00 5.81E+01 -1.70E+02 0.00E+00 1.29E+02
5.68E+00 1.09E+00 5.81E+01 -1.67E+02 0.00E+00 1.19E+02
5.69E+00 1.07E+00 5.80E+01 -1.60E+02 0.00E+00 1.13E+02
5.70E+00 1.12E+00 5.80E+01 -1.64E+02 0.00E+00 1.23E+02
5.71E+00 1.13E+00 5.80E+01 -1.68E+02 0.00E+00 1.20E+02
5.72E+00 1.16E+00 5.81E+01 -1.70E+02 0.00E+00 1.33E+02
5.73E+00 1.07E+00 5.80E+01 -1.70E+02 0.00E+00 1.21E+02
5.74E+00 1.07E+00 5.81E+01 -1.65E+02 0.00E+00 1.22E+02
5.75E+00 1.12E+00 5.81E+01 -1.67E+02 0.00E+00 1.32E+02
5.76E+00 1.03E+00 5.80E+01 -1.72E+02 0.00E+00 1.27E+02
5.77E+00 1.11E+00 5.80E+01 -1.72E+02 0.00E+00 1.32E+02
5.78E+00 1.06E+00 5.80E+01 -1.76E+02 0.00E+00 1.26E+02
5.79E+00 1.06E+00 5.80E+01 -1.68E+02 0.00E+00 1.21E+02
5.80E+00 1.12E+00 5.80E+01 -1.72E+02 0.00E+00 1.30E+02
5.81E+00 1.00E+00 5.80E+01 -1.71E+02 0.00E+00 1.25E+02
5.82E+00 1.13E+00 5.80E+01 -1.75E+02 0.00E+00 1.39E+02
5.83E+00 1.01E+00 5.80E+01 -1.70E+02 0.00E+00 1.26E+02
5.84E+00 9.70E-01 5.80E+01 -1.71E+02 0.00E+00 1.36E+02
5.85E+00 1.09E+00 5.80E+01 -1.73E+02 0.00E+00 1.43E+02
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5.86E+00 9.94E-01 5.80E+01 -1.79E+02 0.00E+00 1.32E+02
5.87E+00 1.06E+00 5.80E+01 -1.75E+02 0.00E+00 1.44E+02
5.88E+00 1.03E+00 5.80E+01 -1.76E+02 0.00E+00 1.30E+02
5.89E+00 9.70E-01 5.80E+01 -1.75E+02 0.00E+00 1.30E+02
5.90E+00 1.06E+00 5.80E+01 -1.75E+02 0.00E+00 1.34E+02
5.91E+00 9.64E-01 5.80E+01 -1.74E+02 0.00E+00 1.25E+02
5.92E+00 1.06E+00 5.80E+01 -1.77E+02 0.00E+00 1.42E+02
5.93E+00 9.82E-01 5.80E+01 -1.80E+02 0.00E+00 1.35E+02
5.94E+00 9.33E-01 5.80E+01 -1.70E+02 0.00E+00 1.32E+02
5.95E+00 1.06E+00 5.80E+01 -1.76E+02 0.00E+00 1.47E+02
5.96E+00 1.01E+00 5.80E+01 -1.79E+02 0.00E+00 1.41E+02
5.97E+00 1.06E+00 5.80E+01 -1.71E+02 0.00E+00 1.41E+02
5.98E+00 9.76E-01 5.80E+01 -1.84E+02 0.00E+00 1.36E+02
5.99E+00 9.27E-01 5.80E+01 -1.80E+02 0.00E+00 1.36E+02
6.00E+00 1.05E+00 5.80E+01 -1.79E+02 0.00E+00 1.49E+02
6.01E+00 9.15E-01 5.80E+01 -1.83E+02 0.00E+00 1.35E+02
6.02E+00 1.03E+00 5.80E+01 -1.84E+02 0.00E+00 1.49E+02
6.03E+00 9.88E-01 5.79E+01 -1.86E+02 0.00E+00 1.38E+02
6.04E+00 9.27E-01 5.79E+01 -1.81E+02 0.00E+00 1.42E+02
6.05E+00 1.02E+00 5.80E+01 -1.80E+02 0.00E+00 1.53E+02
6.06E+00 9.39E-01 5.80E+01 -1.81E+02 0.00E+00 1.47E+02
6.07E+00 9.27E-01 5.80E+01 -1.86E+02 0.00E+00 1.48E+02
6.08E+00 9.76E-01 5.80E+01 -1.76E+02 0.00E+00 1.44E+02
6.09E+00 9.52E-01 5.80E+01 -1.80E+02 0.00E+00 1.48E+02
6.10E+00 1.01E+00 5.79E+01 -1.82E+02 0.00E+00 1.55E+02
6.11E+00 8.84E-01 5.79E+01 -1.85E+02 0.00E+00 1.44E+02
6.12E+00 9.70E-01 5.79E+01 -1.87E+02 0.00E+00 1.51E+02
6.13E+00 8.60E-01 5.79E+01 -1.89E+02 0.00E+00 1.45E+02
6.14E+00 8.60E-01 5.79E+01 -1.83E+02 0.00E+00 1.43E+02
6.15E+00 9.03E-01 5.79E+01 -1.83E+02 0.00E+00 1.54E+02
6.16E+00 9.03E-01 5.79E+01 -1.86E+02 0.00E+00 1.47E+02
6.17E+00 9.58E-01 5.80E+01 -1.87E+02 0.00E+00 1.56E+02
6.18E+00 9.45E-01 5.79E+01 -1.90E+02 0.00E+00 1.53E+02
6.19E+00 8.78E-01 5.79E+01 -1.86E+02 0.00E+00 1.46E+02
6.20E+00 9.76E-01 5.79E+01 -1.82E+02 0.00E+00 1.57E+02
6.21E+00 8.17E-01 5.79E+01 -1.89E+02 0.00E+00 1.45E+02
6.22E+00 9.33E-01 5.79E+01 -1.91E+02 0.00E+00 1.61E+02
6.23E+00 8.54E-01 5.79E+01 -1.89E+02 0.00E+00 1.58E+02
6.24E+00 8.54E-01 5.79E+01 -1.81E+02 0.00E+00 1.49E+02
6.25E+00 9.03E-01 5.79E+01 -1.84E+02 0.00E+00 1.62E+02
6.26E+00 9.03E-01 5.79E+01 -1.90E+02 0.00E+00 1.54E+02
6.27E+00 9.03E-01 5.79E+01 -1.95E+02 0.00E+00 1.62E+02
6.28E+00 8.48E-01 5.79E+01 -1.90E+02 0.00E+00 1.56E+02
6.29E+00 8.60E-01 5.79E+01 -1.86E+02 0.00E+00 1.58E+02
6.30E+00 8.91E-01 5.79E+01 -1.89E+02 0.00E+00 1.68E+02
6.31E+00 7.87E-01 5.79E+01 -1.92E+02 0.00E+00 1.49E+02
6.32E+00 8.91E-01 5.79E+01 -1.89E+02 0.00E+00 1.63E+02
6.33E+00 8.23E-01 5.79E+01 -1.91E+02 0.00E+00 1.53E+02
6.34E+00 7.93E-01 5.79E+01 -1.86E+02 0.00E+00 1.54E+02
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6.35E+00 8.97E-01 5.79E+01 -1.88E+02 0.00E+00 1.66E+02
6.36E+00 8.05E-01 5.79E+01 -2.00E+02 0.00E+00 1.55E+02
6.37E+00 8.91E-01 5.79E+01 -1.93E+02 0.00E+00 1.69E+02
6.38E+00 8.05E-01 5.79E+01 -1.94E+02 0.00E+00 1.59E+02
6.39E+00 7.81E-01 5.79E+01 -1.90E+02 0.00E+00 1.64E+02
6.40E+00 8.84E-01 5.79E+01 -1.97E+02 0.00E+00 1.65E+02
6.41E+00 7.99E-01 5.79E+01 -1.91E+02 0.00E+00 1.60E+02
6.42E+00 9.15E-01 5.79E+01 -1.97E+02 0.00E+00 1.77E+02
6.43E+00 8.17E-01 5.78E+01 -1.97E+02 0.00E+00 1.66E+02
6.44E+00 7.68E-01 5.79E+01 -1.96E+02 0.00E+00 1.67E+02
6.45E+00 8.54E-01 5.79E+01 -1.99E+02 0.00E+00 1.74E+02
6.46E+00 7.56E-01 5.78E+01 -1.96E+02 0.00E+00 1.67E+02
6.47E+00 7.87E-01 5.79E+01 -1.97E+02 0.00E+00 1.69E+02
6.48E+00 7.62E-01 5.79E+01 -1.99E+02 0.00E+00 1.61E+02
6.49E+00 7.81E-01 5.79E+01 -1.98E+02 0.00E+00 1.64E+02
6.50E+00 8.72E-01 5.79E+01 -2.01E+02 0.00E+00 1.73E+02
6.51E+00 8.36E-01 5.78E+01 -1.94E+02 0.00E+00 1.71E+02
6.52E+00 7.99E-01 5.78E+01 -2.00E+02 0.00E+00 1.79E+02
6.53E+00 7.87E-01 5.78E+01 -2.03E+02 0.00E+00 1.72E+02
6.54E+00 7.93E-01 5.78E+01 -1.95E+02 0.00E+00 1.70E+02
6.55E+00 8.23E-01 5.78E+01 -1.98E+02 0.00E+00 1.82E+02
6.56E+00 8.29E-01 5.78E+01 -2.09E+02 0.00E+00 1.72E+02
6.57E+00 8.17E-01 5.79E+01 -2.00E+02 0.00E+00 1.75E+02
6.58E+00 7.20E-01 5.79E+01 -1.98E+02 0.00E+00 1.70E+02
6.59E+00 7.44E-01 5.79E+01 -1.97E+02 0.00E+00 1.76E+02
6.60E+00 7.99E-01 5.78E+01 -2.06E+02 0.00E+00 1.81E+02
6.61E+00 7.38E-01 5.78E+01 -2.05E+02 0.00E+00 1.72E+02
6.62E+00 7.99E-01 5.78E+01 -2.08E+02 0.00E+00 1.83E+02
6.63E+00 7.44E-01 5.78E+01 -2.09E+02 0.00E+00 1.73E+02
6.64E+00 7.26E-01 5.78E+01 -2.02E+02 0.00E+00 1.76E+02
6.65E+00 7.44E-01 5.78E+01 -2.03E+02 0.00E+00 1.80E+02
6.66E+00 7.20E-01 5.78E+01 -2.06E+02 0.00E+00 1.68E+02
6.67E+00 7.14E-01 5.78E+01 -2.08E+02 0.00E+00 1.80E+02
6.68E+00 7.20E-01 5.78E+01 -2.05E+02 0.00E+00 1.71E+02
6.69E+00 7.20E-01 5.78E+01 -2.00E+02 0.00E+00 1.82E+02
6.70E+00 8.17E-01 5.78E+01 -2.07E+02 0.00E+00 1.83E+02
6.71E+00 6.83E-01 5.78E+01 -2.11E+02 0.00E+00 1.75E+02
6.72E+00 7.50E-01 5.78E+01 -2.09E+02 0.00E+00 1.90E+02
6.73E+00 7.44E-01 5.78E+01 -2.14E+02 0.00E+00 1.77E+02
6.74E+00 7.20E-01 5.78E+01 -2.03E+02 0.00E+00 1.74E+02
6.75E+00 7.32E-01 5.78E+01 -2.11E+02 0.00E+00 1.84E+02
6.76E+00 6.89E-01 5.78E+01 -2.10E+02 0.00E+00 1.84E+02
6.77E+00 7.44E-01 5.78E+01 -2.12E+02 0.00E+00 1.88E+02
6.78E+00 7.32E-01 5.78E+01 -2.06E+02 0.00E+00 1.78E+02
6.79E+00 7.14E-01 5.78E+01 -2.07E+02 0.00E+00 1.83E+02
6.80E+00 7.26E-01 5.78E+01 -2.11E+02 0.00E+00 2.00E+02
6.81E+00 6.10E-01 5.78E+01 -2.13E+02 0.00E+00 1.82E+02
6.82E+00 7.01E-01 5.78E+01 -2.15E+02 0.00E+00 1.93E+02
6.83E+00 6.77E-01 5.78E+01 -2.17E+02 0.00E+00 1.87E+02
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6.84E+00 6.52E-01 5.78E+01 -2.10E+02 0.00E+00 1.89E+02
6.85E+00 7.14E-01 5.78E+01 -2.13E+02 0.00E+00 1.99E+02
6.86E+00 5.79E-01 5.78E+01 -2.16E+02 0.00E+00 1.89E+02
6.87E+00 6.95E-01 5.78E+01 -2.08E+02 0.00E+00 2.05E+02
6.88E+00 6.04E-01 5.78E+01 -2.10E+02 0.00E+00 1.91E+02
6.89E+00 6.10E-01 5.78E+01 -2.11E+02 0.00E+00 1.95E+02
6.90E+00 7.32E-01 5.78E+01 -2.14E+02 0.00E+00 1.96E+02
6.91E+00 6.10E-01 5.78E+01 -2.14E+02 0.00E+00 1.98E+02
6.92E+00 6.83E-01 5.78E+01 -2.15E+02 0.00E+00 2.00E+02
6.93E+00 6.83E-01 5.78E+01 -2.20E+02 0.00E+00 1.92E+02
6.94E+00 6.71E-01 5.78E+01 -2.08E+02 0.00E+00 1.92E+02
6.95E+00 6.34E-01 5.77E+01 -2.20E+02 0.00E+00 2.01E+02
6.96E+00 7.01E-01 5.77E+01 -2.17E+02 0.00E+00 1.95E+02
6.97E+00 6.95E-01 5.77E+01 -2.20E+02 0.00E+00 1.96E+02
6.98E+00 5.85E-01 5.77E+01 -2.23E+02 0.00E+00 1.94E+02
6.99E+00 5.55E-01 5.77E+01 -2.19E+02 0.00E+00 1.97E+02
7.00E+00 6.10E-01 5.77E+01 -2.22E+02 0.00E+00 2.03E+02
7.01E+00 5.73E-01 5.78E+01 -2.22E+02 0.00E+00 1.99E+02
7.02E+00 6.65E-01 5.77E+01 -2.20E+02 0.00E+00 2.06E+02
7.03E+00 5.73E-01 5.77E+01 -2.20E+02 0.00E+00 1.97E+02
7.04E+00 5.67E-01 5.77E+01 -2.12E+02 0.00E+00 1.98E+02
7.05E+00 5.98E-01 5.77E+01 -2.20E+02 0.00E+00 2.03E+02
7.06E+00 5.98E-01 5.77E+01 -2.22E+02 0.00E+00 1.97E+02
7.07E+00 6.40E-01 5.77E+01 -2.24E+02 0.00E+00 2.08E+02
7.08E+00 5.98E-01 5.77E+01 -2.21E+02 0.00E+00 1.97E+02
7.09E+00 6.04E-01 5.77E+01 -2.14E+02 0.00E+00 1.94E+02
7.10E+00 6.22E-01 5.77E+01 -2.20E+02 0.00E+00 2.08E+02
7.11E+00 5.61E-01 5.77E+01 -2.20E+02 0.00E+00 2.01E+02
7.12E+00 6.04E-01 5.77E+01 -2.21E+02 0.00E+00 2.10E+02
7.13E+00 5.73E-01 5.77E+01 -2.29E+02 0.00E+00 2.00E+02
7.14E+00 5.18E-01 5.77E+01 -2.17E+02 0.00E+00 2.07E+02
7.15E+00 5.98E-01 5.77E+01 -2.21E+02 0.00E+00 2.09E+02
7.16E+00 5.49E-01 5.77E+01 -2.29E+02 0.00E+00 2.03E+02
7.17E+00 5.73E-01 5.77E+01 -2.23E+02 0.00E+00 2.07E+02
7.18E+00 5.55E-01 5.77E+01 -2.23E+02 0.00E+00 1.99E+02
7.19E+00 5.30E-01 5.77E+01 -2.21E+02 0.00E+00 2.12E+02
7.20E+00 6.10E-01 5.77E+01 -2.28E+02 0.00E+00 2.13E+02
7.21E+00 5.00E-01 5.77E+01 -2.24E+02 0.00E+00 2.04E+02
7.22E+00 5.73E-01 5.77E+01 -2.24E+02 0.00E+00 2.12E+02
7.23E+00 5.36E-01 5.77E+01 -2.31E+02 0.00E+00 2.10E+02
7.24E+00 5.30E-01 5.77E+01 -2.20E+02 0.00E+00 2.06E+02
7.25E+00 5.43E-01 5.77E+01 -2.20E+02 0.00E+00 2.19E+02
7.26E+00 5.06E-01 5.77E+01 -2.20E+02 0.00E+00 2.10E+02
7.27E+00 5.61E-01 5.77E+01 -2.24E+02 0.00E+00 2.14E+02
7.28E+00 4.94E-01 5.77E+01 -2.24E+02 0.00E+00 2.09E+02
7.29E+00 5.06E-01 5.77E+01 -2.20E+02 0.00E+00 2.17E+02
7.30E+00 5.79E-01 5.77E+01 -2.31E+02 0.00E+00 2.25E+02
7.31E+00 4.75E-01 5.77E+01 -2.34E+02 0.00E+00 2.12E+02
7.32E+00 5.43E-01 5.77E+01 -2.26E+02 0.00E+00 2.20E+02
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7.33E+00 5.12E-01 5.77E+01 -2.36E+02 0.00E+00 2.14E+02
7.34E+00 5.06E-01 5.77E+01 -2.27E+02 0.00E+00 2.06E+02
7.35E+00 5.49E-01 5.77E+01 -2.26E+02 0.00E+00 2.23E+02
7.36E+00 4.69E-01 5.76E+01 -2.35E+02 0.00E+00 2.19E+02
7.37E+00 5.30E-01 5.76E+01 -2.31E+02 0.00E+00 2.27E+02
7.38E+00 4.88E-01 5.77E+01 -2.29E+02 0.00E+00 2.15E+02
7.39E+00 5.12E-01 5.77E+01 -2.26E+02 0.00E+00 2.18E+02
7.40E+00 4.94E-01 5.76E+01 -2.34E+02 0.00E+00 2.28E+02
7.41E+00 3.90E-01 5.77E+01 -2.37E+02 0.00E+00 2.10E+02
7.42E+00 5.18E-01 5.77E+01 -2.36E+02 0.00E+00 2.22E+02
7.43E+00 4.75E-01 5.77E+01 -2.37E+02 0.00E+00 2.22E+02
7.44E+00 4.75E-01 5.77E+01 -2.34E+02 0.00E+00 2.17E+02
7.45E+00 4.75E-01 5.76E+01 -2.31E+02 0.00E+00 2.29E+02
7.46E+00 4.57E-01 5.76E+01 -2.33E+02 0.00E+00 2.24E+02
7.47E+00 5.49E-01 5.76E+01 -2.34E+02 0.00E+00 2.22E+02
7.48E+00 4.63E-01 5.76E+01 -2.34E+02 0.00E+00 2.20E+02
7.49E+00 3.90E-01 5.76E+01 -2.32E+02 0.00E+00 2.24E+02
7.50E+00 4.88E-01 5.76E+01 -2.31E+02 0.00E+00 2.31E+02
7.51E+00 4.88E-01 5.77E+01 -2.35E+02 0.00E+00 2.19E+02
7.52E+00 4.88E-01 5.76E+01 -2.34E+02 0.00E+00 2.34E+02
7.53E+00 4.69E-01 5.76E+01 -2.40E+02 0.00E+00 2.19E+02
7.54E+00 4.02E-01 5.76E+01 -2.35E+02 0.00E+00 2.23E+02
7.55E+00 4.57E-01 5.76E+01 -2.37E+02 0.00E+00 2.30E+02
7.56E+00 4.82E-01 5.76E+01 -2.39E+02 0.00E+00 2.20E+02
7.57E+00 4.08E-01 5.76E+01 -2.37E+02 0.00E+00 2.36E+02
7.58E+00 3.96E-01 5.76E+01 -2.34E+02 0.00E+00 2.31E+02
7.59E+00 3.53E-01 5.76E+01 -2.31E+02 0.00E+00 2.22E+02
7.60E+00 4.51E-01 5.76E+01 -2.38E+02 0.00E+00 2.41E+02
7.61E+00 3.90E-01 5.76E+01 -2.33E+02 0.00E+00 2.33E+02
7.62E+00 4.14E-01 5.76E+01 -2.36E+02 0.00E+00 2.34E+02
7.63E+00 4.14E-01 5.76E+01 -2.46E+02 0.00E+00 2.28E+02
7.64E+00 3.47E-01 5.76E+01 -2.35E+02 0.00E+00 2.26E+02
7.65E+00 4.27E-01 5.76E+01 -2.41E+02 0.00E+00 2.36E+02
7.66E+00 3.59E-01 5.76E+01 -2.39E+02 0.00E+00 2.33E+02
7.67E+00 4.88E-01 5.76E+01 -2.35E+02 0.00E+00 2.41E+02
7.68E+00 3.66E-01 5.76E+01 -2.35E+02 0.00E+00 2.27E+02
7.69E+00 3.47E-01 5.76E+01 -2.36E+02 0.00E+00 2.33E+02
7.70E+00 4.45E-01 5.76E+01 -2.39E+02 0.00E+00 2.41E+02
7.71E+00 3.78E-01 5.76E+01 -2.39E+02 0.00E+00 2.29E+02
7.72E+00 3.96E-01 5.75E+01 -2.40E+02 0.00E+00 2.46E+02
7.73E+00 3.78E-01 5.76E+01 -2.45E+02 0.00E+00 2.34E+02
7.74E+00 3.78E-01 5.76E+01 -2.39E+02 0.00E+00 2.37E+02
7.75E+00 3.66E-01 5.76E+01 -2.38E+02 0.00E+00 2.42E+02
7.76E+00 3.53E-01 5.76E+01 -2.40E+02 0.00E+00 2.33E+02
7.77E+00 4.63E-01 5.76E+01 -2.38E+02 0.00E+00 2.50E+02
7.78E+00 3.78E-01 5.76E+01 -2.42E+02 0.00E+00 2.42E+02
7.79E+00 2.98E-01 5.75E+01 -2.36E+02 0.00E+00 2.39E+02
7.80E+00 4.14E-01 5.75E+01 -2.44E+02 0.00E+00 2.45E+02
7.81E+00 3.05E-01 5.76E+01 -2.45E+02 0.00E+00 2.31E+02
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7.82E+00 3.47E-01 5.76E+01 -2.46E+02 0.00E+00 2.48E+02
7.83E+00 3.29E-01 5.76E+01 -2.46E+02 0.00E+00 2.38E+02
7.84E+00 3.78E-01 5.76E+01 -2.42E+02 0.00E+00 2.40E+02
7.85E+00 3.96E-01 5.76E+01 -2.43E+02 0.00E+00 2.44E+02
7.86E+00 2.98E-01 5.76E+01 -2.51E+02 0.00E+00 2.48E+02
7.87E+00 3.78E-01 5.75E+01 -2.53E+02 0.00E+00 2.50E+02
7.88E+00 2.98E-01 5.75E+01 -2.44E+02 0.00E+00 2.37E+02
7.89E+00 3.05E-01 5.75E+01 -2.44E+02 0.00E+00 2.39E+02
7.90E+00 3.72E-01 5.75E+01 -2.43E+02 0.00E+00 2.45E+02
7.91E+00 3.23E-01 5.75E+01 -2.44E+02 0.00E+00 2.37E+02
7.92E+00 3.66E-01 5.76E+01 -2.48E+02 0.00E+00 2.48E+02
7.93E+00 2.80E-01 5.75E+01 -2.50E+02 0.00E+00 2.45E+02
7.94E+00 2.92E-01 5.76E+01 -2.43E+02 0.00E+00 2.39E+02
7.95E+00 3.05E-01 5.75E+01 -2.48E+02 0.00E+00 2.58E+02
7.96E+00 3.41E-01 5.75E+01 -2.46E+02 0.00E+00 2.45E+02
7.97E+00 3.53E-01 5.75E+01 -2.43E+02 0.00E+00 2.58E+02
7.98E+00 2.86E-01 5.75E+01 -2.50E+02 0.00E+00 2.43E+02
7.99E+00 2.25E-01 5.75E+01 -2.46E+02 0.00E+00 2.48E+02
8.00E+00 3.41E-01 5.75E+01 -2.50E+02 0.00E+00 2.56E+02
8.01E+00 2.50E-01 5.76E+01 -2.47E+02 0.00E+00 2.51E+02
8.02E+00 3.17E-01 5.75E+01 -2.50E+02 0.00E+00 2.54E+02
8.03E+00 2.98E-01 5.75E+01 -2.52E+02 0.00E+00 2.48E+02
8.04E+00 2.68E-01 5.75E+01 -2.49E+02 0.00E+00 2.45E+02
8.05E+00 3.17E-01 5.75E+01 -2.53E+02 0.00E+00 2.56E+02
8.06E+00 2.92E-01 5.75E+01 -2.52E+02 0.00E+00 2.50E+02
8.07E+00 2.80E-01 5.75E+01 -2.48E+02 0.00E+00 2.65E+02
8.08E+00 2.37E-01 5.75E+01 -2.51E+02 0.00E+00 2.48E+02
8.09E+00 2.01E-01 5.75E+01 -2.50E+02 0.00E+00 2.51E+02
8.10E+00 3.53E-01 5.75E+01 -2.55E+02 0.00E+00 2.58E+02
8.11E+00 2.31E-01 5.75E+01 -2.56E+02 0.00E+00 2.57E+02
8.12E+00 2.37E-01 5.75E+01 -2.52E+02 0.00E+00 2.58E+02
8.13E+00 2.68E-01 5.75E+01 -2.56E+02 0.00E+00 2.60E+02
8.14E+00 2.19E-01 5.75E+01 -2.51E+02 0.00E+00 2.53E+02
8.15E+00 2.50E-01 5.75E+01 -2.51E+02 0.00E+00 2.63E+02
8.16E+00 2.07E-01 5.75E+01 -2.56E+02 0.00E+00 2.58E+02
8.17E+00 2.98E-01 5.75E+01 -2.59E+02 0.00E+00 2.65E+02
8.18E+00 1.76E-01 5.75E+01 -2.59E+02 0.00E+00 2.58E+02
8.19E+00 2.25E-01 5.75E+01 -2.49E+02 0.00E+00 2.54E+02
8.20E+00 3.11E-01 5.75E+01 -2.52E+02 0.00E+00 2.63E+02
8.21E+00 2.07E-01 5.75E+01 -2.54E+02 0.00E+00 2.58E+02
8.22E+00 2.86E-01 5.75E+01 -2.55E+02 0.00E+00 2.62E+02
8.23E+00 1.82E-01 5.75E+01 -2.59E+02 0.00E+00 2.56E+02
8.24E+00 2.25E-01 5.75E+01 -2.52E+02 0.00E+00 2.54E+02
8.25E+00 2.50E-01 5.75E+01 -2.56E+02 0.00E+00 2.65E+02
8.26E+00 1.95E-01 5.75E+01 -2.56E+02 0.00E+00 2.57E+02
8.27E+00 2.68E-01 5.75E+01 -2.58E+02 0.00E+00 2.67E+02
8.28E+00 2.25E-01 5.75E+01 -2.59E+02 0.00E+00 2.58E+02
8.29E+00 1.89E-01 5.75E+01 -2.52E+02 0.00E+00 2.56E+02
8.30E+00 2.68E-01 5.75E+01 -2.54E+02 0.00E+00 2.73E+02
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8.31E+00 2.13E-01 5.74E+01 -2.56E+02 0.00E+00 2.61E+02
8.32E+00 2.19E-01 5.75E+01 -2.53E+02 0.00E+00 2.64E+02
8.33E+00 1.58E-01 5.75E+01 -2.60E+02 0.00E+00 2.60E+02
8.34E+00 2.07E-01 5.75E+01 -2.55E+02 0.00E+00 2.66E+02
8.35E+00 2.56E-01 5.75E+01 -2.52E+02 0.00E+00 2.71E+02
8.36E+00 2.25E-01 5.75E+01 -2.60E+02 0.00E+00 2.64E+02
8.37E+00 2.74E-01 5.75E+01 -2.57E+02 0.00E+00 2.79E+02
8.38E+00 1.76E-01 5.74E+01 -2.57E+02 0.00E+00 2.67E+02
8.39E+00 2.07E-01 5.74E+01 -2.54E+02 0.00E+00 2.67E+02
8.40E+00 2.44E-01 5.74E+01 -2.61E+02 0.00E+00 2.80E+02
8.41E+00 1.82E-01 5.75E+01 -2.56E+02 0.00E+00 2.64E+02
8.42E+00 1.82E-01 5.74E+01 -2.61E+02 0.00E+00 2.76E+02
8.43E+00 1.46E-01 5.75E+01 -2.56E+02 0.00E+00 2.69E+02
8.44E+00 2.07E-01 5.75E+01 -2.55E+02 0.00E+00 2.65E+02
8.45E+00 2.13E-01 5.75E+01 -2.55E+02 0.00E+00 2.79E+02
8.46E+00 1.89E-01 5.74E+01 -2.58E+02 0.00E+00 2.64E+02
8.47E+00 2.07E-01 5.75E+01 -2.57E+02 0.00E+00 2.78E+02
8.48E+00 1.34E-01 5.74E+01 -2.59E+02 0.00E+00 2.65E+02
8.49E+00 9.70E-02 5.74E+01 -2.56E+02 0.00E+00 2.63E+02
8.50E+00 2.01E-01 5.74E+01 -2.61E+02 0.00E+00 2.71E+02
8.51E+00 1.34E-01 5.74E+01 -2.65E+02 0.00E+00 2.64E+02
8.52E+00 1.40E-01 5.75E+01 -2.68E+02 0.00E+00 2.72E+02
8.53E+00 1.28E-01 5.74E+01 -2.63E+02 0.00E+00 2.73E+02
8.54E+00 1.21E-01 5.74E+01 -2.62E+02 0.00E+00 2.70E+02
8.55E+00 1.70E-01 5.74E+01 -2.65E+02 0.00E+00 2.82E+02
8.56E+00 1.76E-01 5.74E+01 -2.62E+02 0.00E+00 2.75E+02
8.57E+00 1.95E-01 5.74E+01 -2.58E+02 0.00E+00 2.85E+02
8.58E+00 1.21E-01 5.74E+01 -2.60E+02 0.00E+00 2.71E+02
8.59E+00 1.15E-01 5.74E+01 -2.55E+02 0.00E+00 2.75E+02
8.60E+00 1.58E-01 5.75E+01 -2.59E+02 0.00E+00 2.83E+02
8.61E+00 9.09E-02 5.74E+01 -2.63E+02 0.00E+00 2.74E+02
8.62E+00 2.01E-01 5.74E+01 -2.57E+02 0.00E+00 2.81E+02
8.63E+00 9.09E-02 5.74E+01 -2.60E+02 0.00E+00 2.78E+02
8.64E+00 1.28E-01 5.74E+01 -2.57E+02 0.00E+00 2.81E+02
8.65E+00 1.64E-01 5.74E+01 -2.59E+02 0.00E+00 2.83E+02
8.66E+00 6.65E-02 5.74E+01 -2.64E+02 0.00E+00 2.82E+02
8.67E+00 1.52E-01 5.74E+01 -2.62E+02 0.00E+00 2.86E+02
8.68E+00 7.26E-02 5.74E+01 -2.61E+02 0.00E+00 2.73E+02
8.69E+00 7.26E-02 5.74E+01 -2.61E+02 0.00E+00 2.76E+02
8.70E+00 2.25E-01 5.74E+01 -2.65E+02 0.00E+00 2.90E+02
8.71E+00 1.46E-01 5.74E+01 -2.65E+02 0.00E+00 2.73E+02
8.72E+00 1.46E-01 5.74E+01 -2.61E+02 0.00E+00 2.82E+02
8.73E+00 9.70E-02 5.74E+01 -2.68E+02 0.00E+00 2.79E+02
8.74E+00 9.09E-02 5.74E+01 -2.59E+02 0.00E+00 2.74E+02
8.75E+00 1.52E-01 5.74E+01 -2.64E+02 0.00E+00 2.91E+02
8.76E+00 7.87E-02 5.74E+01 -2.62E+02 0.00E+00 2.82E+02
8.77E+00 1.28E-01 5.74E+01 -2.64E+02 0.00E+00 2.90E+02
8.78E+00 2.99E-02 5.74E+01 -2.63E+02 0.00E+00 2.71E+02
8.79E+00 8.48E-02 5.74E+01 -2.61E+02 0.00E+00 2.78E+02
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8.80E+00 1.28E-01 5.74E+01 -2.64E+02 0.00E+00 2.82E+02
8.81E+00 8.48E-02 5.74E+01 -2.63E+02 0.00E+00 2.80E+02
8.82E+00 9.70E-02 5.74E+01 -2.62E+02 0.00E+00 2.90E+02
8.83E+00 1.03E-01 5.74E+01 -2.70E+02 0.00E+00 2.87E+02
8.84E+00 8.48E-02 5.74E+01 -2.62E+02 0.00E+00 2.83E+02
8.85E+00 1.34E-01 5.74E+01 -2.64E+02 0.00E+00 2.92E+02
8.86E+00 4.82E-02 5.74E+01 -2.64E+02 0.00E+00 2.76E+02
8.87E+00 1.21E-01 5.74E+01 -2.68E+02 0.00E+00 2.90E+02
8.88E+00 2.99E-02 5.74E+01 -2.65E+02 0.00E+00 2.77E+02
8.89E+00 6.65E-02 5.73E+01 -2.62E+02 0.00E+00 2.80E+02
8.90E+00 1.09E-01 5.73E+01 -2.70E+02 0.00E+00 2.85E+02
8.91E+00 2.99E-02 5.73E+01 -2.64E+02 0.00E+00 2.81E+02
8.92E+00 9.09E-02 5.74E+01 -2.66E+02 0.00E+00 2.91E+02
8.93E+00 5.49E-03 5.74E+01 -2.70E+02 0.00E+00 2.81E+02
8.94E+00 4.82E-02 5.74E+01 -2.66E+02 0.00E+00 2.85E+02
8.95E+00 1.03E-01 5.74E+01 -2.68E+02 0.00E+00 2.96E+02
8.96E+00 6.04E-02 5.74E+01 -2.66E+02 0.00E+00 2.84E+02
8.97E+00 9.09E-02 5.73E+01 -2.67E+02 0.00E+00 2.99E+02
8.98E+00 6.65E-02 5.73E+01 -2.70E+02 0.00E+00 2.87E+02
8.99E+00 2.38E-02 5.73E+01 -2.67E+02 0.00E+00 2.93E+02
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soft silc-1 soft silc-2
255 0 0 0 255
254 0 0 0 254
253 0 0 0 253
252 0 0 0 252
251 0 0 0 251
250 0 0 0 250
249 0 0 0 249
248 0 0 0 248
247 0 0 0 247
246 0 0 0 246
245 0 0 0 245
244 0 0 0 244
243 0 0 0 243
242 0 0 0 242
241 0 0 0 241
240 0 0 0 240
239 0 0 0 239
238 0 0 0 238
237 0 0 0 237
236 0 0 0 236
235 0 0 0 235
234 0 0 0 234
233 0 0 0 233
232 0 0 0 232
231 0 0 0 231
230 0 0 0 230
229 0 0 0 229
228 0 0 0 228
227 0 0 0 227
226 0 0 0 226
225 0 0 0 225
224 0 0 0 224
223 0 0 0 223
222 0 0 0 222
221 0 0 0 221
220 0 0 0 220
219 0 0 0 219
218 0 0 0 218
217 0 0 0 217
216 0 0 0 216
215 0 0 0 215
214 0 0 0 214
213 0 0 0 213
212 0 0 0 212
211 0 0 0 211
210 0 0 0 210
209 0 0 0 209
208 0 0 0 208
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207 0 0 0 207
206 0 0 0 206
205 0 0 0 205
204 0 0 0 204
203 0 0 0 203
202 0 0 0 202
201 0 0 0 201
200 0 0 0 200
199 0 0 0 199
198 0 0 0 198
197 0 0 0 197
196 0 0 0 196
195 0 0 0 195
194 0 0 0 194
193 0 0 0 193
192 0 0 0 192
191 0 0 0 191
190 0 0 0 190
189 0 0 0 189
188 0 0 0 188
187 0 0 0 187
186 0 0 0 186
185 0 0 0 185
184 0 0 0 184
183 0 0 0 183
182 0 0 0 182
181 0 0 0 181
180 0 0 0 180
179 0 0 0 179
178 0 0 0 178
177 0 0 0 177
176 0 0 0 176
175 0 0 0 175
174 0 0 0 174
173 0 0 0 173
172 0 0 0 172
171 0 0 0 171
170 0 0 0 170
169 0 0 0 169
168 0 0 0 168
167 0 0 0 167
166 0 0 0 166
165 0 0 0 165
164 0 0 0 164
163 0 0 0 163
162 0 0 0 162
161 0 0 0 161
160 0 0 0 160
159 0 0 0 159
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158 0 0 0 158
157 0 0 0 157
156 0 0 0 156
155 0 0 0 155
154 0 0 0 154
153 0 0 0 153
152 0 0 0 152
151 0 0 0 151
150 0 0 0 150
149 0 0 0 149
148 0 0 0 148
147 0 0 0 147
146 0 0 0 146
145 0 0 0 145
144 0 0 0 144
143 0 0 0 143
142 0 0 0 142
141 0 0 0 141
140 0 0 0 140
139 0 0 0 139
138 0 0 0 138
137 0 0 0 137
136 0 0 0 136
135 0 0 0 135
134 0 0 0 134
133 0 0 0 133
132 3 396 7.93911274 132
131 4 524 10.482053 131
130 4 520 10.380472 130
129 5 645 12.8508844 129
128 7 896 17.819771 128
127 8 1016 20.1729902 127
126 7 882 17.4859663 126
125 8 1000 19.7983 125
124 9 1116 22.0679317 124
123 5 615 12.1480081 123
122 10 1220 24.0760683 122
121 6 726 14.3159983 121
120 4 480 9.459088 120
119 12 1428 28.1269843 119
118 3 354 6.97026446 118
117 4 468 9.21312837 117
116 6 696 13.7009332 116
115 7 805 15.8482345 115
114 6 684 13.4694462 114
113 7 791 15.582722 113
112 4 448 8.83044621 112
111 8 888 17.5153968 111
110 13 1430 28.229942 110
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109 8 872 17.2314515 109
108 14 1512 29.9125205 108
107 10 1070 21.1955721 107
106 13 1378 27.3359963 106
105 10 1050 20.862355 105
104 10 1040 20.6994858 104
103 10 1030 20.5389987 103
102 10 1020 20.3808107 102
101 14 1414 28.3147744 101
100 10 1000 20.071 100
99 5 495 9.95960558 99
98 20 1960 39.5387786 98
97 12 1164 23.5457416 97
96 13 1248 25.3179085 96
95 10 950 19.330895 95
94 13 1222 24.9445437 94
93 18 1674 34.2843802 93
92 17 1564 32.1420937 92
91 13 1183 24.3993563 91
90 18 1620 33.536988 90
89 14 1246 25.8941255 89
88 21 1848 38.5582774 88
87 12 1044 21.8729022 87
86 11 946 19.9041953 86
85 13 1105 23.3517895 85
84 20 1680 35.6638227 84
83 19 1577 33.6330953 83
82 26 2132 45.6871613 82
81 24 1944 41.8629515 81
80 25 2000 43.2857 80
79 16 1264 27.4976844 79
78 20 1560 34.1162634 78
77 28 2156 47.4052144 77
76 19 1444 31.9254641 76
75 21 1575 35.0182875 75
74 22 1628 36.405266 74
73 22 1606 36.124467 73
72 18 1296 29.3262918 72
71 24 1704 38.794275 71
70 19 1330 30.468058 70
69 36 2484 57.2649032 69
68 32 2176 50.4879708 68
67 15 1005 23.4711854 67
66 18 1188 27.9301188 66
65 24 1560 36.924564 65
64 22 1408 33.5563381 64
63 29 1827 43.8468037 63
62 27 1674 40.4602331 62
61 23 1403 34.1546551 61
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60 34 2040 50.025016 60
59 30 1770 43.7260751 59
58 28 1624 40.4211418 58
57 32 1824 45.745434 57
56 30 1680 42.4597603 56
55 36 1980 50.434038 55
54 37 1998 51.2966881 54
53 37 1961 50.7518443 53
52 60 3120 81.4056403 52
51 49 2499 65.7411579 51
50 42 2100 55.7067 50
49 51 2499 66.8525093 49
48 48 2304 62.1647293 48
47 48 2256 61.3985631 47
46 52 2392 65.6728708 46
45 48 2160 59.831976 45
44 57 2508 70.099025 44
43 58 2494 70.3456125 43
42 54 2268 64.5642896 42
41 63 2583 74.2226917 41
40 69 2760 80.064564 40
39 53 2067 60.5408822 39
38 69 2622 77.5493793 38
37 85 3145 93.9434834 37
36 84 3024 91.2418671 36
35 90 3150 96.019335 35
34 93 3162 97.3910448 34
33 100 3300 102.720651 33
32 89 2848 89.609304 32
31 104 3224 102.557109 31
30 97 2910 93.608686 30
29 119 3451 112.285267 29
28 105 2940 96.7811006 28
27 107 2889 96.244678 27
26 127 3302 111.358678 26
25 143 3575 122.091613 25
24 157 3768 130.359803 24
23 154 3542 124.188808 23
22 151 3322 118.095595 22
21 172 3612 130.258442 21
20 195 3900 142.75794 20
19 227 4313 160.354651 19
18 184 3312 125.167231 18
17 206 3502 134.647634 17
16 238 3808 149.111204 16
15 233 3495 139.546846 15
14 265 3710 151.264251 14
13 262 3406 142.054919 13
12 308 3696 158.023328 12

339



11 283 3113 136.803729 11
10 416 4160 188.537024 10
9 445 4005 188.003705 9
8 354 2832 138.483316 8
7 454 3178 163.145995 7
6 919 5514 300.459463 6
5 0 0 0 5
4 0 0 0 4
3 0 0 0 3
2 0 0 0 2
1 0 0 0 1
0 0 0 0 0

9069 250921 7493.05675
27.6679899 0.82622745

Weighted ag MTS Pressure swatch pres Unit conversionContact area MTS Pred Load
27.6679899 1.38977806 0.82622745 248000496 3.6568E-05 50.8220645
26.5563781 1.35220558 0.79881039 248000496 2.8323E-05 38.297875
20.9903471 1.16407373 0.6943 248000496 1.9633E-05 22.854289
20.5156332 1.1480284 0.67630102 248000496 2.3085E-05 26.5018123
47.9647675 2.07580914 1.17033578 248000496 2.0028E-05 41.574691
44.8988811 1.97218218 1.10822449 248000496 9.7298E-06 19.1889761
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hard silc-1
0 0 0 255 0
0 0 0 254 0
0 0 0 253 0
0 0 0 252 0
0 0 0 251 0
0 0 0 250 0
0 0 0 249 0
0 0 0 248 0
0 0 0 247 0
0 0 0 246 0
0 0 0 245 0
0 0 0 244 0
0 0 0 243 0
0 0 0 242 0
0 0 0 241 0
0 0 0 240 0
0 0 0 239 0
0 0 0 238 0
0 0 0 237 0
0 0 0 236 0
0 0 0 235 0
0 0 0 234 0
0 0 0 233 0
0 0 0 232 0
0 0 0 231 0
0 0 0 230 0
0 0 0 229 0
0 0 0 228 0
0 0 0 227 0
0 0 0 226 0
0 0 0 225 0
0 0 0 224 0
0 0 0 223 0
0 0 0 222 0
0 0 0 221 0
0 0 0 220 0
0 0 0 219 0
0 0 0 218 0
0 0 0 217 0
0 0 0 216 0
0 0 0 215 0
0 0 0 214 0
0 0 0 213 0
0 0 0 212 0
0 0 0 211 0
0 0 0 210 0
0 0 0 209 0
0 0 0 208 0
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0 0 0 207 0
0 0 0 206 0
0 0 0 205 0
0 0 0 204 0
0 0 0 203 0
0 0 0 202 0
0 0 0 201 0
0 0 0 200 0
0 0 0 199 0
0 0 0 198 0
0 0 0 197 0
0 0 0 196 0
0 0 0 195 0
0 0 0 194 0
0 0 0 193 0
0 0 0 192 0
0 0 0 191 0
0 0 0 190 0
0 0 0 189 0
0 0 0 188 0
0 0 0 187 0
0 0 0 186 0
0 0 0 185 0
0 0 0 184 0
0 0 0 183 0
0 0 0 182 0
0 0 0 181 0
0 0 0 180 0
0 0 0 179 0
0 0 0 178 0
0 0 0 177 0
0 0 0 176 0
0 0 0 175 0
0 0 0 174 0
0 0 0 173 0
0 0 0 172 0
0 0 0 171 0
0 0 0 170 0
0 0 0 169 0
0 0 0 168 0
0 0 0 167 0
0 0 0 166 0
0 0 0 165 0
0 0 0 164 0
0 0 0 163 0
0 0 0 162 0
0 0 0 161 0
0 0 0 160 0
0 0 0 159 0
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0 0 0 158 0
0 0 0 157 0
0 0 0 156 0
0 0 0 155 0
0 0 0 154 0
0 0 0 153 0
0 0 0 152 0
0 0 0 151 0
0 0 0 150 0
0 0 0 149 0
0 0 0 148 0
0 0 0 147 0
0 0 0 146 0
0 0 0 145 0
0 0 0 144 0
0 0 0 143 0
0 0 0 142 0
0 0 0 141 0
0 0 0 140 0
0 0 0 139 0
0 0 0 138 0
0 0 0 137 0
0 0 0 136 0
0 0 0 135 0
0 0 0 134 0
0 0 0 133 0
0 0 0 132 0
1 131 2.62051324 131 0
1 130 2.595118 130 0
1 129 2.57017688 129 0
3 384 7.6370447 128 0
4 508 10.0864951 127 0
2 252 4.99599037 126 0
6 750 14.848725 125 0
6 744 14.7119545 124 0
5 615 12.1480081 123 1
9 1098 21.6684615 122 0
5 605 11.9299986 121 1
2 240 4.729544 120 2
8 952 18.7513228 119 2

10 1180 23.2342149 118 1
6 702 13.8196926 117 2
8 928 18.2679109 116 2
8 920 18.112268 115 1
6 684 13.4694462 114 0
5 565 11.1305157 113 2
6 672 13.2456693 112 1

10 1110 21.894246 111 2
2 220 4.343068 110 1
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12 1308 25.8471772 109 0
11 1188 23.5026947 108 0
7 749 14.8369005 107 3
5 530 10.5138447 106 0
7 735 14.6036485 105 0

14 1456 28.9792801 104 0
9 927 18.4850988 103 0

10 1020 20.3808107 102 2
11 1111 22.2473227 101 1
13 1300 26.0923 100 8
7 693 13.9434478 99 3

13 1274 25.7002061 98 3
6 582 11.7728708 97 1
7 672 13.63272 96 2

12 1140 23.197074 95 3
11 1034 21.1069216 94 3
3 279 5.71406336 93 3

15 1380 28.3606709 92 4
13 1183 24.3993563 91 4
12 1080 22.357992 90 4
9 801 16.6462236 89 6

12 1056 22.0333014 88 4
9 783 16.4046767 87 6

12 1032 21.7136676 86 3
13 1105 23.3517895 85 5
13 1092 23.1814848 84 7
11 913 19.471792 83 6
5 410 8.78599256 82 8

12 972 20.9314757 81 3
23 1840 39.822844 80 5
17 1343 29.2162897 79 5
17 1326 28.9988239 78 4
19 1463 32.1678241 77 10
8 608 13.4423007 76 3

14 1050 23.345525 75 8
9 666 14.8930633 74 5

10 730 16.4202123 73 9
17 1224 27.6970533 72 3
13 923 21.0135656 71 3
20 1400 32.07164 70 7
20 1380 31.8138351 69 9
20 1360 31.5549818 68 11
19 1273 29.7301681 67 10
22 1452 34.1368118 66 6
16 1040 24.616376 65 6
22 1408 33.5563381 64 6
16 1008 24.19134 63 18
24 1488 35.9646516 62 16
19 1159 28.2147151 61 11
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21 1260 30.897804 60 18
24 1416 34.9808601 59 10
27 1566 38.9775296 58 11
33 1881 47.1749788 57 13
26 1456 36.7984589 56 12
27 1485 37.8255285 55 12
22 1188 30.5007335 54 18
34 1802 46.6368299 53 14
35 1820 47.4866235 52 15
27 1377 36.2247197 51 21
43 2150 57.03305 50 18
38 1862 49.8116736 49 21
32 1536 41.4431529 48 14
48 2256 61.3985631 47 23
49 2254 61.8840514 46 26
49 2205 61.0784755 45 17
43 1892 52.8817206 44 28
34 1462 41.2370832 43 18
41 1722 49.0210347 42 29
47 1927 55.3724843 41 29
40 1600 46.41424 40 38
52 2028 59.3986014 39 29
46 1748 51.6995862 38 21
40 1480 44.2086981 37 40
67 2412 72.7762512 36 37
70 2450 74.681705 35 35
62 2108 64.9273632 34 39
71 2343 72.9316621 33 46
74 2368 74.5066123 32 54
72 2232 71.0010752 31 42
67 2010 64.657546 30 49
57 1653 53.7836995 29 60
67 1876 61.7555595 28 51
78 2106 70.1596718 27 61
97 2522 85.0534784 26 57
89 2225 75.9870875 25 70

111 2664 92.165211 24 84
116 2668 93.544816 23 82
91 2002 71.1701929 22 58

131 2751 99.2084646 21 88
138 2760 101.028696 20 94
132 2508 93.2458766 19 104
142 2556 96.5964497 18 97
148 2516 96.7371352 17 97
156 2496 97.7367556 16 133
148 2220 88.639198 15 149
190 2660 108.453614 14 142
197 2561 106.812287 13 149
223 2676 114.412994 12 163
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253 2783 122.301567 11 205
289 2890 130.978846 10 217
427 3843 180.399061 9 244
312 2496 122.053092 8 189
431 3017 154.88089 7 323
887 5322 289.997327 6 890

0 0 0 5 0
0 0 0 4 0
0 0 0 3 0
0 0 0 2 0
0 0 0 1 0
0 0 0 0 0

7024 186532 5610.84421 4869
26.5563781 0.79881039

swatch predloadActual Load
30.2138781 43.022
22.6243266 43.022
13.6312095 43.022
15.6121595 43.022
23.4397023 43.022
10.782824 43.022
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hard silc-2
0 0 255 0 0
0 0 254 0 0
0 0 253 0 0
0 0 252 0 0
0 0 251 0 0
0 0 250 0 0
0 0 249 0 0
0 0 248 0 0
0 0 247 0 0
0 0 246 0 0
0 0 245 0 0
0 0 244 0 0
0 0 243 0 0
0 0 242 0 0
0 0 241 0 0
0 0 240 0 0
0 0 239 0 0
0 0 238 0 0
0 0 237 0 0
0 0 236 0 0
0 0 235 0 0
0 0 234 0 0
0 0 233 0 0
0 0 232 0 0
0 0 231 0 0
0 0 230 0 0
0 0 229 0 0
0 0 228 0 0
0 0 227 0 0
0 0 226 0 0
0 0 225 0 0
0 0 224 0 0
0 0 223 0 0
0 0 222 0 0
0 0 221 0 0
0 0 220 0 0
0 0 219 0 0
0 0 218 0 0
0 0 217 0 0
0 0 216 0 0
0 0 215 0 0
0 0 214 0 0
0 0 213 0 0
0 0 212 0 0
0 0 211 0 0
0 0 210 0 0
0 0 209 0 0
0 0 208 0 0
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0 0 207 0 0
0 0 206 0 0
0 0 205 0 0
0 0 204 0 0
0 0 203 0 0
0 0 202 0 0
0 0 201 0 0
0 0 200 0 0
0 0 199 0 0
0 0 198 0 0
0 0 197 0 0
0 0 196 0 0
0 0 195 0 0
0 0 194 0 0
0 0 193 0 0
0 0 192 0 0
0 0 191 0 0
0 0 190 0 0
0 0 189 0 0
0 0 188 0 0
0 0 187 0 0
0 0 186 0 0
0 0 185 0 0
0 0 184 0 0
0 0 183 0 0
0 0 182 0 0
0 0 181 0 0
0 0 180 0 0
0 0 179 0 0
0 0 178 0 0
0 0 177 0 0
0 0 176 0 0
0 0 175 0 0
0 0 174 0 0
0 0 173 0 0
0 0 172 0 0
0 0 171 0 0
0 0 170 0 0
0 0 169 0 0
0 0 168 0 0
0 0 167 0 0
0 0 166 0 0
0 0 165 0 0
0 0 164 0 0
0 0 163 0 0
0 0 162 0 0
0 0 161 0 0
0 0 160 0 0
0 0 159 0 0
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0 0 158 0 0
0 0 157 0 0
0 0 156 0 0
0 0 155 0 0
0 0 154 0 0
0 0 153 0 0
0 0 152 0 0
0 0 151 0 0
0 0 150 0 0
0 0 149 0 0
0 0 148 0 0
0 0 147 0 0
0 0 146 0 0
0 0 145 0 0
0 0 144 0 0
0 0 143 0 0
0 0 142 0 0
0 0 141 0 0
0 0 140 0 0
0 0 139 0 0
0 0 138 0 0
0 0 137 0 0
0 0 136 0 0
0 0 135 0 0
0 0 134 0 0
0 0 133 0 0
0 0 132 0 0
0 0 131 0 0
0 0 130 1 130
0 0 129 0 0
0 0 128 0 0
0 0 127 0 0
0 0 126 0 0
0 0 125 0 0
0 0 124 0 0

123 2.42960163 123 0 0
0 0 122 0 0

121 2.38599972 121 1 121
240 4.729544 120 0 0
238 4.68783071 119 1 119
118 2.32342149 118 1 118
234 4.60656418 117 3 351
232 4.56697773 116 0 0
115 2.2640335 115 2 230

0 0 114 0 0
226 4.4522063 113 2 226
112 2.20761155 112 1 112
222 4.37884921 111 0 0
110 2.171534 110 1 110
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0 0 109 0 0
0 0 108 2 216

321 6.35867164 107 0 0
0 0 106 6 636
0 0 105 1 105
0 0 104 6 624
0 0 103 4 412

204 4.07616214 102 6 612
101 2.02248388 101 3 303
800 16.0568 100 4 400
297 5.97576335 99 1 99
294 5.93081678 98 3 294
97 1.96214513 97 4 388

192 3.89506285 96 6 576
285 5.7992685 95 5 475
282 5.75643317 94 7 658
279 5.71406336 93 7 651
368 7.56284557 92 8 736
364 7.50749426 91 12 1092
360 7.452664 90 1 90
534 11.0974824 89 6 534
352 7.34443379 88 3 264
522 10.9364511 87 8 696
258 5.42841691 86 6 516
425 8.9814575 85 7 595
588 12.482338 84 12 1008
498 10.6209774 83 6 498
656 14.0575881 82 8 656
243 5.23286893 81 9 729
400 8.65714 80 12 960
395 8.59302638 79 5 395
312 6.82325267 78 5 390
770 16.9304337 77 9 693
228 5.04086275 76 9 684
600 13.3403 75 7 525
370 8.27392408 74 11 814
657 14.7781911 73 4 292
216 4.8877153 72 10 720
213 4.84928437 71 6 426
490 11.225074 70 8 560
621 14.3162258 69 3 207
748 17.35524 68 7 476
670 15.6474569 67 9 603
396 9.31003958 66 8 528
390 9.231141 65 9 585
384 9.15172858 64 19 1216

1134 27.2152575 63 9 567
992 23.9764344 62 11 682
671 16.334835 61 20 1220
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1080 26.483832 60 13 780
590 14.5753584 59 19 1121
638 15.8797343 58 17 986
741 18.5840826 57 17 969
672 16.9839041 56 25 1400
660 16.811346 55 13 715
972 24.9551456 54 17 918
742 19.2034006 53 20 1060
780 20.3514101 52 31 1612

1071 28.174782 51 22 1122
900 23.8743 50 19 950

1029 27.5275038 49 23 1127
672 18.1313794 48 25 1200

1081 29.4201448 47 22 1034
1196 32.8364354 46 11 506
765 21.1904915 45 27 1215

1232 34.4346088 44 19 836
774 21.831397 43 24 1032

1218 34.6734148 42 23 966
1189 34.166001 41 32 1312
1520 44.093528 40 30 1200
1131 33.1261431 39 26 1014
798 23.601985 38 32 1216

1480 44.2086981 37 41 1517
1332 40.18987 36 41 1476
1225 37.3408525 35 39 1365
1326 40.8414059 34 48 1632
1518 47.2514994 33 51 1683
1728 54.36969 32 44 1408
1302 41.4172938 31 41 1271
1470 47.286862 30 50 1500
1740 56.6144206 29 49 1421
1428 47.0079632 28 54 1512
1647 54.8684613 27 64 1728
1482 49.9798791 26 52 1352
1750 59.765125 25 57 1425
2016 69.7466461 24 79 1896
1886 66.1265079 23 70 1610
1276 45.3612219 22 78 1716
1848 66.6438541 21 83 1743
1880 68.816648 20 96 1920
1976 73.4664482 19 109 2071
1746 65.9848987 18 98 1764
1649 63.4020413 17 128 2176
2128 83.3268493 16 135 2160
2235 89.2381115 15 114 1710
1988 81.0548064 14 157 2198
1937 80.7869579 13 183 2379
1956 83.6292286 12 161 1932
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2255 99.0981078 11 224 2464
2170 98.347438 10 263 2630
2196 103.085178 9 359 3231
1512 73.9360077 8 260 2080
2261 116.070829 7 398 2786
5340 290.978152 6 1247 7482

0 0 5 0 0
0 0 4 0 0
0 0 3 0 0
0 0 2 0 0
0 0 1 0 0
0 0 0 0 0

102202 3380.54671 5725 117452
20.9903471 0.6943 20.5156332
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steel-1
0 255 0 0 0
0 254 0 0 0
0 253 0 0 0
0 252 0 0 0
0 251 0 0 0
0 250 0 0 0
0 249 0 0 0
0 248 0 0 0
0 247 0 0 0
0 246 0 0 0
0 245 0 0 0
0 244 0 0 0
0 243 0 0 0
0 242 0 0 0
0 241 0 0 0
0 240 0 0 0
0 239 0 0 0
0 238 0 0 0
0 237 0 0 0
0 236 0 0 0
0 235 0 0 0
0 234 0 0 0
0 233 0 0 0
0 232 0 0 0
0 231 0 0 0
0 230 0 0 0
0 229 0 0 0
0 228 0 0 0
0 227 0 0 0
0 226 0 0 0
0 225 0 0 0
0 224 0 0 0
0 223 0 0 0
0 222 0 0 0
0 221 0 0 0
0 220 0 0 0
0 219 0 0 0
0 218 0 0 0
0 217 0 0 0
0 216 0 0 0
0 215 0 0 0
0 214 0 0 0
0 213 0 0 0
0 212 0 0 0
0 211 0 0 0
0 210 0 0 0
0 209 0 0 0
0 208 0 0 0
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0 207 0 0 0
0 206 0 0 0
0 205 0 0 0
0 204 0 0 0
0 203 0 0 0
0 202 0 0 0
0 201 0 0 0
0 200 0 0 0
0 199 0 0 0
0 198 0 0 0
0 197 0 0 0
0 196 0 0 0
0 195 0 0 0
0 194 0 0 0
0 193 0 0 0
0 192 0 0 0
0 191 0 0 0
0 190 0 0 0
0 189 0 0 0
0 188 0 0 0
0 187 0 0 0
0 186 0 0 0
0 185 0 0 0
0 184 0 0 0
0 183 0 0 0
0 182 0 0 0
0 181 0 0 0
0 180 0 0 0
0 179 0 0 0
0 178 0 0 0
0 177 0 0 0
0 176 0 0 0
0 175 0 0 0
0 174 0 0 0
0 173 0 0 0
0 172 0 0 0
0 171 0 0 0
0 170 0 0 0
0 169 0 0 0
0 168 0 0 0
0 167 0 0 0
0 166 0 0 0
0 165 0 0 0
0 164 0 0 0
0 163 0 0 0
0 162 0 0 0
0 161 0 0 0
0 160 0 0 0
0 159 0 0 0
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0 158 0 0 0
0 157 0 0 0
0 156 0 0 0
0 155 0 0 0
0 154 0 0 0
0 153 0 0 0
0 152 0 0 0
0 151 0 0 0
0 150 0 0 0
0 149 0 0 0
0 148 0 0 0
0 147 0 0 0
0 146 0 0 0
0 145 0 0 0
0 144 0 0 0
0 143 0 0 0
0 142 0 0 0
0 141 0 0 0
0 140 0 0 0
0 139 0 0 0
0 138 0 0 0
0 137 1 137 2.78288625
0 136 7 952 19.2821433
0 135 14 1890 38.175221
0 134 32 4288 86.3842156
0 133 50 6650 133.634965
0 132 74 9768 195.831447
0 131 71 9301 186.05644

2.595118 130 51 6630 132.351018
0 129 43 5547 110.517606
0 128 39 4992 99.2815812
0 127 23 2921 57.9973468
0 126 35 4410 87.4298314
0 125 28 3500 69.29405
0 124 32 3968 78.4637573
0 123 19 2337 46.1624309
0 122 28 3416 67.4129913

2.38599972 121 23 2783 54.8779937
0 120 28 3360 66.213616

2.34391536 119 10 1190 23.4391536
2.32342149 118 23 2714 53.4386942
6.90984628 117 17 1989 39.1557956

0 116 21 2436 47.9532661
4.528067 115 27 3105 61.1289045

0 114 26 2964 58.3676001
4.4522063 113 23 2599 51.2003724

2.20761155 112 18 2016 39.7370079
0 111 20 2220 43.7884921

2.171534 110 22 2420 47.773748
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0 109 13 1417 28.0011087
4.27321722 108 22 2376 47.0053894

0 107 13 1391 27.5542438
12.6166137 106 19 2014 39.9526099
2.0862355 105 19 1995 39.6384745

12.4196915 104 13 1352 26.9093315
8.21559947 103 10 1030 20.5389987
12.2284864 102 21 2142 42.7997025
6.06745165 101 18 1818 36.4047099

8.0284 100 15 1500 30.1065
1.99192112 99 21 2079 41.8303434
5.93081678 98 20 1960 39.5387786
7.84858053 97 21 2037 41.2050478
11.6851885 96 16 1536 31.1605028
9.6654475 95 18 1710 34.795611

13.4316774 94 13 1222 24.9445437
13.3328145 93 17 1581 32.3796924
15.1256911 92 12 1104 22.6885367
22.5224828 91 17 1547 31.9068506

1.863166 90 15 1350 27.94749
11.0974824 89 23 2047 42.5403491
5.50832534 88 12 1056 22.0333014
14.5819348 87 15 1305 27.3411278
10.8568338 86 14 1204 25.3326123
12.5740405 85 14 1190 25.148081
21.3982936 84 16 1344 28.5310582
10.6209774 83 20 1660 35.4032582
14.0575881 82 17 1394 29.8723747
15.6986068 81 11 891 19.1871861
20.777136 80 15 1200 25.97142

8.59302638 79 21 1659 36.0907108
8.52906584 78 18 1404 30.704637
15.2373903 77 20 1540 33.8608674
15.1225883 76 10 760 16.8028758
11.6727625 75 16 1200 26.6806
18.202633 74 10 740 16.5478482

6.56808491 73 17 1241 27.9143609
16.2923843 72 16 1152 26.0678149
9.69856874 71 15 1065 24.2464219
12.828656 70 14 980 22.450148

4.77207527 69 14 966 22.2696846
11.0442436 68 12 816 18.9329891
14.0827112 67 18 1206 28.1654225
12.4133861 66 13 858 20.1717524
13.8467115 65 17 1105 26.1548995
28.9804738 64 21 1344 32.03105
13.6076287 63 19 1197 28.7272162
16.4837987 62 21 1302 31.4690702
29.6997001 61 8 488 11.87988
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19.127212 60 9 540 13.241916
27.6931809 59 18 1062 26.235645
24.5414075 58 28 1624 40.4211418
24.3022618 57 22 1254 31.4499859
35.3831336 56 23 1288 32.5524829
18.2122915 55 21 1155 29.4198555
23.5687486 54 19 1026 26.3415425
27.4334294 53 23 1219 31.5484438
42.0595808 52 25 1300 33.9190168
29.5164382 51 34 1734 45.6163137

25.20065 50 25 1250 33.15875
30.1491709 49 25 1225 32.7708379
32.3774632 48 18 864 23.3117735
28.1410081 47 28 1316 35.8158285
13.8923381 46 30 1380 37.8881947
33.6554865 45 29 1305 36.1484855
23.3663417 44 32 1408 39.3538386
29.1085293 43 29 1247 35.1728063
27.4996048 42 25 1050 29.8908748
37.7004148 41 23 943 27.0971732

34.81068 40 31 1240 35.971036
29.6993007 39 38 1482 43.4066702
35.9649295 38 31 1178 34.8410255
45.3139155 37 33 1221 36.4721759
44.5347209 36 28 1008 30.4139557
41.6083785 35 25 875 26.6720375
50.2663457 34 33 1122 34.5581127
52.3875319 33 32 1056 32.8706083
44.3012289 32 37 1184 37.2533061
40.4311678 31 39 1209 38.4589157

48.2519 30 38 1140 36.671444
46.2351101 29 45 1305 42.4608154
49.7731375 28 38 1064 35.0255412
57.5669102 27 39 1053 35.0798359
45.5956792 26 37 962 32.4430794
48.6658875 25 46 1150 39.274225
65.5950601 24 53 1272 44.0068124
56.449458 23 69 1587 55.6430371

61.0030225 22 54 1188 42.2328617
62.8572715 21 67 1407 50.7402071
70.280832 20 76 1520 55.638992
76.998489 19 65 1235 45.9165301

66.6651554 18 69 1242 46.9377115
83.6645494 17 71 1207 46.4076797
84.5798846 16 90 1440 56.3865898
68.276139 15 90 1350 53.902215

89.6169339 14 103 1442 58.7932751
99.2215657 13 102 1326 55.3038235
82.6031031 12 112 1344 57.4630282
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108.28281 11 126 1386 60.9090809
119.195282 10 167 1670 75.686738
151.670405 9 219 1971 92.5231717
101.71091 8 170 1360 66.5032874
143.02226 7 199 1393 71.51113

407.696355 6 414 2484 135.353882
0 5 0 0 0
0 4 0 0 0
0 3 0 0 0
0 2 0 0 0
0 1 0 0 0
0 0 0 0 0

3871.82331 4967 238241 5813.0578
0.67630102 47.9647675 1.17033578
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steel-2
255 0 0 0
254 0 0 0
253 0 0 0
252 0 0 0
251 0 0 0
250 0 0 0
249 0 0 0
248 0 0 0
247 0 0 0
246 0 0 0
245 0 0 0
244 0 0 0
243 0 0 0
242 0 0 0
241 0 0 0
240 0 0 0
239 0 0 0
238 0 0 0
237 0 0 0
236 0 0 0
235 0 0 0
234 0 0 0
233 0 0 0
232 0 0 0
231 0 0 0
230 0 0 0
229 0 0 0
228 0 0 0
227 0 0 0
226 0 0 0
225 0 0 0
224 0 0 0
223 0 0 0
222 0 0 0
221 0 0 0
220 0 0 0
219 0 0 0
218 0 0 0
217 0 0 0
216 0 0 0
215 0 0 0
214 0 0 0
213 0 0 0
212 0 0 0
211 0 0 0
210 0 0 0
209 0 0 0
208 0 0 0
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207 0 0 0
206 0 0 0
205 0 0 0
204 0 0 0
203 0 0 0
202 0 0 0
201 0 0 0
200 0 0 0
199 0 0 0
198 0 0 0
197 0 0 0
196 0 0 0
195 0 0 0
194 0 0 0
193 0 0 0
192 0 0 0
191 0 0 0
190 0 0 0
189 0 0 0
188 0 0 0
187 0 0 0
186 0 0 0
185 0 0 0
184 0 0 0
183 0 0 0
182 0 0 0
181 0 0 0
180 0 0 0
179 0 0 0
178 0 0 0
177 0 0 0
176 0 0 0
175 0 0 0
174 0 0 0
173 0 0 0
172 0 0 0
171 0 0 0
170 0 0 0
169 0 0 0
168 0 0 0
167 0 0 0
166 0 0 0
165 0 0 0
164 0 0 0
163 0 0 0
162 0 0 0
161 0 0 0
160 0 0 0
159 0 0 0
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158 0 0 0
157 0 0 0
156 0 0 0
155 0 0 0
154 0 0 0
153 0 0 0
152 0 0 0
151 0 0 0
150 0 0 0
149 0 0 0
148 0 0 0
147 0 0 0
146 0 0 0
145 0 0 0
144 0 0 0
143 0 0 0
142 0 0 0
141 0 0 0
140 1 140 2.870876
139 2 278 5.68203999
138 8 1104 22.4935428
137 25 3425 69.5721563
136 28 3808 77.1285733
135 43 5805 117.252465
134 31 4154 83.6847088
133 32 4256 85.5263779
132 52 6864 137.611287
131 36 4716 94.3384768
130 24 3120 62.282832
129 20 2580 51.4035375
128 10 1280 25.4568157
127 7 889 17.6513664
126 18 2268 44.9639133
125 6 750 14.848725
124 4 496 9.80796966
123 5 615 12.1480081
122 9 1098 21.6684615
121 6 726 14.3159983
120 11 1320 26.012492
119 11 1309 25.7830689
118 7 826 16.2639504
117 9 1053 20.7295388
116 5 580 11.4174443
115 8 920 18.112268
114 5 570 11.2245385
113 5 565 11.1305157
112 9 1008 19.868504
111 6 666 13.1365476
110 5 550 10.85767
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109 5 545 10.7696572
108 3 324 6.40982582
107 1 107 2.11955721
106 8 848 16.8221516
105 7 735 14.6036485
104 1 104 2.06994858
103 5 515 10.2694993
102 6 612 12.2284864
101 3 303 6.06745165
100 6 600 12.0426
99 5 495 9.95960558
98 5 490 9.88469464
97 8 776 15.6971611
96 7 672 13.63272
95 4 380 7.732358
94 2 188 3.83762211
93 5 465 9.52343894
92 4 368 7.56284557
91 3 273 5.63062069
90 5 450 9.31583
89 7 623 12.9470628
88 7 616 12.8527591
87 8 696 14.5819348
86 3 258 5.42841691
85 3 255 5.3888745
84 6 504 10.6991468
83 3 249 5.31048872
82 4 328 7.02879405
81 3 243 5.23286893
80 2 160 3.462856
79 4 316 6.8744211
78 4 312 6.82325267
77 5 385 8.46521686
76 4 304 6.72115034
75 2 150 3.335075
74 8 592 13.2382785
73 1 73 1.64202123
72 8 576 13.0339075
71 6 426 9.69856874
70 4 280 6.414328
69 4 276 6.36276702
68 8 544 12.6219927
67 9 603 14.0827112
66 6 396 9.31003958
65 3 195 4.6155705
64 5 320 7.62644048
63 3 189 4.53587624
62 5 310 7.49263576
61 7 427 10.394895
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60 5 300 7.35662
59 7 413 10.2027509
58 4 232 5.77444883
57 6 342 8.57726887
56 9 504 12.7379281
55 10 550 14.009455
54 13 702 18.0231607
53 9 477 12.3450432
52 11 572 14.9243674
51 11 561 14.7582191
50 9 450 11.93715
49 12 588 15.7300022
48 5 240 6.47549264
47 8 376 10.2330939
46 10 460 12.6293982
45 15 675 18.6974925
44 9 396 11.0682671
43 2 86 2.42571078
42 11 462 13.1519849
41 14 574 16.4939315
40 10 400 11.60356
39 8 312 9.13824637
38 13 494 14.6107526
37 12 444 13.2626094
36 12 432 13.0345524
35 9 315 9.6019335
34 13 442 13.613802
33 14 462 14.3808911
32 14 448 14.0958456
31 12 372 11.8335125
30 17 510 16.405646
29 16 464 15.0971788
28 14 392 12.9041468
27 15 405 13.4922446
26 22 572 19.2904796
25 26 650 22.198475
24 16 384 13.2850755
23 17 391 13.7091541
22 27 594 21.1164309
21 30 630 22.7194957
20 33 660 24.159036
19 41 779 28.9627344
18 31 558 21.0879573
17 36 612 23.5306545
16 49 784 30.6993655
15 52 780 31.143502
14 54 756 30.8236588
13 44 572 23.8565513
12 66 792 33.8621416
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11 51 561 24.6536756
10 87 870 39.429618
9 166 1494 70.1317192
8 92 736 35.9900143
7 133 931 47.7938708
6 298 1788 97.4286397
5 0 0 0
4 0 0 0
3 0 0 0
2 0 0 0
1 0 0 0
0 0 0 0

2413 108341 2674.1457
44.8988811 1.10822449
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Title: :  Embedding of Dog Limbs for MTS testing of the Stifle Joint

Number:  1

Effective Date: 6-28-06  

Approving Officials:

Name Title

App roved  B y :  __________________ D i r e c to r :  O r thoped i cs  Lab
__/__/__

Approved By: __________________ Research Specialist __/__/__

Prepared By: __________________ Research Technician __/__/__

Purpose: To ensure that personnel properly embed dog limbs so that
proper testing of the stifle joint can be accomplished.

Scope: This SOP is intended for use by all members of the Orthopedic Research
Laboratory staff and must be followed by anyone who is planning to test canine stifle
joints.

Materials:   copper pipe, LECO grinder, 120 grit sandpaper, weight boat, drill,
epoxy, dog stifle joint

Procedures:

1.  Cut a 1-in. diameter copper pipe into 1 1/2-in. lengths (two pieces per knee).  Next,
grind outside of the piece along the long axis of the pipe using the LECO grinder and
120-grit-sandpaper.  File inside edges of pipe to eliminate sharp edges and thus avoid
cuts. Pipe is adequately sanded if it fits into the 1 1/4-in. tubing on the loading stem (see
figure 1).
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2.  After pipe is prepped, place it into a weigh boat. Mix equal parts of 5 min epoxy resin
and hardener by weight.  Pour 1/8-in. of 5-minute epoxy into the copper pipe (see figure
2).  Press down on top of pipe to limit the outflow of epoxy through its bottom.  Wait 2
minutes or until it sets.

3. Cut off the femoral head and the distal end of the tibia. Leave as much bone as possible
and ensure that the femur and the tibia are able to fit into the copper pipe.

4. Drill a 1/16-in. hole through the end of the tibia and then another 1/16-in. hole slightly
proximal and perpendicular to the other hole so that two separate pieces of wire can be
inserted into the tibia.

Figure 2

Figure 1. Loading stem (top) and cut
tubing fit into loading stem (bottom).

Figure 2. Sectioned tubing in weigh
boat.

Figure 4. Potted stifle joint. Figure 3.  Tibia with perpendicular wires
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Make sure that the tibia fits into the copper pipe even after the wires are inserted.  This
will increase the strength of the embedded structure.  (see figure 3)
5. Repeat step #4 for the femur.

6. Test fit one end of the limb into the copper pipe and make sure that the bone is able to
stand straight in the pipe.  Afterwards remove the limb from the copper pipe and place on
the side.

7. Mix enough five-minute epoxy to fill the copper pipe when the bone end is in the pipe
(roughly 3/4’s full without bone).

8. Pour epoxy into the pipe and then insert the bone so that the bone is oriented in line
with the pipe and centered.

9. Hold stifle in position until epoxy is set and bone is not able to move within the pipe.

10. Repeat steps #5-8 for the other end of the limb.
11. Finished product should have two 1 1/2 in. copper pipes; one on the end of the tibia
and one on the femur with the pipe in line with the bone.

Background:

Potting is needed to mechanically test cadaveric parts on the MTS.  Copper tubing is used
to interface with a mounting fixture that connects to the MTS.



Title: Attaching strain gauges to scaffolds
Number:

Approving Officials:

Name Title

Approved By: ____________________ Director: Orthopedic Lab __/__/__

Approved By: ____________________

Approved By: ____________________

Purpose:  To ensure that all personnel of the Orthopedic Research Laboratory know
the steps involved in attaching strain gauges to prefabricated scaffolds.

Scope: This SOP is intended for use by the orthopedic research lab and must be
followed in order to attach strain gauges to prefabricated scaffolds.

Materials:

Methods and Procedures:

1. Acquire a pre-made scaffold (see SOP#) and three M-M 1,000 OHM strain
gauges.

2. Trim gauges such that only 1mm of polyamide backing is left outside the strain
gauge.

a. Using scissors with extreme caution carefully trim excess polyimide
backing, making sure to not cut the actual gauge (Fig. 2a).

368



   Figure: 2a

3. Apply solder, to solder tabs on gauge.
a. Place a piece of double sided tape, or fold the tap in half, so as to fix one

of the trimmed gauges onto the microscope. Make sure to have the solder
tabs up away from the tape (Fig.3a).

       Figure: 3a

b. Looking through the microscope apply a small amount of solder to solder
tabs, leaving a uniform bubble of solder which covers entire tab (Fig.3b).
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Figure: 3b

4. Tin ends of 6-conductor wire 1mm-2mm of solder is showing.
a. Strip a 6 conductor wire 3cm removing gray exterior wire and ground

shielding (Fig. 4a).

  
Figure: 4a

b. Remove nylon thread (Fig. 4b).
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                          Figure: 4b

c. Strip 0.5cm off of each colored wire (black, white, blue, yellow, red,
green) (Fig 4c).

       
Figure: 4c

d. Tin end of all six wires using a solder (Fig. 4d).
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Figures: 4d

e. Trim tinning with scissors so that 1mm-2mm of solder is showing (Fig
4e).

   
   Figures: 4e

5. Solder wires to strain gauges using microscope.
a. Take strain gauge that has been trimmed and placed on tape and carefully

solder green and red wires perpendicular to gauge while looking under
microscope (Fig. 5a).

Figure 5a

b. Repeat step 5a for white, black gauge pair and yellow, blue.

6. Attach wired gauges to scaffolds.
a. Carefully remove strain gauge from tape. Excessive pulling on wires will

pull off solder tabs.
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b. Place a 2cm long piece of clear tape on the back of the wired strain gauge,
centering the gauge on the tape (Fig. 6a).

Figure: 6b

c. Apply a thin coat of Master Bond to top of surface of gauge.
d. Tape gauge axially onto scaffold so wires line up with grooves on bottom

of scaffold (Fig. 6d).

Figure: 6d

e. Cover tape with 5cm long piece of orange silicone and clip into place with
back clip (Fig. 6e).
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f. Leave scaffold with wires up to dry. Let dry for about four hours.
g. After the four hours of drying place excess Master Bond into grove to

cover solder joints as a means of waterproofing. After one day repeat step
6 for two remaining strain gauges

7.  Waterproof scaffold.
a. Slightly sand gauges with 1200 grit paper.
b. Apply thin coat of 15%/85% Polysulfone 1,1,2,2-TCE to gauges and bake

at 70 degrees Celsius for one hour and let cool to room temperature.
c. Lightly sand scaffolds again with 1200 grit paper.
d. Apply a second coat of 15%/85% Polysulfone 1,1,2,2-TCE to entire

surface, except for bottom (wires).
e. Sprinkle CPC 6+7 and bake for 46 hours at 70 degrees Celsius (optimun

5hrs).

8. Calibrate scaffolds using OHM Meter.
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SOP: Using Excel to make scatter plots, calibration curves and line graphs from MTS
Data

Synopsis: The process for copying and organizing text formatted MTS/Strain
gauge/Deflection information (Load, Time, Strain, etc) into graphs with calibration
curves.

A) Formatting file
Purpose: Converting .txt files into .xls files
Procedure:
1.MTS data is written as a text file (.txt); however, it can be analyzed by opening it with
Excel and converting it to numerical information. This can be done by clicking on the
{File}, {Open} tab at the top of the program, or by simply dragging the file to the Excel
icon in the main toolbar located at the bottom of the screen.
2. Files should be saved as Excel workbooks (.xls).  Keep original text files by saving the
newly created Excel files with different names. This allows for the new file you are
creating to be differentiated from the original and provides a backup, allowing any
mistakes to be reversed by referring to the original document.  It is prudent to name your
excel files with a similar name to the text files for easy cross reference.
3. When first opened, the data will appear in scientific notation. Highlight all of the cells
by clicking on the top left corner of the spreadsheet, marked with a diamond.
4. Once highlighted, hold down the apple key and press 1.  A popup labeled [Format
Cells] should come up. Click on [number] under the category label and the click [ok].
5. For clarity remove excess data:

• Highlight top 3 rows of data containing temperature, humidity etc.
• Select {edit},{delete} from top.
• Highlight the first column [elapsed time] by clicking the [A] at the top of the

spreadsheet and delete it in the same way (apple Y repeats the previous command,
in this case to delete)

• Delete the column labeled [stroke] as well.
• Remember to save, save, save…as you go along so power failures and computer

crashes will have only a minor effect on the work you have done.

B) Making graphs:
Purpose: Graphing; there are 2 types of graphs we will commonly use for measurements
collected through labview:

1. A scatter plot of Load Vs. Strain Gauge Data
2. A line graph of Load and Strain Gauge Data

Procedure:
1.Graph 1: Highlight Load: click the first data point (usually point 2) in the load column,
once the single point is highlighted, press [apple] and [shift], at the same time as the
[down arrow]. This will highlight the data in the column.

• Click the “ChartWizard” icon on the tool bar (the icon with the little graph)
• Choose “XY scatter plot” under the “chart type” label.
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• Choose “Scatter” under chart sub types this compares pairs of values (its usually
the first option; the diagram with the unconnected points).

• Click [Next]
• Click the [Series] tab at the top, of the popup window
• Click the delta icon of [X values] option. The window will condense and you

should see the raw data page.
• Select the first data cell of the column under “Gauge1” (not the cell with “Gauge

1” in it, but the data cell directly below it in row 3)
• Once the single point is highlighted press [apple] [shift] [down arrow] and

Simultaneously .The entire collumn should be highlighted; click [Enter]
• The Chart Wizard window should drop down
• Select [Next]
• Enter Titles

o For Chart Title enter: “Load Vs Strain”
o Value (X) axis: “Strain (microstrain) “
o Value (Y) axis : “Load (Kgf)”

• Enter [Next]
• Select [As new sheet]
• Label as: “Gauge1”
• Select [Finish]
• Click on the tab at the bottom of the sheet labeled with the file name.  The raw

data sheet should appear with the “Load” column still highlighted
• Click on the “Chartwizard” icon and repeat the previous steps for “Gauge 2” and

“Gauge 3”
2. Graph 2:

• Highlight the “Load”, “Gauge1”, “Gauge2, and “Gauge 3” columns
• Click the ChartWizard icon
• Choose [Line] under the chart type label.
• Choose [Line] under the chart sub type, this allows for a line that displays trends

over time or categories, (Is usually the first option).
• Click [Next]
• Click [Next] again
• Enter Titles

o For Chart Title enter: Line Load and Strain
• Enter [Next]
• Select [As new sheet]
• Label as: Line Graph

• Select [Finish]
3. Curve Fit:

• Click on the “Gauge 1” at the bottom of the screen, your scatter plot should
appear

• Click on {Chart}, {Add trendline} at the top of the screen.
• Use the “Linear” regression default setting
• Click on the Options tab
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• Check the “Display equation on chart” and the “Display R-squared value on
chart” boxes

• Click Ok
• Curve equation will appear on graph, move to a highly visible spot on the graph
• Repeat for “Gauge 2” and “Gauge 3”
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SURGERY TOOLS FOR SCAFFOLD PLACEMENT

 Sterile reduced shank drill bit with 0.125 inch drilling tip and 0.095
inch shank

 Sterile suture passer (some times they have it for us already in
surgery)

 Sterile depth gauge

 Sterile 9 mm reamer for scaffold

 Sterile Hoses for Nitrogen tank

 Nitrogen tank - wipe down with bleach

 Sterile 2 plastic tipped tamps

 Sterile mallet

 Sterile Nitrogen powered drill

 Sterile drill chuck

 Sterile 2 wire strippers 10-18 gauge and 22-30 gauge

 Multi-meter [Non-sterile] set to Ohms

 Sterile leads for multimeter

 Sterile calibrated scaffold/ transmitter and backup

 Sterile silicone molds for transmitter/scaffold connection

 Sterile bone cement (PMMA)

 Sterile bone cement mixing stick and mixing bowl
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 Sterile pinch pins (in case pins fall off during surgery)

Procedure for Scaffold Placement

1. Shave region of leg from back near trochanter to hock and clean and
disinfect with beta dine and ethanol.

2. Place dog supine on table.  Make the table V shaped to support the dog in
this position.

3. Use rope and drip line pole, to suspend foot while preparing knee region.
Spray knee with beta dine and clean with gauze 4 by 4 ‘s.

4. Release rope and roll stockinet onto foot and down the leg.

5. Place foot of leg receiving scaffold onto the table and hold it securely so
that the tibia is as nearly vertical as possible.

6. Drape so that the knee and the lateral aspect of the femur can be accessed.
Use blue drapes to cover crotch area before placing main drape over entire
animal.

7. Approach knee using a 10 to 12 cm (4 to 5 inch) incision medial to the
patella (Para patellar approach).

8. If you use the distal end of the patella as a guide you may be able to find
the face of the medial condyle more easily.

9. Use blunt dissection to separate tissues as you move toward the femoral
condoyle.  Use hemostats to stop bleeding from minor vessels.

10. Mark surface of cartilage with the point of a drill bit and check that the
scaffold will fit if drilling is done at that site.

11. Using the reduced shank drill bit (shank diameter of 0.095 inches) that will
be used as a guide, drill through the middle of the face of the medial
femoral condyle.  Drill at an angle so that the bit exits through the lateral or
anterior-lateral femoral cortex around the mid-shaft region.  The hole in the
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cortex will be 0.125 inches.  Leave bit in place with larger diameter portion
buried at least 15 mm below condyle surface.

12. Using the 9 mm reamer over the guide drill, ream into the face of the
condyle until the top of the reamer is level with the surface of the condyle.
Check the depth with the depth gauge.  Ream until the depth of the hole is
sufficient that the line on the depth gauge is at or below the surface.

13. Remove the reamer and the drill.

14. Push the suture passer through this hole until the tip is felt on the skin along
the lateral femoral cortex.

15. Make a stab incision at the location where the suture passer is felt against
the inside of the skin.  Push the suture passer through the puncture incision.

16. Place a suture into the threader of the suture passer.  Pull the thread through
the drill hole with the suture passer and attach it to the thread which was
attached to the end of the cable that was wired to the gauges on the
scaffold.

17. Pull the cable through the hole and align the scaffold with the hole.

18. Tap the scaffold gently with the tamp using the mallet until it seats in the
hole and is flush with the cartilage surface.

19. Take picture of seated scaffold to use in the future to determine strain gauge
orientation.

20. Close the para patellar incision with resorbable sutures (for the
subcutaneous tissues) and with non-resorbable sutures for the skin.

21. Make an 2 inch skin incision on the back near the trochanter.  Using a long
pair of mosquitoes pull the cable from the lateral flank to this location.

22. Close the puncture incision with resorbable sutures (for the subcutaneous
tissues) and with non resorbable sutures for the skin.

23. Using scissors cut the heat shrink off the connectors
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24. Attach each connector to the complementary connector on the cable
attached to the telemetry unit.

25. Dip the connection site in PMMA monomer.

26. Place connected telemetry/scaffold wire in silicone mold for PMMA
cement.  There is a groove for both the wires for the transmitter and
scaffold.  Place the transmitter wires through the thinner side of the mold.

27. Suture the telemetry unit to the subcutaneous tissue so that it does not
migrate as close to the front quarters and spine as possible.

28. Using one of the sterile molds and medical grade PMMA (Bone Cement),
encase the connectors in a PMMA sleeve.  This will be done by mixing 2/3
of the PMMA powder with the full amount of MMA monomer (in the glass
vial) in a bowl for 60 seconds.  The doughy PMMA will then be packed it
into the mold with the connectors inside the mold.

29. Remove the silicone mold off of the hardened PMMA.

30. Suture the incision on the back with resorbable sutures (for the
subcutaneous tissues) and with non resorbable sutures for the skin.

31. Remove the drapes and move the dog to recovery.
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Project Description

Digital Image Correlation has proven to be a powerful investigative tool in

material evaluation.  Knowledge of tissue material properties is essential in the

development of functional tissue engineering.  The aim of this study is to determine the

material properties of canine articular cartilage and cancellous bone as well as

Polybutylene Terephthalate (PBT) scaffolds used in our labs current tissue-engineering

projects.  Properties will be assessed using an optical method known as Digital Image

Correlation (DIC), which compares high-resolution images of strained and unstrained

samples. Once determined, material properties will then be used to evaluate our

engineered cartilage tissue and scaffolds. The material properties obtained by DIC will be

used to correlate PBT scaffold strength to that of cancellous bone to minimize the shear

between PBT scaffold and bone upon scaffold implantation.  Material properties of

cartilage will be used to optimize the cell-seeding environment of chondrocytes and

design current soft tissue mathematical models.

The long-term goal of this experiment is to find an effective way to repair

cartilage and bone in patients with articular cartilage defects rather then replacing joints

with metal and plastic implants. Developing a sensate scaffold for cartilage repair will

allow patient monitoring during rehabilitation, which may increase the success of repair

techniques. Such repairs would be valuable in reducing the loss of proprioception that

typically results from total joint replacement.
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Student Involvement in Project

Funding of this application will provide a student with the opportunity to use a

mechanical vise built by a previous WAESO student to evaluate, using DIC, bone and

cartilage samples as well as PBT scaffolds.  The student will be prepare and load the

samples and will be instructed on how to interpret DIC study results.  The student will

also participate in the refinement of a computer modeling simulation of the scaffold in

order to identify characteristic response to various loading conditions in the sensate

scaffold. Ultimately, the results will be used to improve our calibration methods in

preparation for use of the implants in vivo.  The student will be exposed to lab

documentation and instructed in effective laboratory practice.  The DIC portion of this

project will be accomplished through a collaboration with mechanical engineering

graduate students, thus giving the WAESO student collaborative work experience.

Minority Student Researcher

Notification of funding for this application will initiate the process of identifying

a new minority student.  We have obtained several CMID/WAESO grants in the past and

have always had a choice of several qualified candidates.  In the past, our students have

worked on average 10 to 12 hours a week for the duration of the semester.  My office is

housed in the laboratory providing 5 day a week access to students should they have any

questions between regular meeting times.  Students are generally allowed between 10 and

20 hours to prepare their final research report.  This gives them time to prepare a

preliminary draft, a second draft and a final report.

I have had considerable success with minority students and plan to sponsor other

underrepresented students in the future.  Also, many of the former WAESO students have

obtained funds from other grants so they can remain in the laboratory and continue work

on their projects.  Having former WAESO students continue research in the lab is

beneficial because they are excited about their projects and are able to train new students
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