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Foreword 
 
Engineering activities are based on the development of new Knowledge (Scientia), new 
'made things' (Techné), and/or new ways of working and doing (Praxis). Scientia, 
Techné, and Praxis are three important dimensions of a comprehensive conception of 
Engineering as a whole. Engineering, as Scientia, is mostly developed in academia; as 
Techné, is practiced in industry generating technological innovations; and as Praxis, is 
carried out in technical and non-technical organizations, supporting managerial activities 
and technical procedures, via methodical and methodological design and implementation. 
This is why Engineering provides one of the most solid academic and professional 
substrata for bridging among universities, industries and governments.  
 
Publications and conferences related to Engineering are usually oriented to one of its 
three dimensions. While this is an adequate thing to do when disciplinary focus is sought, 
it does not represent Engineering as a whole and it misses the very important synergic 
relationships among the three kinds of engineering activities mentioned above. This is 
why a group of scholars, professionals, and consultants, in the field of engineering, 
considered the possibility of organizing a conference where presentations would not be 
reduced to one specific Engineering dimension, but would foster the participation of 
academics, practitioners, and managers in the three dimensions of Engineering, in the 
same conference, so they can synergistically interact with each other. A consequence of 
this purpose is the organization of The 6th International Multi-Conference on  
Engineering and Technological Innovation: IMETI 2013, where submissions were 
accepted for the presentation of:  
 

• New knowledge (Engineering as scientia); 
• New products and services, i.e. technological innovations (Engineering as 

techné);  
• New technical and managerial methods and methodologies (Engineering as 

praxis); 
• New meta-engineering (Engineering of Engineering activities) knowledge, 

innovations, and methodologies.  
 

IMETI 2013 was organized and sponsored by the International Institute of Informatics 
and Systemics (IIIS, www.iiis.org), member of the International Federation of Systems 
Research (IFSR). The IIIS is a multi-disciplinary organization for inter-disciplinary 
communication and integration, which includes about 4500 members. Consequently, a 
main purpose of the IIIS is to foster knowledge integration processes, interdisciplinary 
communication, and integration of academic activities. Based on 1) the transdisciplinarity 
of the systemic approach and its emphasis on relationships and integrating processes, and 
2) the multi-disciplinary support of cybernetics’ and informatics’ concepts, notions, 
theories, technologies, and tools, the IIIS has been organizing multi-disciplinary 
conferences as a platform for fostering inter-disciplinary communication and knowledge 
integration processes.  
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IMETI 2013 was organized jointly with other multi-disciplinary events with the purpose 
of providing a communicational forum to researchers, engineers, practitioners, 
developers, consultants, and end-users of computerized, communications, and/or control 
systems and technologies in the private and the public sectors. This multi-disciplinary 
forum provides the opportunity to share experience and knowledge by facilitating 
discussions on current and future research and innovation.  Participants can explore the 
implications of relationships between new developments and their applications to 
organizations and society at-large. One of the primary objectives of IMETI 2013, and its 
collocated events, is to promote and encourage interdisciplinary cross-fertilization and 
knowledge communication. This might foster systemic thinking and practice, including 
the analogical thinking that characterizes the Systems Approach, which is, in most cases, 
the required path to logical thinking, scientific hypothesis formulation, and new design 
and innovation in engineering. 
 
On behalf of the Organizing Committee, I extend our heartfelt thanks to:  
 

1. the 223 members of the Program Committees from 42 countries;  
2. the 268 additional reviewers, from 57 countries, for their double-blind peer 

reviews; and 
3. the 78 reviewers, from 34 countries, for their efforts in making the non-blind 

peer reviews. (Some reviewers supported both: non-blind and double-blind 
reviewing for different submissions) 

 
A total of 667 reviews made by 346 reviewers (who made at least one review) 
contributed to the quality achieved in IMETI 2013. This means an average of 8.55 
reviews per submission (78 submissions were received). Each registered author had access, 

 

Figure 1 

Multi-disciplinary conferences are organized by the IIIS as 
support for both intra- and inter-disciplinary communication. 
Processes of intra-disciplinary communication are mainly 
achieved via traditional paper presentations in corresponding 
disciplines, while conversational sessions, regarding trans- and 
inter-disciplinary topics, are among the means used for inter-
disciplinary communication. Intra- and inter-disciplinary 
communications might generate co-regulative cybernetic loops, 
via negative feedback, and synergic relationships, via positive 
feedback loops, in which both kinds of communications could 
increase their respective effectiveness. Figure 1 shows at least 
two cybernetic loops if intra- and inter-disciplinary are 
adequately related. A necessary condition for the effectiveness of 
Inter-disciplinary communication is an adequate level of variety 
regarding the participating disciplines. Analogical thinking and 
learning processes of disciplinarians depend on it; which in turn 
are potential sources of the creative tension required for cross-
fertilization among disciplines and the generations of new 
hypothesis. An extended presentation regarding this issue can be 
found at www.iiis.org/MainPupose.   
 



via the conference web site, to the reviews that recommended the acceptance of their respective 
submissions. Each registered author could also get information about: 1) the average of the 
reviewers evaluations according to 8 criteria, and the average of a global evaluation of his/her 
submission; and 2) the comments and the constructive feedback made by the reviewers, who 
recommended the acceptance of his/her submission, so the author would be able to improve the 
final version of the paper. 
 
In the organizational process of IMETI 2013 (including the events organized in its 
context) about 78 papers/abstracts were submitted. These pre-conference proceedings 
include about 32 papers, from 17 countries, that were accepted for presentation. We 
extend our thanks to the invited sessions organizers for collecting, reviewing, and 
selecting the papers that will be presented in their respective sessions. The submissions 
were reviewed as carefully as time permitted; it is expected that most of them will 
probably appear in a more polished and complete form in scientific journals. 
 
This information about IMETI 2013 is summarized in the following table, along with the 
other collocated conferences: 
 

Conference 
# of 

submissions 
received 

# of 
reviewers 

that made at 
least one 
review 

# of reviews 
made 

Average of 
reviews per 

reviewer 

Average of 
reviews per 
submission 

# of papers 
included in 

the 
proceedings 

% of 
submissions 
included in 

the 
proceedings 

WMSCI 2013 210 740 1330 1.80 6.33 116 55.24% 

IMSCI 2013 104 437 886 2.03 8.52 53 50.96% 

IMETI 2013 78 346 667 1.93 8.55 32 41.03% 

CISCI 2013 184 693 1771 2.56 9.63 93 50.54% 

TOTAL 576 2216 4654 2.10 8.08 294 51.04% 

 
We are also grateful to the co-editors of these proceedings for the hard work, energy, and 
eagerness they displayed preparing their respective sessions. We express our intense 
gratitude to Professor William Lesso for his wise and opportune tutoring, for his eternal 
energy, integrity, and continuous support and advice as Honorary President of WMSCI 
2013 and its collocated conferences, as well as for being a very caring old friend and 
intellectual father to many of us. We also extend our gratitude to Professor Belkis 
Sánchez, who brilliantly managed the organizing process. Special thanks to Dr. C. Dale 
Zinn, Professors Hsing-Wei Chu, Andrés Tremante, Michael Savoie, and Belkis Sánchez 
for chairing, or co-chairing the Program and/or the Organizing Committees of IMETI 
2013 and/or the events organized in its context.  
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Sessions with keynote conferences.  
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Professor Leonid Perlovsky, Harvard University and The Air Force Research Laboratory, USA, 
two hours plenary workshop, “Mathematical Equivalence of Evolution and Design” 



 
Professor Louis H. Kauffman, University of Illinois at Chicago, USA, two hours plenary 
workshop, “Circularity, Topology and Cybernetics: Second Order Science” 
 
Professor T. Grandon Gill, University of South Florida, USA, four hours plenary workshop, 
“Interdisciplinary Research, Education, and Communication through Case Studies and 
Methodologies” 
 
 
Plenary Keynote Speakers, more details more details (abstracts and short bios) were included in 
the Conference Program booklet and at http://www.iiis.org/summer2013plenaryevents/ 
 
Professor Leonid Perlovsky, Harvard University and The Air Force Research Laboratory, USA, 
“Musical Emotions: Cognitive function and evolution: A mathematical-psychological theory and 
experimental evidence.” 
 
Professor Louis H. Kauffman, University of Illinois at Chicago, USA, “Circularity, Topology 
and Cybernetics: Second Order Science” 
 
Professor Stuart A. Umpleby, The George Washington University, USA, “Expansion of 
Science.” 
 
Professor Shigehiro Hashimoto, Kogakuin University, Japan, “An interdisciplinary area of 
research offers the tool of cross-cultural understanding: cross-cultural student seminar for 
communication training on biomedical engineering.” 
 
Professor T. Grandon Gill, University of South Florida, USA, “Complexity, Cybernetics, and 
Informing Science: Building a Better Mousetrap.” 
 
Dr. Jeremy Horne, President-emeritus, Southwest Area Division, American Association for the 
Advancement of Science (AAAS), USA, “Complexity, Cybernetics, and Informing Science: 
Building a Better Mousetrap” 
 
Dr. Karl Muller, University of Vienna, Austria and Head of The Wiener Institute for Social 
Science Documentation: WISDOM, Austria, “Unfolding and Expanding Science with the Help of 
the New Science of Cybernetics (NSC)” 
 
Professor Andreas Ninck, Bern University of Applied Sciences, Switzerland, “Action Learning: 
Doing in order to think - Thinking in order to do” 
 
Professor Richard Segall, Arkansas State University, USA, “Dimensionalities of Computation: 
from Global Supercomputing to Data, Text and Web Mining” 
 
Dr. Mark Donald Rahmes, Harris Corporation, USA, "A Biometric for Neurobiology of 
Influence with Social Informatics Using Game Theory" 
 
Dr. Denise K. Comer, Duke University, USA, “Academic Writing for Inter-Disciplinary 
Communication”  
 
Professor Thomas Marlowe, Seton Hall University, USA, “Systemics and Requirements: A 
Missing Dimension?” 



 
Dr. Ronald Styron, University of South Alabama, USA, “Interdisciplinary Education: A 
Reflection of the Real World.” 
 
Dr. Robert Cherinka and Mr. Joseph Prezzama, MITRE Corporation, USA “Trending 
Approaches in Innovation Utilizing Interdisciplinary Methods” 
 
Dr. Marta White, Georgia State University, USA, “The Scholarship of Teaching: Inter-Cultural 
and Inter-disciplinary Communication for Academic Globalization” 
 
Dr. Kostas Demestichas, National Technical University of Athens, Greece, “Flexible next 
generation communication networks” 
  
 
We also wish to thank all the authors for the quality of their papers, and the Program Committee 
members and the additional reviewers for their time and their contributions in the respective 
reviewing processes.    
 
We extend our gratitude as well to María Sánchez, Juan Manuel Pineda, Leonisol Callaos, Dalia 
Sánchez, Keyla Guédez, Bebzabeth García, Marcela Briceño, Louis Barnes, Sean Barnes, and 
Freddy Callaos for their knowledgeable effort in supporting the organizational process producing 
the hard copy and CD versions of the proceedings, developing and maintaining the software 
supporting the interactions of the authors with the reviewing process and the Organizing 
Committee,  as well as for their support in the help desk and in the promotional process.  
 
 
Professor Nagib C. Callaos, Ph. D. 
IMETI  2013 General Chair 
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ABSTRACT 

Decrease in clinical nursing facilities created a need to develop 

supplemental real-life patient scenarios outside of the traditional 

nursing units. Over the past five years, there has been a dramatic 

increase in the number of simulation exercises integrated into the 

clinical aspect of nursing education. However, many students are 

not engaged and are not effectively participating in the 

simulation. Many students state they are perplexed and do not 

understand the purpose of simulation, and often do not take it 

seriously. The challenge to nurse educators is to develop realistic 

goals and objectives with a variety of activities that occur prior to 

the actual simulation experience Debriefing is one of the most 

important aspects of the simulation activity, but if students are 

not participating, then the learning is not occurring. The key with 

simulation is to engage students through the use of various 

strategies that incorporate visual, auditory, tactile, and cognitive 

learning. This study investigated the use of interactive pre-

simulation strategies such as concept mapping, group discussion, 

teaching, and body mapping prior to the simulation experience. 

The focus of this research was on student success and increased 

knowledge. The most important overall goal is to engage students 

prior to the simulation experience in a safe, nonthreatening 

learning environment in order to allay students’ fear of failure 

and ultimately increase knowledge, retention, and critical 

thinking. Results of the study have implications on the 

development and integration of innovative teaching pedagogies. 

 

Keywords: pre-simulation strategies, pre-instructional activities, 

simulation, Interactive Pre-Simulation Strategies: 

 

I. INTRODUCTION 

Simulation has been proven as an effective and safe 

methodology in academia that involves active learning. 

Additionally, simulation has enabled students to link theory and 

practice, synthesize knowledge, and gain clinical confidence 

(Rauen, 2004). Simulation is a proven successful learning 

strategy when students actively participate; therefore, the key is 

to determine how to gain students’ enthusiasm to actively partake 

in the simulation experience. This research investigated the 

relationship between pre-simulation strategies and selected 

student learning outcomes (knowledge) within a medical –

surgical nursing course. A quasi-experimental design was used. 

Students are randomly assigned to and within sections. 

 

II. LITERATURE REVIEW 

 

     A review of the literature is lacking with pre-simulation 

strategies or pre-instructional strategies. For this research pre-

simulation strategies is defined as those activities that participants 

perform prior to the simulation experience. One of the research 

articles found discussed pre-instructional strategies within a high 

school biology course to prepare students for the simulation 

experience by using either formal or informal activities [1]. This 

study defined the pre-instructional strategies as a formal briefing 

where all students were influenced by these activities [1].The 

idea of briefing parallels the idea of debriefing at the conclusion 

of the simulation experience. 

          Literature review is necessary to provide for an evidenced-

based simulation. [2],[3], [4], [5] assisted with the evidence to 

suggest symptoms and process for the Gastrointestinal (GI) 

scenario.  It is imperative to provide research in order to provide 

an accurate and current simulation experience. 

 

III. RESEARCH SETTING: PROCEDURES 

Once the IRB approval was obtained, the medical surgical 

nursing students were introduced to the consent form. The 

course, Medical Surgical Nursing I, is a required course for all 

nursing students and is offered in the second semester junior level 

in the nursing program. The course is offered every spring. The 

enrollment for the course varies each semester. During the spring 

semester of 2012, two sections of the course were offered on 

Thursday and one section on a Monday. The course is a 15-week, 

four-credit course in the nursing program and consists of a 

combined lecture and clinical component. Students learn theory 

and clinical skills to complement the disease process discussed. 

The course uses a web-enhanced learning platform where content 

is placed by the instructor on the BlackBoard course site for 

students to review and enhance their learning.  The course site is 

used to provide lecture notes, class material, power point lectures, 

and taped lectures.  

 

Students in the course attend a two-hour class one day a 

week with a 12-hour clinical component one day a week. Each 

class is taught by the same faculty member using the same course 

syllabus, text book, classroom, online quizzes, and available 

taped lecture. The online course site for each section is set up 

similarly with learning modules and videos for students to review 

for each class. Prior to the Gastrointestinal (GI) module, students 

were provided with the consent form to sign and were reminded 

that they did not have to participate. 

 

Sample 

 

     The sample used in this research is a sample of convenience. 

The sample consists of approximately 74 undergraduate junior 

level nursing students in the medical surgical I nursing course 
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from a small, comprehensive Mid-Atlantic university. Data 

collected in the study was obtained from students enrolled in the 

three sections of the required second semester junior level 

medical surgical I nursing course. This is the second semester of 

the junior year and the second class that students are exposed to 

the simulator (VitalSim™) in the classroom. Participation in the 

study was completely voluntary and will not affect student 

grades.  

 

Enrolled Nursing Students Background 

 

Nursing students in the first semester of their junior year 

take three other required nursing courses concurrently with 

Medical Surgical Nursing I: Research, Psychiatric Nursing, and 

Obstetrical nursing. Students must pass each course and maintain 

a 3.0 GPA in order to progress to the next level in the nursing 

program. Students learn about the various medical, obstetrical, 

and psychiatric conditions in the three clinical theory courses 

taken in the second semester junior year. The Research class 

discusses evidenced-based research that assists the students in 

their clinical courses.  

 

Selection of Content 

 

The content that was selected was based on utilizing a 

simulation that was developed with four other faculty members at 

a simulation seminar. Another rationale for the integration of the 

GI content (see brief topical outline in Appendix B) was that this 

is discussed in the first Medical Surgical nursing course since it is 

a basic concept in all nursing programs, and is necessary to learn 

in order to pass the nursing boards (NCLEX) which are taken at 

the successful completion of the nursing program. Additionally, 

the skills that students gain in this module carry over to the 

clinical setting.  

 

Simulation Design 

 

     The simulation scenario was designed through a collaboration 

of five medical surgical educators from four different 

universities. The educators originally met at Johns Hopkins 

University M-FAST (Maryland Faculty Academy for Simulation 

Teaching in Nursing) program in January 2012. They reviewed 

the literature and developed a scenario that was appropriate for 

all nursing students, but focused the level of the simulation for 

the medical surgical I nursing student. Throughout the year the 

educators remained in contact via email and are encouraged to 

run the same simulation at all four universities. At this time two 

of the universities have successfully run a pilot of the simulation 

but did not collect data currently. The goal for all five educators 

is to collect and compare data in the future.  

 

IV. RESEARCH DESIGN 

 

     The design used in this research is a nonequivalent 

comparison group design. Participants were not randomly 

assigned to groups, but rather the groups were randomly assigned 

to the treatments [6]. The treatment was decided by tossing a coin 

to determine which treatment was assigned to each group. This 

research involved the use of three different Medical Surgical 

sections, each section had 4 clinical groups. The GI content was 

taught by the same instructor to all three classes, but the 

interventions were randomly selected the following week for 

each group.  

      

     The variables for this study will include the aforementioned 

two groups (the independent variables) and student knowledge as 

the dependent variable (see Figure 1).  

                         

                IV                       DV 

Pre test 

      

 

DAY 1                   DAY 2                             DAY 3 

(2 hrs)                (4 hrs)                            (1st hr of class) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Independent (IV) and Dependent Variables (DV). 

 

Groups and Procedures 

 

     All three groups were given a pretest prior to being exposed to 

GI content which occurred prior to day one since students prepare 

for class by reviewing the textbook and notes before the content 

is presented.  Students received a power point prior to class 

lecture and were presented with a case study pertaining to the 

material. The pre- posttest was given to all students the week 

after the instructional treatment was administered. Students are 

made aware that completing the pre test post test and confidence 

survey have no effect on the student grade or status within the 

nursing program.  

 

     The learning module occurs over two class periods which are 

each separated by one week and consists of a power point lecture 

(the same given to each group). Students can download the 

lecture notes from the online course site at any time prior to or 

after class. Prior to coming to the second session, all groups were 

instructed to do the following: 1.) review the course textbook; 

and 2.) review the case study. Students were encouraged to 

develop questions needed to ask the case study patient in 

preparation for respiratory class two session. All students 

continued to attend their other five classes over the two weeks of 

the respiratory module, including clinical rotations within health 

care facilities, either a hospital or rehabilitation center. 

 

     Prior to the first day, students were given a pretest consisting 

of a twenty-five question multiple choice test. The first day was 

the same for all three sections of students who were instructed by 

the same educator. Students were provided with an outline of the 

power point presentation to follow during the class lecture.  The 

class period lasts two hours. Students were assigned to groups. 

Each student was provided with the case study scenario and 

encouraged to review the scenario over the next week prior to the 

second class session in order to be acquainted with the 

information in the scenario. At the conclusion of day one, 

students were instructed to review the following: 1.) the lecture 

notes and power point; 2.) the course textbook; and 3.) the case 

study.  

 

     The Control group (Group A) consisted of nursing students 

enrolled in the Monday section 01. These students were exposed 

to the simulation experience the usual way by randomly 

assigning roles and then orienting them to the room, followed by 

a period of twenty minutes to allow them time to determine what 

each participant should be doing and what is the priority of the 

patient in the scenario. The first day was the same for sections as 

was previously discussed. The second day of the module 

Lecture,  

Power Point 

Case 
Scenario 

Group A 

Control  

 

Group B  

Experimental 

Pre Sim 

Student 

Achievement 

Posttest 
GI 

Assessment 
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consisted of beginning the class with a clarification of the case 

scenario. Then students were placed in their groups based on 

arbitrarily pre-assigned clinical groups that are randomly decided 

upon by the clinical coordinator. The students then prepared for 

their roles for the simulation experience. Students were arbitrarily 

assigned any one of five roles (recorder, previous shift nurse, 

current nurse, nursing student, and nursing instructor) by drawing 

a piece of paper out of a hat with their role written on it. The 

simulation experience lasted approximately twenty minutes. At 

that time, students needed to assist the patient, the VitalSim™ 

simulator with her condition.  Following the simulation 

experience, students documented their note and were debriefed 

with the instructor discussing what could have been done better, 

how they felt, and final results of what they think was happening 

with the patient. Specific questions were asked of all groups.  

 

     The Experimental group (Group B) consisted of nursing 

students that were randomly selected to participate in this group. 

These students used the VitalSim™ simulator. The respiratory 

module was divided into two days. The first day was the same for 

both groups as was previously discussed. The second day of the 

module consisted of beginning the class with a clarification of the 

case scenario. Then students were placed in their groups and 

prepared for their roles for the simulation experience using the 

VitalSim™ simulator. Students were arbitrarily assigned any one 

of five roles (recorder, previous shift nurse, current nurse, nursing 

student, and nursing instructor) by drawing a piece of paper out 

of a hat with their role written on it. The simulation experience 

with the VitalSim™ lasted approximately twenty minutes. At that 

time, students needed to assist the patient, the VitalSim™, with 

her condition.  Following the simulation experience, students 

documented and were debriefed with the instructor discussing 

what could have been done better, how they felt, and final results 

of what they think was happening with the patient. Specific 

debriefing questions were asked of all groups. 

 

     All groups had an opportunity at the beginning of the 

following class, day three, to ask questions and clarify any 

information. This session was followed by the posttest. The 

groups interacted with each other as suggested by Bandura’s 

theory [7]. The same scenario lasting 20 minutes was given to all 

of groups followed with a debriefing period where students 

shared their experiences with each other and discussed other 

interventions that could have been integrated to potentially 

change outcomes that occurred during the simulation.  

 

V. THREATS TO VALIDITY 

 

     There were several threats to validity due to the inability of 

the researcher to assign the participants to random groups. The 

threats to validity include: 1.) regression; 2.) maturation; 3.) 

history; 4.) testing; and instrumentation [8]. More specifically, in 

this study, the threats to internal validity can incorporate 

interactions among variables such as selection, history, and 

testing[9]. If there was a difference between pre –test post- test 

scores, then the rationale could possibly be due to history versus 

the intervention [8]. A pretest – posttest gain could be attributed 

to such variables as history and testing (selection-history or 

selection-testing interaction) as opposed to the intervention and 

could pose threats to internal validity [8]. Since the nursing 

program is small, students may have discussed test questions 

outside of the classroom, even though they were instructed not to. 

Additionally, there was a concern that participants learn from the 

pre-test versus the effect of the intervention. A threat to external 

validity occurs when the participants are aware of being “guinea 

pigs” and realize that certain participants are actually part of the 

experiment. By being a part of the experiment, students may feel 

like they have to do well or possibly that they really do not care 

about the content or performing well. Participants might not feel 

like answering questions honestly or even at all since it does not 

reflect on their grade. 

 

VI. RESEARCH QUESTION 

 

The following question was proposed: 

There will be no significant difference in pre-test post-test 

scores of the simulation group with the pre-simulation 

strategies and the group using traditional simulation 

preparation techniques.  p < 0.05. 

 

VII. DATA COLLECION: INSTRUMENTS 

 

Data was collected using several tools. The pretest – post 

test tool was used to evaluate learning gained from the 

simulation- case-study experience. The pre-test post-test was 

developed. Data was collected and analyzed using SPSS software 

and compared with the post test that was given immediately after 

the experience.  

 

     The case study was developed and reviewed by expert 

educators for completeness. Each group received a copy of the 

case to preview.  

 

Selection of Simulator 

 

     There are several types of fidelity simulators on the market 

including Meti-man, developed by the Medical Educational 

Technologies, Incorporated in Florida, and Sim-Man, Sim-Baby, 

and VitalSim™  all developed by [9], [10] . This study will 

incorporate the integration of VitalSim™ for a variety of reasons, 

mainly its ease of use and cost. VitalSim™ is much more cost 

effective than the other two simulators with a cost of between 

$1900 - $2000 versus $29,000 for SimMan and up to $85,000 for 

MetiMan based on recent information from [9]. The VitalSim™ 

enables students to auscultate respiratory, cardiac, and bowel 

sounds while palpating pulses and taking vital signs. MetiMan 

and SimMan add another realm of realism, but are based on a 

more complicated programming computer versus the simplicity 

of the VitalSim™ computer. Overall, VitalSim™ is less 

cumbersome, less complicated, easier to use, and less costly.  

 

VIII. DATA COLLECTION AND ANALYSIS  

 

     Data collection for this study was conducted using a hand 

written pre-post test and survey collection tool. The data was 

entered into a statistical analysis package (SPSS) for analysis. A 

dependent t test was used to look at the difference between the 

post-test scores among the two study groups. Figure 4 shows an 

analysis plan for student achievement while Figure 5 shows an 

analysis plan for student’s confidence levels. 

  

 

Figure 2. Plan for analysis of student achievement. 
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IX. LIMITATOINS AND ASSUMPTIONS  

 

     The research was conducted acknowledging several 

limitations and assumptions. The participants were limited to 74 

eligible students among three different Medical Surgical sections 

in the spring 2012 semester. The sample is one of convenience 

and introduced bias. Therefore, the results are not generalizable 

beyond this sample of 74 students in the three Assessment 

courses. It is assumed that all students will agree to participate, 

but they do not have to. Students were informed that whether 

they choose to participate or not, there grade will not be affected 

for the course. The module was taught by one instructor. 

Although the same instructor taught all three sections and did not 

determine which group was to receive which treatment until after 

the lectures were completed, the study was limited to the possible 

variances in the teaching style among the three classes. 

Researcher bias may impact the study because of pre-existing 

beliefs by the researcher of the effects of simulation on learning 

retention. This research incorporated a student self assessed 

confidence level report. Although it is assumed that students 

answered questions truthfully and honestly, the study was limited 

to the individual differences in student self perception. It is 

assumed that students honestly answered the pre and post test 

questions by themselves and were not informed of questions by 

students completing the quizzes on earlier days. All three classes 

completed the same pre and posttests, and for example the 

Monday class could have informed the Thursday class of the 

questions. It is assumed that students collaborated equally in the 

case scenarios. 

 

X. DATA OVERVIEW  

      

     In this study, the pre-test post-test were administered to the 

participants at two intervals: at the start of the teaching module 

and at the conclusion of the teaching module. The tool was a 

knowledge test based on twenty multiple choice questions.  

 

Knowledge 

  

     The pretest – posttest tool was used to evaluate learning 

gained from the simulation- case-study experience. One method 

of measuring reliability of a tool is by using the Cronbach 

coefficient alpha. Using the Cronbach coefficient alpha, the 

internal consistency of the knowledge prequiz was 0.74. The 

internal consistency showed that this tool is acceptable to use for 

the study. According to Nunnaly [11], a Cronbach coefficient 

alpha of 0.7 or above indicates an acceptable reliability 

coefficient and shows internal consistency. 

  

     The mean pre-test scores for the groups were as follows: the 

Control group had a mean of 53 and the Experimental group had 

a mean of 53.8.  The experimental group showed improvement in 

mean scores from the pretest to the post test, but these gains were 

not statistically significant. The mean gain scores was as follows: 

the Control group had mean gain scores of -5.6 and the 

Experimental group had gain score of 4. 

 

XI. RESULTS 

 

     This study focused on the use of different pre-simulation 

instructional pedagogies on knowledge. 

 

Research Hypothesis  

      

     This section reports results pertaining to the test of the 

following null hypothesis: There will be no significant difference 

in student knowledge based upon the instructional treatment –

integration of pre-simulation strategies. Essentially the pre-test 

scores were similar in both groups. Post hoc comparisons for the 

two groups showed that there was an increase in knowledge in 

the Experimental group of + 4 versus the Control group showing 

a decrease of 5.6.Therefore the null hypothesis was rejected 

indicating there was a significant difference in post test scores 

between the Control group and Experimental group. This 

difference was expected since the students had complained in the 

past requesting more guidance prior to the simulation experience. 

 

XII. SUMMARY 

 

     Descriptive statistics were calculated which revealed that the 

Experimental group showed an improvement between the pre and 

post knowledge test. There was a statistical significant difference 

found between the Control and Experimental groups after the 

post knowledge test favoring the Experimental group. It appears 

that the integration of pre-simulation strategies assists students 

with learning content and additionally students appeared more 

comfortable during the simulation experience. 

 

XIII. DISCOVERIES  

 

     The integration of simulation as a teaching and learning 

pedagogy has been shown to be effective in teaching all levels of 

nurses from students to novice nurse to experienced nurses [10], 

[12]. The use of high fidelity simulation enhances clinical 

competence such that students are able to learn proper techniques 

in a safe and nonthreatening realistic environment that are used 

within the hospital setting [13]. One of the more recent types of 

simulation strategy is the incorporation of standardized patients, 

which is similar to an actor. Standardized patients are trained to 

perform in a certain way for specific training purposes [14] [15]. 

Simulation using standardized patients assists nursing students to 

learn new skills and perfect previously learned clinical skills in a 

safe environment. This study examined pre-simulation strategies 

(use of activities prior to simulation in order to engage students in 

the simulation experience) and traditional simulation preparation 

pedagogy as instructional techniques. 

  

     This study supports the relevance of technology integration, 

namely simulation, within a baccalaureate nursing course. There 

was a statistical difference in knowledge between the Control and 

Experimental group demonstrating that there is a need for pre-

simulation activities to prepare students better in an engaging 

manner for the simulation experience. A variety of instructional 

pedagogies can be utilized, thus challenging educators to select 

the appropriate teaching method for each specific class. 

  

     The improvement of post test scores shows that the 

Experimental group’s instructional treatments assisted students in 

learning content. Similar studies did not find statistically 

significant differences in knowledge scores comparing high 

fidelity simulation and traditional learning groups with medical 

students [16]. 

  

     There are several limitations that affect the generalizability of 

this study. The study cannot be generalizable to all nursing 

student groups since this study used a small sample size of 74 

second semester junior nursing students; however, the results can 

be generalizable to small size groups at similar nursing schools 

for second semester nursing students. Only one simulator was 

used in this result that possibly could limit the use of the results 

of the study to schools integrating that particular simulator. The 

focus of this study relied on students being truthful with relation 

to maintaining test integrity by not sharing the questions with the 

other sections. 

  
4

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



Instrumentation 

  

     The instrumentation might have affected the results of the 

study. Scherer, Bruce, and Runkawatt  [16] suggested that 

instruments such as the knowledge test might have produced 

different results.  It is possible that the knowledge test could be 

improved with additional items that measured lower level content 

knowledge to make it easier for the students.  

  

     Additionally every section had a student evaluator and the 

instructor as an evaluator. For each group, an observer tool was 

completed.  During the debriefing phase, the students would 

discuss what they had observed during the simulation. 

Additionally pre-selected questions for debriefing were utilized 

so that consistency was maintained between sections.  

 

Simulation and Use of Actors 

 

     In the 1980’s, nurse educators incorporated the use of early 

simulation by using actors to play patients in simulated case 

scenarios [17]. However, one study was located using 

standardized patients, or actors that demonstrated positive 

outcomes with teaching undergraduate nursing students skills 

[15]. Bosek, Li, and Hicks [15] found that the use of standardized 

patients may be a promising adjunct to the clinical setting for 

skill attainment, but more research needs to be done with the use 

of standardized patients. 

 

     Radhakrshnan, Roche, & Cunningham [17] found that the use 

of simulation assists with the ability of nursing students assessing 

patients. According to the literature reviewed, simulation 

demonstrates the ability of students learning in a self-paced risk-

free realistic environment with immediate feedback and 

remediation available at any time [10], [12], [19], [20]. 

Simulation provides the opportunity to improve and /or learn 

skills within a safe environment, which is an important 

educational endeavor. The results of this study suggests that 

simulation is an important tool for nurse educators in order to 

provide active learning for their students based on Bandura’s 

theory. Additionally, the type of simulator utilized is important 

for nurse educators to be able to operate. If the simulator is 

difficult to use, then nurse educators will not integrate the 

technology. The more sophisticated the simulator, the less apt the 

educator will integrate the technology [17]. MetiMan is one 

example of a high fidelity simulator that is complicated and 

contains complex medical simulation programs. The programs 

may be too complex for nursing students to work with. For 

example, nurse educators find the MetiMan extremely difficult to 

work, even just to turn the simulator on and off. It takes several 

days of training to be able to learn how to turn the simulator 

(MetiMan) on and off, much less program the simulator with 

appropriate scenarios for nursing students. This study found that 

an important component to the successful integration of 

simulation was to align the student’s level in the program with 

the simulation. Educators must remember to assure that the 

scenario is not too complicated for the student.  

 

XIV. RECOMENDATIONS 

 

     The results of the study demonstrate that pre-simulation 

strategies can enhance the learning experience for the simulation 

experience by integrating a variety of participative instructional 

pedagogies. Simulation itself incorporates both Bandura and 

adult learning theories which provides an interactive learning 

environment. By providing activities prior to the simulation, 

students are even more active. The study needs to be replicated 

with a larger sample size using detailed nursing skills and 

behavior checklist that could be incorporated within the clinical 

setting. The addition of the clinical instructor perception of 

critical thinking would add another dimension to the integration 

of simulation. In order to assess if simulation assists students to 

integrate theory into practice, clinical instructors could assess 

students in the clinical setting to determine if they are able to 

answer questions effectively in the practice setting. 

  

     An important consideration is the ease of use of the simulator 

since it could be easier to demonstrate to new faculty. In this 

study, the researcher demonstrated to the students and current 

new faculty how to use the VitalSimTM in less than twenty 

minutes while other simulators, such as the Metiman, may require 

multiple training sessions to learn the series of steps necessary to 

make the simulator operational. Students were able to continue 

using the simulator once the research data was collected in order 

to maintain their clinical assessment skills. Most nursing schools 

have “Open Skills Lab” where students can practice skills at their 

own pace which is a perfect opportunity for students to gain and 

improve basic ausculatory skills such as lung, heart, and bowel 

sounds. It is recommended that the integration of the VitalSimTM 

continues to be used within the nursing curriculum, and that more 

graduate nurse educator programs train future nurse educators 

both the benefit and ease of simulation within the classroom 

setting.  

 

     Kardong-Edgren, Lungstrom, and Bendel [20] recently 

conducted a study integrating two different simulators 

(VitalSimTM and SimMan TM) and found no differences with 

learning acquisition and satisfaction among baccalaureate nursing 

students. A suggestion would be to repeat the current study in 

terms of analyzing confidence levels and knowledge acquisition 

integrating a post 2 quiz at 1 month and possibly following up 

with NCLEX pass rates. Currently the author is attempting to 

collect information regarding NCLEX results that will be 

available during the summer and fall 2013 since the participants 

graduated in spring 2013. 

 

     Replication of this study using the simulation continuously 

throughout the same semester could be conducted to determine 

the effectiveness of simulation. Future research could analyze 

larger groups with multiple simulation scenarios throughout a 

variety of nursing courses encompassing several levels of 

undergraduate nursing students, since the results of this study are 

only generalizable to this sample and course. It is the goal of the 

all five of the scenario developers (including the author) to 

collect and compare data from her own university and then 

compile the data to ascertain commonalities and themes. 

 

     Future studies incorporating different instructional approaches 

such as a variation of the case study. Another strategy for future 

research is the integration of instructional pedagogy that would 

combine both simulation strategies and comparing both 

simulations with traditional learning strategies. Another question 

to ask is in what setting does each instructional treatment work 

best – online or face-to-face in the classroom? Additionally, more 

research should be conducted with the integration of simulation 

as an activity completed by one student via videotaping without 

an instructor present and the effects on student learning and 

confidence levels. There is still much more work that needs to be 

conducted in the area of simulation and simulation evaluation. 

 

     Another possibility for future research is to compare other 

schools to see if there are any other factors involved in the 

improvement of learning. There are so many strategies and 

instructional pedagogies that could be utilized for preparing 

students for simulation. The incorporation of virtual online 

simulation preparation and interactivity via clickers on cell 

phones would be interesting to investigate since the group of 
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students that nurse educators are teaching are technology savvy 

and learn better with the integration of technology.  

 

     The future possibilities of simulation integration are endless. 

The value of simulation versus the clinical setting needs to be 

explored. Will students possibly gain more from the clinical 

setting if every student first completes several case study 

simulations prior to practicing on the clinical unit with real 

patients under the guidance and supervision of the nursing 

instructor? The impetus for this is based on the fact that various 

hospitals have recently purchased simulators for training 

purposes of hospital personnel. Nurse educators and leaders have 

adapted new training strategies for new graduates and 

experienced nurses integrating simulation to demonstrate and test 

new skills and techniques with the nursing staff.  

  

XV. CONCLUSION 

  

     This study together with other research demonstrates that 

simulation does assist students with increasing their knowledge. 

The premise behind the simulation scenario was based on several 

meetings of a group of five nurse educators the met one summer 

and continued to contact each other via email.  

 

     Simulation is currently used in a variety of settings, including 

education, business, aviation, and healthcare. Instructional 

technology teachers need to be reminded of the benefits of 

benefits from simulation in education from preschool through 

doctoral education and beyond. There are many challenges that 

educators face when integrating simulation technology in the 

classroom. Simulation needs to be appropriately introduced to 

both faculty and students alike [21].  It is important to integrate 

simulation wisely such that it is realistic and aligns with the 

curriculum at the appropriate level for the student. 

  

     Further research needs to be conducted in order to ascertain 

best practices with simulation technology, especially with pre-

simulation strategies. There is limited empirical evidence to 

support the effect that simulation has on clinical practice [13] 

Studies have shown that students value the simulation experience 

within the safe, interactive learning environment, but there is no 

robust conclusive quantitative evidence indicating the transfer of 

knowledge and skills into the clinical practice [13]. Simulation is 

seen as a potential learning pedagogy to promote safe practice in 

an ever increasing litigious healthcare environment. According to 

the National League for Nursing [22], the challenge for nurse 

educators is to create learning environments that promote clinical 

competency, “critical thinking, self-reflection, and prepare nurse 

graduates for practice in a complex, dynamic healthcare 

environment” (p. 1-2). 

  

     Simulation can provide an opportunity for students to gain 

exposure to increased learning with the integration of debriefing, 

immediate feedback, and guided reflection. Additionally, these 

opportunities have enabled students to demonstrate the link 

between theory and practice, synthesize knowledge and gain 

clinical confidence [23]. To be effective, simulation should be 

aligned with goals, skills and knowledge acquisition, competency 

testing, critical thinking, and best practices while integrating a 

variety of realistic case scenarios. 

  

Another aspect of learning in the clinical setting is the post 

conference. Debriefing is an important strategy that is used 

within simulation learning and is compared to post conference 

learning [24]. Both the post conference and the simulation 

debriefing are facilitated by nursing faculty. This study used pre-

selected questions for the debriefing in order to maintain 

consistency across all sections. Lassater [24] stated that students 

learn by sharing observations during and after the simulation 

experience. Even the students that are present within the lab can 

learn by observing others and during debriefing experience 

whether they are directly participating in the experience and 

discussion since this is facilitated by the nursing faculty and can 

be compared to their own simulation experience [25]. Likewise 

pre-simulation strategies could be compared to the pre-

conference where students are prepared for the clinical day. 

  

     The current research certainly has proved the value of not only 

incorporating simulation for the benefit of increasing confidence, 

but there are also additional benefits that have not been totally 

explored at this time with relation to the clinical setting. 

Simulation is now currently being integrated within hospital 

settings to train nurses and medical residents to learn new skills, 

techniques, and strategies as new medical equipment is purchased 

for the hospital setting [25]. Simulation provides a kinesthetic 

(hands-on) learning strategy within a safe environment. There is a 

need to push for more simulation studies for cost-saving and life-

saving reasons. The most expensive simulators might not be 

necessary in order to effectively train all personnel. Some lower 

cost simulators, such as the VitalSimTM could be purchased as 

additional simulators so that the medical facility has several 

simulators, not just one expensive simulator. This would provide 

learning opportunities for more hospital personnel. The more 

training, the more lives that could be saved in the long run, 

especially since simulation has already proven to be an effective 

learning strategy for skill acquisition, and in this research 

demonstrated an increase in confidence levels so that nurses will 

ultimately be able to rely on themselves to make life or death 

decisions within the clinical setting. 

  

     Simulation has proven to be an effective learning strategy for 

baccalaureate nursing students, not only for skill acquisition, but 

for increasing confidence levels. Future research will be needed 

to connect the increase confidence levels with improvement in 

critical thinking which enables nurses to think quicker in the 

clinical setting, promoting more effective and efficient life or 

death decision making. This research proved an important aspect 

of that decision making algorithm, in addition to demonstrating 

that simulation would assist students with clinical acquisition. 

Students will still acquire knowledge, skills, confidence, and 

critical thinking without always being at the clinical site with the 

integration of simulation. Additionally, learning time on the 

clinical site might even prove to be more effective with the use of 

simulation learning. 

  

     The challenge facing all educators, not just nursing educators, 

today is to implement teaching strategies that promote clinical 

and theoretical competency while at the same time assisting 

students in developing critical-thinking skills within a safe 

environment. There is the potential for simulation to assist with 

the clinical void in nursing education. With the increasing 

demand for more clinical sites, simulation may serve as a 

potential placement for clinical experiences, especially since it 

can provide consistent learning across all groups by exposing 

students to the same disease conditions [12], [13] [21], [23].  . 

The challenge for the educator is to develop realistic case-based 

scenarios, standardized simulation forms, and reliable testing 

checklists while making the simulation experience available to 

students [26]. It is up to the educator to facilitate the integration 

of the simulation experience. 
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ABSTRACT

The corrosion resistance of the new ternary Ti-15Zr-5Nb
alloy was correlated with its microstructure, surface
structure and composition of its native passive film and of 
the film formed after 1500 soaking hours in Ringer
solutions of different pH values. Nobler passive behaviour 
of alloy in comparison with Ti was determined due to its
more compact passive film (containing TiO2, Ti2O3, ZrO2

and Nb2O5 oxides). EIS spectra depicted a predominantly
capacitive behaviour, a passive film formed by two layers. 
After 1500 soaking hours, XPS, SEM and EDX revealed
the same protective oxides and Ca3(PO4)2 compound
(precursor of hydroxyapatite) deposited on the alloy
surface.

Keywords: Ti-15Zr-5Nb Alloy, XRD, XPS, SEM, Passive
Films.

1. INTRODUCTION

The alloys designed for implant applications need to have
high corrosion resistance and biocompatibility, for a good
osseointegration and suitable mechanical properties as
modulus, elongation, strength, fatigue limit to avoid
osteoclasia [1,2]. Ternary Ti-Zr-Nb alloys are considered
as basic systems for the hard tissue implant because all
their alloying elements are non-toxic and very resistant to
corrosion in the human biofluids. Only Ti-13Nb-13Zr
alloy [3-9] has been analysed in more detail: its corrosion
and security in lactated Ringer solution [3,8]; its corrosion
characterisation in Hank s solution [9]; its
electrochemical behaviour and surface chemistry in
minimum essential medium (MEM) [7] with and without
H2O2 addition [4]; long-term immersion tests in Hank s
solution [6]; this alloy directly bonds to the bone but this
process is slower than the healing period of the bone. The
corrosion resistance of Ti-15Zr-4Nb alloy [10-12], Ti-
5Nb-13Zr and Ti-20Nb-13Zr alloys [13], Ti-35Nb-xZr (x
= 3; 5; 7; 10; 15) alloys [14] also was studied. The most
of ternary Ti-Zr-Nb alloys have some limitations and a
general effort is underway to obtain new alloys with
improved properties.

In this paper, the corrosion resistance (by cyclic and linear
polarisation, and long-term monitoring of the open circuit
potentials) of the new ternary Ti-15Zr-5Nb alloy was
correlated with its microstructure (by optical microscopy
and SEM), and morphology (by SEM) and composition
(by XPS) of its native passive film and of the protective
film formed on the alloy surface (by XPS, SEM and
EDX) after 1500 soaking hours in Ringer solutions of
different pH values which simulate the severe conditions
from the human biofluid in case of the surgery, infections
or inflammations [15,16].

2. EXPERIMENTAL

Alloy characterization

The new Ti-15Zr-5Nb alloy was obtained by vacuum
melting and re-melting in a FiveCell furnace by semi-
levitation mode in a cold crucible. The alloy composition
was (wt.%): 0.011% H2, 0.02% N2, 0.12% O2, 0.052%
Mg, 0.00235% Ca, 0.00831% Cr, 0.02048% Fe, 0.0077%
Ni, 0.0181% Ta, 14.97% Zr, 5.111% Nb, balance Ti.

The alloy microstructure was determined with an optical
microscope with polarized light, AXIO IMAGER A1m
type and with a scanning electron microscope Zeiss EVO
LS10 operating at 30 kV.

The phase identification of the new alloy was carried out
by X-ray diffractometry (XRD) with a Rigaku Ultima IV,
Diffractometer -2 using CuK =1.5406 radiation
over the range 10<2 /degrees<90 at 40 kV and 30 mA.

Mechanical properties were studied by tensile tests until
rupture using an INSTRON 3382 module. The stress-
strain curve was recorded; from this curve the main
mechanical properties were evinced: Young s modulus
(E), ultimate tensile strength (UTS), elongation (EL), and
0.2% yield strength (0.2% YS).

Surface characterization

The composition and microstructure of the native passive
film and of the film formed on the alloy surface after
long-term soaking (1500 h) in Ringer solution of different
pH values were analysed by SEM, EDX, and XPS.
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SEM measurements were carried out in a FEI Quanta 3D
FEG apparatus working at accelerating voltage of 20 kV,
equipped with an energy dispersive X-ray (EDX)
spectrometer.

XPS equipment (Quantera SXM) has X-ray source, Al K
radiation (1486.6eV, monochromatized) and the overall
energy resolution is estimated at 0.65 eV by the full width
at half maximum (FWHM) of the Au 4f7/2 line. The errors
in the quantitative analysis (relative concentrations) were
estimated in the range of ± 10 %, and the accuracy for
Binding Energies (BEs) assignments was ± 0.2 eV.

Alloy electrochemical characterization

The cylindrical electrodes were cut from as-cast ingots
and were grinded with metallographic paper, polished
with aluminium oxide to mirror surface, rinsed with bi-
distilled water, ultrasonically degreased in acetone and bi-
distilled water (for 15 min.), dried in air and fixed in a
Stern-Makrides hold system.

The human fluid was simulated by the physiological
Ringer solution and the severe functional conditions took
into consideration the pH variations of this fluid from acid
values [3,15] to alkaline values [16]. Ringer solution
composition was (g/L): NaCl 6.8; KCl 0.4; CaCl2

0.2; MgSO4.7H2O 0.2048; NaH2PO4.H2O 0.1438;
NaHCO3 -1.1; glucose 1; pH = 7.58; pH = 3.21 was
obtained by HCl addition; pH = 8.91 by KOH addition.

The alloy electrochemical behaviour was investigated by
potentiodynamic and linear polarisation, and monitoring
of the open circuit potentials (Eoc) and corresponding
potential differences ( Eoc) in time and with pH values.

The cyclic potentiodynamic polarisation was started at 0.5 
V (vs. SCE) below Eoc and the potential was increased
with a rate of 1 mV/s till +2 V (vs. SCE). From
voltammograms, the main electrochemical parameters
were determined: Ecorr - corrosion potential, like zero
current potential, Ep passivation potential at which the
current density is constant; |Ecorr -Ep| difference represents
the tendency to passivation; Ep passive potential range
of the constant current; ip  passive current density.

The linear polarisation was performed for 100 mV
around the open circuit potential with a scan rate of 1
mV/s. VoltaMaster 4 program directly supplied the values
of corrosion current densities - icorr, corrosion rates - Vcorr,
polarisation resistances - Rp.

The following open circuit potential differences that can
appear because of the pH non-uniformities Eoc(pH)
along the metal surface were simulated:

58.721.3
1 )( pH

oc

pH

ococ EEpHE             (1)

91.821.3
2 )( pH

oc

pH

ococ EEpHE              (2)

91.858.7
3 )( pH

oc

pH

ococ EEpHE   (3)

3. RESULTS AND DISCUSSION

Alloy microstructure

The indexed spectra from XRD measurements (Fig. 1)
determined a crystalline structure consisting of the
hexagonal phase, with calculated lattice parameters of
a = 2.916 Å, c = 4.624 Å and the cubic phase, with
calculated lattice parameter of   a = 3.188 Å.
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Fig. 1. XRD pattern for Ti-15Zr-5Nb alloy

The alloy microstructural measurements determined from
optical (Fig. 2a-b) and SEM (Fig. 2c) micrograph show a
bi-phase + lamellar microstructure. The darker
lamellae in the SEM micrograph (Fig. 2c) correspond to
the phase, and the brighter lamellae correspond to the
phase. The EDX spectra (Fig. 2d) detected the component
elements Ti, Nb, and Zr and a very small contribution of
O, from the native oxide film, overlapping with the Ti-K
peak . The weight ratios Ti/Zr/Nb are 77.6/16.8/5.6.

Fig. 2. Optical (a, b) and SEM (c) micrographs of 
Ti-15Zr-5Nb alloy and EDX spectra (d).

Alloy mechanical properties

The stress-strain tensile curve for Ti-15Zr-5Nb alloy (Fig.
3) shows an elastoplastic behaviour with a plateau of
plastic flow before rupture (at about 16% strain). Young s
modulus of 82.69 GPa is lower than those of the
commercial CP Ti, Ti-6Al-4V ELI and Ti-6Al-7Nb alloys
(Table 1). The ultimate tensile strength (UTS) and
elongation (EL) for the new Ti-15Zr-5Nb alloy are

c d

a b
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comparable with those of the commercial materials (Table 
1); The new alloy exhibits good correlation of its
mechanical properties with the plasticity.

Fig. 3. Stress-strain tensile curve for Ti-15Zr-5Nb alloy

Table 1. Main mechanical properties of Ti-15Zr-5Nb
alloy in comparison with commercial materials

Material
E

(GPa)
UTS

(MPa)
EL
(%)

0.2%
YS (MPa)

CP Ti 1 105  344 20 170-244
Ti-6Al-4V ELI 1 114  860 15 790
Ti-6Al-7Nb1 105 1000 12 900
Ti-15Zr-5Nb 82.69 611.94 16.11 376.26

1 ASM data base

Alloy native passive layer composition by XPS

XPS survey spectrum (Fig. 4) displays the presence of
Ti3+, Ti4+, Nb5+, Zr4+ ions. XPS deconvoluted spectra (Fig.
5) reveal: the binding energies for Ti 2p doublet peaks
(Fig. 5a) which correspond with Ti2O3 and TiO2; binding
energies of Nb 3d doublet peaks (Fig. 5b) showing Nb2O5

oxide; binding energies of Zr 3d doublet peaks (Fig. 5c)
proving the existence of ZrO2; binding energies for O 1s
are formed from two peaks (Fig. 5d) representing O2- and
OH- ions [17,18]. Therefore, the native passive film on
the Ti-15Zr-5Nb alloy surface is formed by the protective
Ti2O3, TiO2, Nb2O5 and ZrO2 oxides that confer to this
film, higher compactness, stability and resistance than
those of Ti metal.

Fig. 4. XPS survey spectrum of native passive film on 
Ti-15Zr-5Nb alloy surface.

Alloy electrochemical behaviour in Ringer solutions

The representative cyclic potentiodynamic polarisation
curves (Fig. 6) of Ti-15Zr-5Nb alloy and of Ti in Ringer
solutions of different pH values exhibit self-passivation
behaviour.

Fig. 5. XPS deconvoluted spectra of native film on 
Ti-15Zr-5Nb alloy surface.

The data from Table 2 indicate: the shift of the alloy
corrosion potential, Ecorr in electropositive direction in
comparison with that of Ti, due to the beneficial effect of
Zr and Nb alloying elements which participate with their
protective oxides ZrO2 and Nb2O5 to the alloy passive
film, compacting this film; these oxides were detected
(together with TiO2 and Ti2O3 oxides) by XPS analysis;
the current density in the passive potential range, ip for
alloy is lower than that of Ti, suggesting a more stability
and resistance of its passive film [19,20]; the tendency to
passivation, |Ecorr - Ep| has lower value for alloy,
demonstrating an easier, more rapid, stronger passivation
than that of Ti. Both Fig. 6 and Table 2 show a nobler
passive behaviour of Ti-15Zr-5Nb alloy in comparison
with Ti due to its more resistant, compact passive film.
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Fig. 6. Cyclic potentiodynamic curves of Ti and 
Ti-15Zr-5Nb alloy in Ringer solutions at 370C.
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Table 2. Main electrochemical parameters of Ti and
Ti-15Zr-5Nb alloy, obtained in Ringer solutions at 370C.

Material
Ecorr

(mV)
Ep

(mV)
Ep

(mV)
|Ecorr-Ep|

(mV)
ip

(µA/cm2)
Ringer pH = 3.21

Ti -400.4 -200.2 >2000 200.2 25.1
Ti-15Zr-5Nb -350.5 -200.1 >2000 150.4   3.9

Ringer pH = 7.58
Ti -320.6 -50.3 >2000 270.3 15.2
Ti-15Zr-5Nb -200.3    0.2 >2000 200.1   1.0

Ringer pH = 8.91
Ti -500.7 -200.4 >2000 300.3 18.4
Ti-15Zr-5Nb -350.2 -200.2 >2000 150.0   4.1

Main corrosion parameters, icorr and Vcorr from Table 3
present very low values (tens of times smaller) for the
alloy in comparison with Ti, confirming a very resistant
passive film on the alloy surface. The alloy corrosion
rates, Vcorr are placed in the Perfect Stable resistance
class and the corresponding total quantities of the ions
released in Ringer solution are lower than those of Ti,
proving the alloy very reduced toxicity. Polarisation
resistances, Rp have higher values (tens of times) for the
new alloy in comparison with Ti metal, due to the very
high protective capacity of the alloy passive layer. The Rp

values of about 105 cm2 for Ti-15Zr-5Nb alloy denote a
highly corrosion resistance.

Table 3. Main corrosion parameters of Ti-15Zr-5Nb alloy 
and Ti, obtained in Ringer solutions at 370C.

Material
icorr

(µA/cm2)
Vcorr

(µm/yr)
Resistance

class
Rp

(k cm2)
Ringer pH = 3.21

Ti 0.746   8.625 Very Stable   11.35
Ti-15Zr-5Nb 0.081   0.751 Perfect Stable 330.83

Ringer pH = 7.58
Ti 0.724   8.326 Very Stable   18.25
Ti-15Zr-5Nb 0.039   0.358 Perfect Stable 397.05

Ringer pH = 8.91
Ti 1.186 13.700 Stable   13.91
Ti-15Zr-5Nb 0.071   0.657 Perfect Stable 305.14

Open circuit potentials, Eoc shift to more electropositive
direction both for Ti and Ti-15Zr-5Nb alloy in all three
Ringer solutions (Fig. 7), showing the growth and
thickening of their passive layer [19,20]. For Ti-15Zr-5Nb
alloy, the more electropositive values were registered,
which are indicative of a nobler behaviour than that of Ti.
The most positive values of Eoc were obtained in neutral
Ringer solution, proving the best passive resistant state;
little more active Eoc values were monitored in acid and
alkaline Ringer solutions depicting a slightly corrosion
susceptibility in these solutions.

The open circuit potential differences, Eoc that can
appear due to the pH non-uniformities along the alloy
surface were calculated in Table 4; very low values were
obtained and these potential differences cannot initiate or
maintain galvanic cells or local corrosion.
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Fig. 7. Eoc versus time for Ti and Ti-15Zr-5Nb alloy in 
Ringer solutions at 370C.

Table 4. Open circuit potential differences for
Ti-15Zr-5Nb alloy in Ringer solutions at 370C.

Time
(h)

Eoc1(pH)
(mV)

Eoc2(pH)
(mV)

Eoc3(pH)
(mV)

0 -100.6 +10.1 +110.2
500 -80.1 +10.6 +81.4
1000 -72.3 +8.2 +80.3
1500 -70.5 +10.4 +80.5

Alloy surface analysis after 1500 h in Ringer solutions

SEM micrographs of the Ti-15Zr-5Nb alloy surfaces after
1500 h in Ringer solutions of different pH values (Figs.
8a-c) show the formation of the surface films: sub-micron
sized particles are scattered on the alloy surfaces,
deposited from the solutions on all the samples.
Immersion in Ringer of pH= 3.21 results in a smoother
surface (Fig. 9a); increasing the pH value (Figs 8b and c)
leads to higher densities of deposited particles. The EDX
elemental analysis (an example is given in Fig. 8d) clearly 
shows the rich oxygen content of the surface, Ca and P.

Fig. 8. SEM micrographs of the Ti-15Zr-5Nb alloy
surface after immersion in Ringer solution at:a) pH= 3.21; 
b) pH = 7.58; c) pH = 8.91; d) EDX spectra pH=8.91.

a b

c d
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XPS analysis was carried out to determine the Ca/P ratio
in the calcium phosphate surface films deposited from the
Ringer solutions. XPS survey spectra of the Ti-15Zr-5Nb
alloy surface after 1500 soaking hours in Ringer solutions
(Fig. 9) reveal the peaks of Ti 2p, Zr 3d, Nb 3d, O 1s, C
1s, P 2p, Ca 2p [17,18], namely the surface film contains
the oxides of the alloy constituent elements, carbon as
contaminant element, and, in addition, calcium and
phosphorous ions [21-25]. The deconvoluted spectra for
the main elements are presented in Fig. 10. The peak for
Ti 2p was deconvoluted (Fig. 10a) and shows the doublets 
of Ti2O3 and TiO2 oxides. The peak of Zr 3d distinguishes 
(Fig. 10b) the ZrO2 oxide. The peak for Nb 3d represents
(Fig. 10c) Nb2O5 oxide. The deconvoluted O1s peak
evidences (Fig. 10d) OH- and O2- ions. The peak for P 2p
was deconvoluted (Fig. 10e) as Ca3(PO4)2 compound.
Also, the deconvoluted Ca 2p peak proves (Fig. 10f) the
presence of the same Ca3(PO4)2 compound. Table 5
presents the element concentrations on the Ti-15Zr-5Nb
alloy surface and shows that the Ca/P ratio varies around
1.5 value, the real ratio from Ca3(PO4)2 compound. It
results that the protective Ca3(PO4)2 compound, a
precursor of the hydroxyapatite, the main inorganic
component of the human bone, was deposited on Ti-15Zr-
5Nb alloy surface; consequently, this alloy can stimulate
the bone formation.

Table 5. Relative element concentrations of the film on 
Ti-15Zr-5Nb alloy surface after 1500 soaking hours in 

Ringer solutions.
pH C O Ti Zr Nb P Ca Ca/P
3.21 22.72 55.46 16.60 1.60 0.43 1.28 1.91 1.49
7.58 10.80 63.43 18.94 2.03 0.52 1.71 2.57 1.502
8.91 10.56 63.82 20.74 2.19 0.70 0.80 1.19 1.488

Fig. 9. XPS survey spectra of Ti-15Zr-5Nb alloy surface
after 1500 soaking hours in Ringer solutions.

Fig. 10. XPS deconvoluted spectra of: a) Ti 2p; b) Zr 3d; 
c) Nb 3d; d) O 1s; e) P 2p; f) Ca 2p after 1500 soaking

hours in Ringer solution of pH = 8.91.

4. CONCLUSIONS

1. The alloy shows a bi-phase + fully lamellar
microstructure, without secondary precipitation.
2. More favourable values of the main electrochemical
parameters, a nobler passive behaviour of Ti-15Zr-5Nb
alloy in comparison with Ti were determined due to the
alloy more resistant, compact passive film (containing
high protective TiO2, Ti2O3, ZrO2, and Nb2O5 oxides).
3. The main corrosion parameters, icorrand Vcorrpresented
very low values (tens of times smaller) for the alloy than
those for Ti, confirming a very resistant passive film on
its surface; polarisation resistances have higher values
(tens of times) for the new alloy in comparison with Ti
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metal, denoting the higher protective capacity of the alloy
passive film.
5. The open circuit potentials demonstrated a nobler
behaviour of Ti-15Zr-5Nb alloy than that of Ti.
6. After 1500 soaking hours in Ringer solutions, SEM,
EDX and XPS measurements revealed the existence of
the protective Ti2O3, TiO2, ZrO2, and Nb2O5 oxides and of 
Ca3(PO4)2 compound deposited on Ti-15Zr-5Nb alloy
surface.
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ABSTRACT 
 
Fungi are serious pathogens for many plants and crops, 
potentially causing severe economic loss. Early detection and 
identification of these pathogens is crucial for their timely 
control. Currently existing methods available for identification 
of fungi are time consuming, expensive and not always very 
specific. 
We used Fourier Transform InfraRed spectroscopy (FTIR) 
attenuated total reflectance (ATR), combined with Principal 
Component Analysis (PCA), and Linear Discriminant Analysis 
(LDA), for differentiating fungal phyto-pathogens at the isolate 
level. Four different fungi genera were investigated; 
Colletotrichum, Verticillium, Fusarium and Rhizoctoniai. Our 
main goal was to differentiate these fungi samples at the level of 
isolates, based on their infrared (IR) fingerprint absorption 
spectra. Based on our computerized and objective analyses, our 
results are in high compliance with existing biological 
classification methods. FTIR, combined with advanced 
computerized methods, provides an inexpensive and reagent-
free technique that delivers accurate results on fungi 
classification within few minutes. FTIR may also turn out to be 
an important in situ and in vivo alternative diagnostic tool in 
agricultural. 
At the generic level, the identification success rate was 97.5% 
using five principal components (PCs), while at the isolates 
level  the identification success rates were 97.1%, 90%, and 

89%, respectively, for Verticillium dahliae, Colletotrichum 
coccodes, and  Fusarium oxysporum. 
 
Keywords: FTIR–ATR, Colletotrichum coccodes, Verticillium 
dahliae, Fusarium oxysporum, Rhizoctonia solani, fungal 
detection, PCA, LDA. 
 

1. INTRODUCTION 
 
Living organisms are biologically classified into different units 
based on their similarity. For example, in fungi, groups of 
organisms that can interbreed and produce fertile offspring 
(with DNA similarity) are called species. A genus consists of 
species that are believed to have the same ancestors. Fungal 
isolates usually result from one or more mutations in the 
species. 
Colletotrichum coccodes, Verticillium dahliae, Fusarium 
oxysporum and Rhizoctonia solani are soil-borne fungi 
pathogens that attack a variety of hosts, causing serious damage 
to crops and plants. These fungi are grouped into four classes at 
the generic level. 
Colletotrichum coccodes causes anthracnose in tomatoes and 
black dot disease in potatoes. Verticillium dahliae attacks and 
causes a wilt disease in many species of eudicot plants. 
Fusarium is a large fungi genus with a wide variety of species 
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and isolates that inhabit soil and vegetation. It is distributed 
worldwide and associated with both warm and cold weather [1, 
2]. Rhizoctonia solani attacks seeds, roots, leaves and fruits. 
Many economically important plants are susceptible, including 
cotton, tomatoes, potatoes, eggplants, and peppers.  
Symptoms alone cannot determine the exact disease because in 

some cases different infections that are caused by different 
genera or species have the same symptoms. For example, a 
solanaceous crop may be infected by Fusarium wilt and 
Verticillium wilt, with both having the same symptoms. 
Figures 1A–D show pictures of plants and crops infected by the 
investigated fungi genera. Fig. 1A shows olive trees infected 
with Verticillium. In Fig. 1B Fusarium wilt symptoms on 
tomato leaves appear as leaf wilting. Yellowing can be seen and 
eventually plant death can occur. Infected plants usually survive 
but both the yields and the fruits may diminish, depending on 
the severity of attack. Fig. 1C shows potato tubers infected with 
Rhizoctonia, which causes serious damage to the fruit. Fig. 1D 
shows tomato (1) and potato (2) crops infected with 
Colletotrichum. 
Early stage disease detection is essential for effective treatment 
and precise targeting [3] to take place, thus preventing 
substantial economic losses [1, 4] due to crop damage caused by 
fungi diseases. Early diagnosis is also important for detecting 
the origin of newly discovered isolates, in order to treat the 
disease in its early stages. Early detection could also prevent 
unnecessary soil fumigation or the use of fungicides and 
bactericides, thus averting considerable environmental 
pollution.  
The techniques currently used for the detection of fungal 
pathogens are mainly based on the physiological characteristics 
of the fungi [1, 5, 6]. These techniques are usually time-
consuming and not always specific [7]. In addition, 
immunological [8, 9]  and molecular techniques (based on 
Polymerase Chain Reaction (PCR) amplifications of specific 
DNA fragments that depend on the availability of two specific 
DNA primers [10-12] have also been used [13-15]. Although 
these two later techniques are accurate and specific, they are 
still limited for small number of fungi. Applying these 
techniques for other fungi is very complicated and not always 
possible. Early diagnosis is also important for detecting the 
origin of newly discovered isolates, in order to treat the disease 
in its early stages. 
FTIR spectroscopy, as used in this study, provides detailed 
information about the chemical composition of cells at the 
molecular level, allowing for the measurement of very small 
samples. It is a very sensitive method with high resolution and 
rapid performance, which makes it very economical as well.  
The IR spectrum of any compound is known to provide a 
unique "fingerprint” [16]. IR spectroscopy has been used widely 
in applications requiring qualitative and quantitative analysis of 
biological samples through the molecular fingerprint of their 
vibrational spectrum. Recently, IR spectroscopy has 
demonstrated encouraging trends in detection and 
characterization of various types of phyto-pathogens [17-28]. 
The main goal of the present study was to test the feasibility of 
the FTIR–ATR methodology in differentiating 30 
isolates obtained from four different fungi genera: 
Colletotrichum (15 isolates), Verticillium (6 isolates) , Fusarium 
(8 isolates) and Rhizctonia (2 isolates). The classification 
procedure was done in two phases. In the first, the fungal 
samples were classified at the generic level, while in the second 
stage; the samples were classified at the isolate level. The 
classification procedures were based on IR absorption spectra of 
the samples, and using advanced mathematical and statistical 
techniques, PCA followed by LDA.  
FTIR–ATR sampling technique is one step towards using mid 
IR fibers for in vivo measurements. The development of these 
fibers will enable us to use them for in vivo measurements using 
a compact portable IR spectrometer.  
Recently, acceleration in the development of IR fiberoptics 
probes has increased the importance of FTIR–ATR studies in 
this field, because they have similar operating principles. Thus, 
the evolution of the FTIR–ATR system for classification of 

(C) 

C) Rhizoctonia on potato  

(D1
 (D2

 

D) Colletotrichum on (1) tomato and (2) potato 

B) Fusarium on tomato 
 

(B) 

(A) 

A) Verticillium on olive 

Figure 1: Pictures of plants and fruits infected by the investigated 
fungi genera.  
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fungal samples at the isolate level will be of great importance in 
future in vivo and in situ examination through the use of 
fiberoptic probes. These measurements will probably take only 
a few minutes, therefore proving to be much faster than the 
classical existing microbiological methods. 
 

2. MATERIALS AND METHODS 
 
Fungi 
Several isolates from different phytofungal genera were 
examined in this study. The fungal isolates were provided by 
the Department of Plant Pathology, the Institute of Plant 
Protection, Agricultural Research Organization, at the Gilat 
Experiment Station, Israel. 
The tested fungi were isolated from appropriate infected stems 
or tubers. The isolated fungal samples were placed on potato 
dextrose agar (PDA) and incubated at 27ºC in the dark for 
several days. Conidia were grown into medium containing 0.2%  
sorbose, 15% agar and 100ppm streptomycin sulphate (SA) for 
24 h at 27ºC in the dark. Monoconidial cultures were obtained 
from each isolate (by micromanipulation) and maintained on 
czapek dox agar (CDA) at 6ºC.  
Each isolate, in five replicates, was cultivated in different 
batches for 3–10 days at 27°C in continuous shaking. Samples 
of the grown fungi were identified by classical microbiological 
techniques based on microscopic observations [2]. 
For spectroscopic examinations, the samples were separated and 
purified by spinning about 1.5 ml of the fungal mixture at 
13200 rpm for 4 minutes, rinsing and washing the pellet 4 times 
with distilled water, and suspending the pellet in an appropriate 
volume of distilled water (about 1 ml).  
Using pure samples is very important in this basic research in 
order to minimize the number of controlling experimental 
parameters such as growth conditions, amount of sample 
examined, and duration of growth. Verification that each 
absorption band in the IR spectrum is due to the specific sample 
is very desirable.  
 
Table 1: Details of the isolates and measurements are listed. 
 

 Fusa. Coll. Rhiz. Vert. 

No. of isolates 8 14 2 6 

No. of measure. 169 251 51 107 

 
Sample preparation 
The fungi samples were first crushed into small pieces and then 
mixed into the distilled water to obtain a suspension. About 500 
µl of each fungal suspension sample was spread homogenously 
on the surface of the ATR ZnSe crystal to cover the entire 
crystal surface. These samples were air dried for about 30 min 
until all water had evaporated and were then measured by ATR 
spectroscopy. The ATR crystal employed in this study has a 
trapezoid shape 80 mm long, 10 mm wide, and 4 mm thick, and 
was obtained from PIKE technologies. 
 
FTIR measurements 
A Bruker Tensor 27 spectrometer attached to a DTGS detector 
was used to perform the measurements in the ATR mode. The 
samples were dried before measurements and were scanned 128 
times in the range of 600–4000 cm−1, with a 4 cm-1 spectral 
resolution. Baseline correction, bisecting, ATR correction, and 
normalization were done using OPUS 7.  

 
Spectral Analysis 
The details of the genera and isolates investigated in this study 
are listed in Table 1. After spectral manipulations, the spectra 
were then bisected into 2 regions (800–1775 cm-1) and (2800–
2990 cm-1) to exclude the water absorption band and the "dead" 
region between amide I and the lipid bands. 
 
PCA and LDA statistical analysis 
PCA is a standard approach for dimensionality reduction, 
widely used in pattern recognition and also for a rough 
differentiation of measured data into different categories. We 
used multivariate analysis PCA and LDA for the classification 
of the samples into generic and isolate levels [18]. 
LDA was used to discriminate between the different classes 
(genus and isolates) by constructing a linear combination of the 
variables. Part of the data is used for training and the others for 
testing. We have tested the identification by the “leave–one–
out” (LOO) procedure—one data point is chosen for testing and 
the rest for training, with the procedure being repeated as many 
times as the number of samples. 
 

3. RESULTS AND DISCUSSION 
 
Early detection and identification of phyto-pathogens at the 
isolate level is very important for controlling and reducing the 
pathogen’s severity through fungicides [29], thereby 
minimizing economic agriculture losses.  
The currently used classical physiological methods are not 
effective for accurate identification between isolates at the 
isolate level, due to the high morphological similarity between 
them. Molecular and serological methods are also not available 
for all these isolates. 
The utilizing of IR spectroscopy in agriculture has been 
increasing and gaining momentum [18, 19, 24-27]. Many 
studies have shown that it is possible to use FTIR-ATR 
spectroscopy for detection and differentiation of the phyto-
ogens at the level of isolates [18, 24]. Using an ATR sampling 
technique has special importance because the working principle 
of this technique is similar to that of remote fiberoptic probes. 
Hence, developing the ATR technique may lead in the future 
towards in vivo measurements using IR fibers.  
In Figure 2, two measurements from each of the four genera 
(Colletotrichum, Verticillium, Fusarium and Rhizoctonia) 
investigated in this study are presented. The spectra were 
plotted in the (1775–800 cm-1) wavenumber region, each genus 
with a different color. The main absorption bands and their 
assignments are labeled in the figure. In the high wavenumber 
region 2800–2990 cm-1,  (not shown) the phospholipids [30] are 
the main attributers due to their CH2 and CH3 stretching at the 
bands detected at 2853 and 2922 cm-1. In the wavenumber 
region 1775–800 cm-1 shown in the figure, the spectrum was 
divided into three ranges. The first (1800–1485 cm-1), where the 
features are attributed by proteins due to amide I and II 
functional groups with centroids at 1650 cm-1 and 1553 cm-1 
respectively, while the band centered at 1743 cm-1 is attributed 
from lipids [31]. In the second range (1485–1185 cm-1), lipids, 
proteins, phospholipids are the main attributer due to their CH2, 
CH3 and P=O functional groups. The amide III band is observed 
at 1253 cm-1. In the third range, (1185–900 cm-1) [24], the 
vibrations of the functional groups C–O–C, C–O–P 
(polysaccharides, carbohydrate and nucleic acid vibrations) are 
the main attributers. The chitin band which is specific to fungi is 
detected at 1151 cm-1 and 1076 cm-1 due to its C–O and C–C 
stretching vibrations and the glycogen C–O stretching vibration 
is detected at 1024 cm-1. As can be seen from the figure, at the 
generic level there are clear differences in the amide I and II, 
chitin and glycogen peaks, which leads to good differentiation 
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in this level. The intensities of the absorption bands in the 
amide I and II regions for the Colletotrichum fungus is lower 
than the others and this indicates lower protein content relative 
to Fusarim, Rhizoctonia and Verticillium fungi. 
Our classifying procedure was performed in two stages, in the 
first the samples were classified into four generic classes, while 
in the second the samples were classified at the isolate level 
which is more ambitious. For this goal, we generated 3D plot 
(Figure 3) using PCA calculations, which enabled us to describe 
the variability among the spectra using the first four PCs in the 
first classification stage.  
PCA is used for dimensionality reduction and also for a rough 
differentiation of the measured data into different categories. In 
the PCA analysis each spectrum was calculated as a 
superposition of the four PCs, which means that each spectrum 
in the new domain was identified using four numbers that are 

the coefficients of the PCs. In Figure 3 the measurements are 
presented in the reduced space in a 3D plot, defined by three 
PCs—PC1, PC2, and PC4. The data is divided into four groups 
that are colored differently to represent the four genera—
Colletotrichum, Verticillium, Fusarium and Rhizoctonia. 
Although the separations into four groups were good, still there 
was overlapping between the data, so we applied LDA using the 
LOO algorithm to achieve better classification. 
Using LDA with the LOO algorithm the four genera were 
differentiated with 93.4% success rate using four PCs. When we 
used five 5 PCs the identification success rate was 97.5%. At 
the generic level a few PCs were enough to achieve sufficient 
success, while at the isolates level more PCs were required. 
PCA enabled us to capture the variability of the fungi using a 
small number of PCs. In the first stage the examined fungi 
genera were successfully differentiated with a high degree of 
accuracy using four PCs. The isolates of the same species result 
from one or more mutations, so the differences between their 
spectra were minor. Therefore, we used a higher number of PCs 
for good classification. Choosing the number of PCs is task-
dependent, that is, the number of classes to be classified, the 
level of classification (genus, species or isolates), and the type 
of samples.  
A more comprehensive method of differentiation is the LDA. 
The LDA calculations, were designed applying the LOO 
algorithm, using different sets for prediction each time, so that 
the test sets are statistically independent. The LOO method is a 
common method of cross-validation, extensively explored in 
machine learning, and used to estimate the error in small sized 
populations. Using LOO ensures the validity of results [32]. 
The LDA calculation defines a linear combination of each 
category’s features, which enables it to separate the data to 
specific categories. The LDA results based on the low region, 
using the LOO algorithm with four PCs, are listed in Table 2, 
which summarizes the classification results of the first stage 
classification, which is the generic classification.  

Figure 2: Mid IR absorption spectra in the fingerprint region (1775–800 cm
-1

) for the investigated genera, Fusarium 
,Colletotrichum, Rhizoctonia and Verticillium. From each genus (represented in different color), two measurements were plotted.  

Figure 3: Complete datasets of the investigated genera presented 
in a 3D PCs domain. This figure summarizes the generic 
classification results. 17
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The high wavenumber region was also tested to differentiate 
among the genera but the low region results were much 
superior. 

 
Table 2: Generic classification results using LDA for the first 
stage classification between Fusarium (Fusa) ,Colletotrichum 

(Coll.), Rhizoctonia (Rhiz.) and Verticillium (Vert.). 
 

 Fusa. Coll. Vert. Rhiz. 

Fusa. 156 1 0 12 

Coll. 0 248 0 3 

Vert. 0 0 104 0 

Rhiz. 11 10 0 30 

 
   
At the isolates level we tried to differentiate between the 
isolates of Colletotrichum coccodes (14 isolates), Verticillium 
dahliae (6 isolates) and Fusarium oxysporum (8 isolates). We 
had only two isolates of Rhizoctonia solani, so it was excluded 
from the analysis in the second stage of differentiation (isolate 
level). 
As mentioned earlier and expected, the differences among the 
samples at the generic level are much larger than at the isolate 
level. Figure 4 shows four different isolates of Verticillium 
dahliae, with three measurements of each of the isolates that 

have the same colors. As can be seen from the figure, the 
changes between the spectra are minute relative to the generic 
differences shown in Figure 2. 
At this level of differentiation we used the LDA calculation 
with the LOO algorithm. 2D and 3D plots were not able to 
differentiate among the isolates of each species. 
Due to the similarity between the isolates of each of the three 
genera investigated in this study—Colletotrichum coccodes, 
Verticillium dahliae and Fusarium oxysporum—more PCs had 
to be used than in the first (generic) stage of identification [20]. 
In order to choose the number of PCs at the isolate level, we 
calculated the identification error (in percentage) versus the 
number of PCs (data not shown) derived using LDA with the 
LOO algorithm and the number of PCs was chosen to give a 
good differentiation results. 
Similar calculations were performed for the other two genera, 
and for each one a different number of PCs was chosen for this 

stage of identification. 
The LDA results using the LOO algorithm and 17 PCs showed 
that it was possible to differentiate between the Colletotrichum 
isolates with a 90 % success rate, while the 
 classification success rates of the Fusarium (18 PCs) and 
Verticillium (6 PCs) isolates were 85.5 % and 97.1% 
respectively. 
Based on the mid IR absorption spectra, there were no specific 
features that indicated the changes between the different 
isolates. The differences are spread over the entire spectrum and 
are not specific to a certain spectral band.  
The applied method is objective and computerized. Enlarging 
the database and the number of isolates will improve the 
statistics and bring the method closer to reality, where large 
numbers of isolates exist. The method shows a great potential 
for the identification and study of phytofungal pathogens at the 
level of isolate identification.  
In summary, mid IR vibrational spectroscopy in the ATR mode, 
in tandem with advanced mathematical and statistical methods, 
provides a good methodology for classification of fungi at the 
isolate level. The database and numbers of isolates should be 
enlarged in order to improve the statistics and better simulate 
the actual agricultural problem, where tens of isolates of each 
species do exist. 
 

4. CONCLUSIONS 
 
There is great potential for the use of FTIR-ATR spectroscopy 
in tandem with appropriate mathematical tools in order to obtain 
an easy and rapid discrimination and identification of various 
fungi genera and isolates—the causes of significant damage in 
agriculture. The simplicity of sample preparation, short 
measurement times (<1 min) when compared to other available 
methods, and low costs, make the FTIR-ATR technique suitable 
for large-scale screening of fungal samples, and for routine 
analysis. These facts also encourage the possibility of 
developing FTIR-ATR spectroscopy as a reliable method for 
rapid identification of fungal pathogens.  
Combining the advantages of FTIR spectroscopy with other 
routinely used techniques offers the chance to improve the 
efficiency of fungal classification and identification. 
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ABSTRACT

A new Ti-6Al-2Nb-1Ta alloy was obtained to satisfy the

mechanical and anticorrosion requirements in neutral

corrosive environment. The corrosion behaviour of this

new Ti-6Al-2Nb-1Ta alloy in 0.1M Na2SO4, 3% NaCl

solutions and synthetic sea water was studied in this

paper, using potentiodynamic and linear polarisation

method, electrochemical impedance spectroscopy (EIS)

and monitoring of the open circuit potentials. The

structure of the alloy represents an + uniform structure

with un-oriented grains. From the polarisation

potentiodynamic curves it resulted that the studied alloy is 

self passivated in all three solutions having a very good

and very easy tendency to passivation. The most

favourable values of the electrochemical parameters were

registered in 0.1M Na2SO4 solution due to its reduced

corrosivity. EIS measurements proved the improvement

of the passive layer resistance with the immersion time.

An electric equivalent circuit with two tome constants

was fitted. The values of the polarisation resistances

showed very good protective capacities which improved

in time. The open circuit potentials have the general

tendency to ennoble in time, suggesting the thickening of

the passive films and the increase of their protective

capacities.

Keywords: Ti-6Al-2Nb-1Ta alloy, Microstrucutre,

Corrosion rates, EIS, Neutral solutions.

1. INTRODUCTION

Sea water is a very corrosive complex environment; the

corrosion of the metallic structures in the sea water is

influenced by many factors as: salinity, temperature, pH,

relative its velocity, bacteria and marine organisms [1-3].

Saline neutral media based on NaCl solutions of different

concentration as: 240 g/L [4], 0.15M [5], 0.5M [6], and

0.9% (physiological serum) [7-9] were used as corrosive

electrolytes for the study of the behaviour of the various

alloys. Sodium sulphate salt is used in daily life in power

detergents, wood pulp processing for Kraft paper, textile

lining processes, etc. [5-10]; sulphate ions have a reduced

corrosivity but the resistance of a reduced number of

alloys was studied. Aggressive neutral solutions are the

solutions that simulate the human physiological fluid as:

Hank, Ringer, Ringer-Brown, etc. solutions. Many alloys

have good resistance in these media: Ti-6Al-4V [11], Ti-

6Al-7Nb [12], Ti-35Nb [13], Ti-30; 40; 50Ta [14], Ti-

5Al-2Nb-1Ta [15]. In the last years, new alloys with very

good mechanical and corrosion resistance properties were

obtained: Ti-40Al-15Nb [16], Ti-40Al-16Nb [17], Ti-

45Al-10Nb [18], Ti-46Al-2Cr-2Nb [19], Ti-48Al-2Cr-

2Nb [20], Ti-47Al2Mn-2Nb [21].

A new Ti-6Al-2Nb-1Ta alloy was obtained to satisfy the

mechanical and anticorrosion requirements in neutral

corrosive environment. The corrosion behaviour of this

new Ti-6Al-2Nb-1Ta alloy in 0.1M Na2SO4, 3% NaCl

solutions and synthetic sea water was studied in this

paper, using potentiodynamic and linear polarisation

method, electrochemical impedance spectroscopy and the

monitoring of the open circuit potentials.

2. EXPERIMENTAL

The new alloy was obtained (in casting state) by vacuum

melting in a levitation furnace using a vacuum level 6-8

10-4 mmHg. Its composition comprises (%weight): 5.98%

Al, 2.02% Nb, 1.1% Ta, 0.036%Fe, 0.185%O2,

0.004%N2, 0.001%H2, balance Ti.

The electrodes (obtained from ingots) were grinded with

metallographic paper of different granulations and

alumina to a mirror surface. Then, the electrodes were

ultrasonically degreased in acetone, fixed in a Stern-

Makrides hold system and rinsed with bi-distilled water.

All electrochemical measurements were carried out at

room temperature in:

- 0.1M Na2SO4 solution of pH = 7.1;

- 3% NaCl solution of pH = 7.68;

- synthetic sea water of composition (g/L); NaCl 24.53;

MgCl2.6H2O 11; Na2SO4 4.099; KBr 0.101; NaF
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0.003; CaCl2 1.16; KCl 0.695; NaHCO3 - 0.201;

H3BO3  0.027; pH = 7.79.

The following experimental techniques were used:

potentiodynamic and linear polarisation, electrochemical

impedance spectroscopy (EIS) and monitoring of the open

circuit potentials (Eoc) for 1200 immersion hours in the

third solutions.

The cyclic potentiodynamic polarization was applied

beginning from -0.5 V to +4.0 V (vs. Ag/AgCl) using a

scan rate of 10 mV/sec. Voltalab 80 equipment with its

VoltaMaster 4 program were used. From the

voltammograms, the main electrochemical parameters

were determined: Ecorr - corrosion potential, like zero

current potential, Ep passivation potential at which the

current density is constant; Ep passive potential range

of the constant current; |Ecorr - Ep| difference represents

the tendency to passivation (low values characterise a

good, easy passivation); Eb breakdown (pitting)

potential, the first potential value on the direct curve when 

the current density begins to increase; Epp pitting

protection potential at which the current density on the

negative sweep equals the passive current density; Eb

Epp difference represents the pitting corrosion resistance

(low values mean that the pit repassivation takes place

very easy and quickly); ip passive current density. If the

reverse curve presents lower currents than the direct

curve, it results a very stable passive state. If the reverse

curve shows higher currents than the direct curve, pitting

corrosion exists [22].

The linear polarization measurements (Tafel) were

applied for a range of 200 mV around the open circuit

potential, with a scan rate of 10 mV/sec. The same

Voltalab 80 equipment with its VoltaMaster 4 program

that delivered the values of the corrosion current densities

(icorr) and rates (Vcorr), polarisation resistance Rp.

Electrochemical impedance spectroscopy (EIS)

measurements were carried out using a potentiostat

AUTOLAB model PGSTAT 100. A sine wave of 15 mV

was applied to the working electrode at the open circuit

potential of the system (measured versus Ag/AgCl

electrode). The spectra were acquired in the 105 Hz 10-2

Hz frequency range. The impedance spectra were

displayed as Nyquist and Bode diagrams (impedance

modulus and phase angle vs. frequency). EIS results were

analyzed with the complex, non-linear, least-square tting

program ZVIEW and an equivalent circuit that ts to the

experimental data was proposed.

The open circuit potentials Eoc were monitored with the

exposure time (1200 exposure hours till present) using a

performing Hullett-Pakard multimeter.

Alloy microstructure was determined by metallographic

microscopy with an Olimpus Japan PME3-ADL

microscope. The specimen were polished on emery paper

and alumina to mirror finish, ultrasonically cleaned using

deionised water and etched in Kroll s reagent containing

10 ml of 40% HF, 5 ml of 65% HNO3 and 85 ml of H2O

for the microscopic observations.

3. RESULTS AND DISCUSSIONS

Structure of the new Ti-6Al-2Nb-1Ta alloy

The alloy contains aluminium that is stabilizer and

niobium and tantalum that are stabilizers; so, a bi-phase

+ is expected to be obtained.

According to Figure 1, the structure of the new Ti-6Al-

2Nb-1Ta alloy represents an + uniform structure with

un-oriented grains; the grain size is about 10 µm. This

uniform structure can be favourable for a good resistance

of this new alloy to corrosion.

Fig. 1. Micrograph of Ti-6Al-2Nb-1Ta alloy

Corrosion behaviour resulted from cyclic

potentiodynamic curves

 Corrosion behaviour in 0.1M Na2SO4 solution

The new Ti-6Al-2Nb-1Ta alloy presented a spontaneous

passivation (Fig. 2), without active-passive dissolution

potential range, in 0.1M Na2SO4 solution. The corrosion

potentials (Ecorr) varied from about -49 mV to about +120

mV (Table 1) and are placed in the passive potential range 

of Ti, Al, Nb and Ta on the Pourbaix diagrams [23].

Therefore, the alloy is in the passive state with a large

passive potential range ( Ep) and low passive current

densities (ip) (Table 1). Also, the differences |Ecorr - Ep|

had very low values, showing a very good and very easy

tendency to passivation (Table 1) in 0.1M Na2SO4

solution [24-26]. The corrosion potentials shifted to

electropositive direction with the increasing time.

Blackwood et al. [27] showed that the ennobling of the

corrosion potential represents the increase of the passive

film thickness; so, the passive film on the Ti-6Al-2Nb-

1Ta alloy surface thickened in time, improved its

protective capacity.

100 m
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Fig.2. Cyclic potentiodynamic polarization curve for Ti-

6Al-2Nb-1Ta alloy in 0.1M Na2SO4 solution

Corrosion behaviour in 3% NaCl solution

In 3% NaCl solution (Fig. 3) the Ti-6Al-2Nb-1Ta alloy

exhibited self-passivation and its corrosion potentials

(Ecorr) had electropositive values which ennobled in time

(Table 1) and were placed in the passive potential ranges

of Ti, Al, Nb, Ta on the Pourbaix diagrams [23]. The

alloy has a large passive potential ranges ( Ep), low

values of the passive current densities (ip) and tendencies

to passivation (|Ecorr - Ep|), showing a very good passive

state that improved in time.

Fig. 3. Cyclic potentiodynamic polarization curve for Ti-

6Al-2Nb-1Ta alloy in 3% NaCl solution

Pitting corrosion was registered at very electropositive

values of the breakdown potentials (Eb). The pitting

protection potentials (Epp) had electropositive values and

the pitting protection resistances, the differences Eb Epp

had low values, showing that the pit repassivation take

places easily in a narrow potential range (Table 1).

Because all the pitting corrosion parameters presented

good values in time, that can not be reached in nature

[28], it results that this kind of local corrosion can not

appear on this alloy surface, even in long term using

conditions.

Corrosion behaviour in synthetic sea water
In synthetic sea water (Fig. 4), also the alloy was self-

passivated, presenting electropositive values of the

corrosion potentials (Ecorr), high values of the passive

potential ranges ( Ep) and very low values of the

tendency to passivation (|Ecorr - Ep|) and passive current

densities (ip). These values improved in time (Table 1),

showing the increase of alloy protective properties [27].

Fig. 4. Cyclic potentiodynamic polarization curve for Ti-

6Al-2Nb-1Ta alloy in synthetic sea water

Table 1. Main electrochemical parameters for Ti-6Al-2Nb-1Ta alloy in studied solutions

Time

(h)

Ecorr

(mV)

Ep

(mV)

Ep

(mV)

|Ecorr - Ep|

(mV)

Eb

(mV)

Epp

(mV)

Eb - Epp

(mV)

ip

(µA/cm2)

0.1M Na2SO4

0 - 49 -20 >4000 29 - - - 0.85

100 +25 +50 >4000 75 - - - 0.70

200 +59 +120 >4000 61 - - - 0.63

500 +122 +150 >4000 28 - - - 0.52

3% NaCl

0 -490.5 -480 1280 10.5 +2100 +800 1300 0.98

100 -418.1 -390 1370 28.1 +2200 +980 1220 0.86

200 -324.7 -300 1320 24.7 +2250 +1020 1230 0.69

500 -311.9 -290 1360 21.9 +2300 +1070 1420 0.55

Synthetic sea water

0 -511.1 -500 1300 11.1 +1500 +800 1300 1.10

100 -483.6 -470 1370 13.6 +1600 +900 1300 0.90

200 -365.4 -345 1295 20.4 +1650 +950 1300 0.75

500 -255.3 -230 1230 25.3 +1700 +1000 1300 0.62
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Pitting corrosion was observed; the pit repassivation

potentials (Epp) had electropositive values and the pitting

corrosion resistances (Eb Epp) had low values, revealing

a reduced tendency to pitting corrosion. Moreover, all

pitting parameters improved their values in time showing

that the pitting corrosion can not appear in sea water even

in long term working conditions [28].

Corrosion behaviour resulted from EIS measurements

Both Nyquist and Bode plots for the new Ti-6Al-2Nb-1Ta

alloy are similar both in 0.1M Na2SO4 (Fig. 5), 3% NaCl

(Fig. 6) solutions and synthetic sea water (Fig. 7).

The Nyquist plots (Fig. 5a, Fig. 6a, Fig. 7a) for the new

Ti-6Al-12Nb-1Ta alloy exhibited an incomplete, large

semicircle indicating a capacitive behaviour, a passive

film. The diameters of these semicircles became larger in

time, showing an increase of the impedance, i.e. a nobler

electrochemical behaviour of the alloy [8].

The Bode impedance plots (Fig. 5b, Fig. 6b, Fig. 7b)

presented in the low and middle frequency ranges high

impedance values, suggesting high corrosion resistance

[14]. The impedance slightly increased with the

immersion time, showing the increase of the passive film

resistance.

The Bode phase plots (Fig. 5c, Fig. 6c, Fig. 7c) revealed

phase angles closed to -700 over a wide frequency range,

i.e. a capacitive behaviour, a passive film as an insulator

but not fully capacitive because the values (Table 2) of

the independent frequency parameter, n, varied from 0.7

to 0.9 (when n = 1, the passive layer acts as a pure

capacitor) [14]. Also, the phase angle presented some

inflections; so, there are two relaxation time constants

showing the existence of a bi-layered passive film: a

compact, inner, barrier layer and a less compact, outer

layer [7,8]. The phase angle increased in time from about

-600 (after 1 immersion hour) to about -700 (at 500

immersion hours), proving the improvement of the

passive layer resistance.

An electric equivalent circuit with two time constants

(Fig. 8) was used to model the experimental spectra: the

first time constant represents the dense, inner, barrier

layer and it is represented by the Q1 and R1 (capacitance

and resistance of the barrier layer); the second time

constant represents the outer porous layer, illustrated by

Q2 and R2 (capacitance and resistance of the porous

layer). The resistances R1 of the barrier layer and the

resistances R2 of the porous layer increased in time due to

the slight thickening of the passive film [14]; also, the

corresponding Q1 and Q2 capacitances decreased in time

(Table 2) suggesting the same process of the increase of

the passive film thickness [14]. Therefore, the corrosion

resistance of the Ti-6Al-2Nb-1Ta alloy improved with the

immersion time in 0.5M Na2SO4 and 3% NaCl solutions

and synthetic sea water till present (500 hours).

From Table 2 can be observed that the values of the outer

layer resistances (R2) are lower than of the inner layer

(R1) i.e., the inner barrier layer is more protective, more

resistant [29].
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Fig. 5. Impedance spectra for Ti-6Al-2Nb-1Ta alloy in 

0.1M Na2SO4: a) Nyquist plots; b) Bode impedance plots; 

c) Bode phase plots
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Fig. 6. Impedance spectra for Ti-6Al-2Nb-1Ta alloy in 

3% NaCl: a) Nyquist plots; b) Bode impedance plots;

c) Bode phase plots
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Fig. 7. Impedance spectra for Ti-6Al-2Nb-1Ta alloy in 

synthetic sea water: a) Nyquist plots; b) Bode impedance 

plots; c) Bode phase plots

Fig. 8. Electric equivalent circuit with two time constants.

Table 2. Parameters of the equivalent circuit for 

Ti-6Al-2Nb-1Ta alloy
Time

(h)

Q1

(F/cm2)

R1

( cm2)
n1

Q2

(F/cm2)

R2

( cm2)
n2

0.1M Na2SO4

1 0.39x10-3 1.40x105 0.72 0.19x10-4 1.07x104 0.73

100 0.29x10-3 1.82x105 0.73 0.15x10-4 7.57x104 0.72

200 0.20x10-3 2.12x105 0.85 0.15x10-4 11.10x104 0.71

400 0.17x10-3 2.26x105 0.92 0.14x10-4 13.74x104 0.73

500 0.13x10-3 2.58x105 0.81 0.12x10-4 16.00x104 0.84

3% NaCl

1 0.41x10-3 3.51x104 0.70 0.28x10-4 1.32x103 0.83

100 0.32x10-3 5.82x104 0.70 0.27x10-4 1.40x103 0.81

200 0.52x10-4 6.86x104 0.73 0.21x10-4 2.33x104 0.75

400 0.32x10-4 14.38x104 0.95 0.18x10-4 7.44x104 0.72

500 0.29x10-4 15.45x104 0.87 0.17x10-4 12.67x104 0.73

Synthetic sea water

1 0.56x10-4 3.44x104 0.76 0.41x10-4 1.22x103 0.72

100 0.43x10-4 5.63x104 0.71 0.32x10-4 1.39x103 0.82

200 0.35x10-4 6.59x104 0.73 0.28x10-4 1.98x104 0.83

400 0.23x10-4 13.47x104 0.88 0.25x10-4 5.64x104 0.89

500 0.22x10-4 15.10x104 0.95 0.21x10-4 10.16x104 0.91

Corrosion resistance resulted from Tafel diagrams

Corrosion current densities were determined from Tafel

diagrams. One example of these plots is presented in Fig.

9. In 0.1M Na2SO4 solution (Table 3), the new Ti-6Al-

2Nb-1Ta alloy presented very low values of the corrosion

current densities and rates, placed in the Perfectly

Stable class. Polarisation resistances increased in time

showing higher resistances of the passive film and better

protective capacities [24-26].In 3% NaCl solution, also,

low values of the corrosion current densities and rates in

the Very Stable resistance class were obtained. Rp

values increased with the immersion time, proving the

same increasing protective resistances of the passive layer

(Table 3). In synthetic sea water (Table 3), similar values

of the corrosion current densities and rates it resulted and

the new Ti-6Al-2Nb-1Ta alloy is Very Stable . Also, the

values of the polarisation resistances showed very good

protective capacities which improved in time. The best

corrosion rates and parameters from Table 3 were

obtained in 0.1M Na2SO4 solution, confirming the results

of the potentiodynamic cyclic curves i.e. its lowest

corrosivity.

Fig. 9. Tafel curves for Ti-6Al-2Nb-1Ta alloy in synthetic 

sea water.

Table 3. Corrosion rates and ion release for 

Ti-6Al-2Nb-1Ta alloy in studied solutions

Time

(h)

icorr

(µA/cm2)

Vcorr

(µm/y)

Resistance

class

Rp

(k .cm2)
0.1M Na2SO4

0 0.0357 0.323 PS 3.89

100 0.0274 0.248 PS 4.46

300 0.0144 0.131 PS 6.03

500 0.0126 0.114 PS 7.25
3% NaCl

0 0.227 2.054 VS 3.73

100 0.146 1.322 VS 3.93

300 0.138 1.446 VS 4.85

500 0.122 1.305 VS 5.56
Synthetic sea water

0 0.285 3.31 VS 2.13

100 0.203 2.36 VS 3.75

300 0.156 1.81 VS 4.79

500 0.146 1.500 VS 5.42

PS  Perfectly Stable; VS  Very Stable.

Corrosion resistance resulted from monitoring of open

circuit potentials

The open circuit potential values (Fig.10) became more

electropositive in time for the Ti-6Al-2Nb-1Ta alloy both

in 0.1M Na2SO4, 3% NaCl solutions and synthetic sea

water. All open circuit potential values are placed in the

passive passive potential range of Ti, Al, Nb and Ta on

Pourbaix diagrams [23] showing the enobling of its

behaviour.

(a)

(c)

(b)
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The most electropositive values of the open circuit

potentials were registered in 0.1M Na2SO4 solution.

Though in 3% NaCl solution and synthetic sea water were

obtained slightly more electronegative values of the open

circuit potentials, about -300 mV, -350 mV, these values

are placed in the same passive potential range of Ti, Al,

Nb and Ta on Pourbaix diagrams [23] and the general

tendency is to ennoble in time, suggesting [27] the

thickening of the passive films and the improvement of

their protective capacities.
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Fig. 10. In time variation of open circuit potentials for Ti-

6Al-2Nb-1Ta alloy in studied solutions

4. CONCLUSIONS

1.The new Ti-6Al-2Nb-1Ta alloy presented a spontaneous 

passivation both in 0.1M Na2SO4, 3% NaCl solutions and

synthetic sea water.

2.Pitting corrosion was registered in 3% NaCl solution

and synthetic sea water but, the all pitting corrosion

parameters had good values that can not appear in nature

and the pitting corrosion can not develop even in long

term working conditions.

3.The Nyquist plots for the new Ti-6Al-2Nb-1Ta alloy

exhibited an incomplete, large semicircle indicating a

capacitive behaviour, a passive film.

4.The Bode impedance plots presented in the low and

middle frequency range high impedance values,

suggesting high corrosion resistance.

5.The Bode phase plots revealed phase angles closed to -

700 over a wide frequency range, i.e. a capacitive

behaviour, a passive film as an insulator but not fully

capacitive.

6.An electric equivalent circuit with two time constants

was used to model the experimental spectra.

7.The new Ti-6Al-2Nb-1Ta alloy presented very low

values of the corrosion current densities and rates, placed

in the Perfectly Stable and Very Stable class.

8.The open circuit potential values became more

electropositive in time showing that the passive film on

the Ti-6Al-2Nb-1Ta alloy surface thickens in time.
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ABSTRACT 
 

A simplified one-dimensional bioheat transfer model of the 

spherical living tissues in the steady state has been set up for 

application in heat transfer studies based on the Pennes’ bioheat 

transfer equation and its corresponding analytical solution by 

using Bessel’s equation has been derived in this paper. The 

obtained analytical solution is applied to analyze the effects of the 

metabolic heat generation, the tissue thermal conductivity, the 

blood perfusion and the coefficient of heat transfer on the 

temperature distribution in living tissues. A further parametric 

analysis has been made to reveal the tumour size, hyperactivity 

rate and location based on the temperature distribution profile. The 

results show that the derived analytic solution is useful to easily 

and accurately study the thermal behaviour of the biological 

system, and can be extended to thermal behaviour research of 

biological system, thermal parameter measurements, temperature 

field reconstruction and clinical treatment.   

 

Keywords: Bioheat transfer, Pennes’ equation, Analytical 

solution, Bessel functions, Tumour. 

 

 

1. INTRODUCTION 
 

In live biological body the spatial temperature distribution in 

tissues plays a vital role in many physiological processes. Recent 

advancement in the bioheat transfer research field has paved a key 

foundation in hyperthermia cancer therapy, thermal diagnosis, 

cryogenic surgery etc. [1, 2]. The quantitative and accurate 

analysis of bioheat transfer is to effectively understand and model 

the heat transfer mechanism of the biological system.     

 

The complexity underlying in the precise thermal analysis process 

of living tissues remains not only for its heterogeneity and 

anisotropy but also for conduction, convection, and radiation heat 

flow, cell’s metabolism, and blood perfusion etc. Accordingly, it is 

very difficult to build precise and exact thermal models and most 

of the proposed bioheat equations are very complicated thus 

complex but not unattainable to solve analytically. 

 

The analytical solutions of these equations have important 

significance in the study of bioheat transfer because they reflect 

actual physical feature of the equations and can be used as 

standards to verify the corresponding numerical results and as a 

proof to the reasonability of in-vitro mode analysis. Various 

techniques have been proposed to obtain analytical solutions of 

these equations. The estimation of temperature distribution in 

biological tissues at steady-state in one dimensional Cartesian 

coordinate was presented by Zhou et al. [3]. The same analysis in 

cylindrical geometry with showing the parameters effect in spatial 

temperature distribution was depicted in [4].  Shih et al. [5] 

presented and discussed the solution for the models of living tissue 

with applying sinusoidal heat flux on skin surface. For local 

magnetic hyperthermia, the time dependent analytical analysis of 

bioheat equation was performed by Gutierrez [6] in the spherical 

system to estimate the localized and concentrated heat required for 

the ablation of the cancerous cells. In this paper, the derivation of 

the general analytic solution for one-dimensional steady-state 

model of the spherical living tissue is conducted by adopting the 

Pennes’ bioheat transfer equation [7-9]. The fundamental Pennes’ 

equation and its solution are presented in the following two 

consecutive sections.  The section 2 is devoted to present the 

analytic solution methodology. The application of obtained 

solution to the tissue’s internal temperature distribution and the 

thermal effect of tumours are described in section 3.    

 

 

2. METHODS 

 

Pennes, in 1948, proposed a model considering cell’s metabolism 

and blood perfusion effects on temperature distribution in live 

biological bodies, at steady-state condition which is written in 

one-dimensional spherical coordinate system as: 

( ) )1(0
1 2

2
=+−+





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

k

q
TT

k

cw

dr
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d

r

m

a

bb  

where, 
bb

cw ,  are the perfusion rate per unit volume and specific 

heat of blood, respectively; k   is the thermal conductivity of 

tissue;  
m

q  is the metabolic heat generation per unit volume; 
a

T    

and T represent the artier blood and tissue temperature, 

respectively. 

 

For axially symmetrical model the boundary conditions are 

described as: 

)2(0,0 a
dr

dT
r ==  

and 

( ) )2(, bTTh
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dT
kRr

ea
−=−=  

where, R  is the radius of the concerned tissue; 
a

h  is the heat 

exchange coefficient which accounts for both the convection and 

radiation heat loss on the tissue surface; 
e

T is the ambient 

temperature. 
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To obtain dimensionless heat equation and boundary conditions 

the following characteristics quantities are proposed: 

)3(, **

ea

e

TT

TT
T

R

r
r

−

−
==  

Substituting (3) into (1) lead to:  

( )
( )

)4(01
1 2

*

2

*

*

2*

*2*
=

−
+−+









ea

mbb

TTk

Rq
T

k

Rcw

dr

dT
r

dr

d

r
 

and the dimensionless boundary conditions are: 
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Therefore, the dimensionless governing equation is: 
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and the boundary conditions are: 
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By dropping the superscripts * and letting  α=
*

b
w  and 

β=+
**

mb
qw , the equation (4) becomes: 
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To solve the equation (8), let’s assume 
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differentiating we obtain, 
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The homogeneous equation is: 

)11(0
2

11 2/12/1/2/3

2
=−








− −

HrHrHr
dr

d

r
α  

After simplifying and multiplying by 2/1
r  we get 
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The equation (12) is modified Bessel equation of half kind and 

therefore the solution is: 
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According to the characteristics of Bessel’s equation, we have, 

0
2

=C  . Therefore, the solution to (13) is: 
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The exact solution in terms of )(rT  is: 
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where,  
p

T  is the particular solution and 
α

β
=

p
T  . 

Therefore, the temperature expression considering the superscript * 

again: 
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Considering the boundary condition of (7b), some simple 

derivations lead to:  
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3. RESULTS 
 

By applying the obtained analytic solution in (20), the interior 

steady-state temperature of living tissues in a body organ, which 

could be approximated as spherical in shape (for example- female 

breast, buttock), in the resting person can be easily and accurately 

obtained, which can facilitate the further analysis of the heat 

transfer characteristics of living tissues embedding hyperactive 

nodule. 

 

The effect of major thermal parameters on the temperature 

distribution of spherical living tissues are discussed, wherein, the 

typical parameter values, chosen for theoretical analysis are 

presented in Table 1.  

 

Table 1: Parameter values used in theoretical analysis 

Parameter Value and Unit 
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3

mskg  
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o
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o
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2
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/1085 mW  

aT  C
o

37  

eT  C
o

25  

 

The upshot of the metabolic heat generation,  the heat exchange 

coefficient, the blood perfusion, and the tissue thermal conductivity 

on temperature profile are shown in Figs. 1 to 4, respectively. 

  

In Fig. 1, the family of graphs shows that changes in metabolic heat 

generation elevates the inner tissue temperature magnitudes but 

maintains an almost constant slope in the temperature flow path to 

the boundary regardless the metabolic rate.   
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The Fig. 2 asserts that the higher the coefficient of heat transfer, 

the lower the temperature near the boundary of the body.  This 

ambient dependence phenomenon in thermal distribution of 

biological body produces a distinguishable elevation in skin 

temperature and is a tool for analyzing benign stage tumour. 

 

The effect of blood perfusion rates on the temperature distribution 

is illustrated in Fig. 3. The curves indicate that the gradient of the 

temperature variation in redial direction decreases with increasing 

blood perfusion, which is a result of higher rate of heat distribution 

caused by the blood perfusion. Moreover, the differences between 

the effects of the higher blood perfusion rates on temperature 

distribution become smaller. 

  

The simulation results presented in Fig. 4 shows the changes in the 

values of the tissue thermal conductivity has effect on body heat 

transfer capacity. 

 

The effect of tumour, located at the center of the spherical model 

(see Fig 5) surrounded by sound tissues, on the thermal 

distribution of body is presented in the Fig.6. The incremental 

temperature distribution of a tumour of radius 5mm at depth 4 cm 

which has 2- 5 times higher hyperactivity than average sound 

tissue is presented.   

 

A center tumour of different size with a constant metabolism of 5 

times higher than healthy tissues is presented in Fig. 7. This figure 

shows that radius has no effect on the temperature established at 

the centre of the nodule. 

 

The resultant thermal profile of a tumour at centered origin 

embedded in healthy tissues is presented in Figs. 8 and 9 for 

different tumour sizes and metabolism rates, respectively. 

 

The Fig. 8 concludes that the maximum raise in the temperature at 

the model origin does not depend on the size of the tumour. The 

size has effect on the temperature magnitude at the boundary only.  

While the intensity influences both the temperature grow at origin 

and amount of temperature that reach to the boundary, it is evident 

from Fig 9. 

 

If the tumour is not located at a depth of 2 cm rather than being at 

the model origin, as shown in Fig. 10, the temperature flow in the 

outward direction for different tumour sizes and metabolism rates 

are presented in Figs. 11 and 12, respectively.     

 

It can be seen from Fig. 11 that an abrupt change in temperature 

profile at the tumour position makes a constant vertex at 46oC for 

all the values of radius.  The analysis also shows that the 

increasing hyperactivity rate of tumour tissues increases both the 

temperature magnitude at the tumour location and at boundary 

which is conveyed by Fig. 12. 

 

4. Discussion 
 

In this paper, the steady-state bioheat transfer model of the 

spherical living tissues has been analyzed based on Pennes’ 

equation, and the corresponding equation has been solved in 

one-dimensional domain. The Bessel’s equation involving 

analytical solution is obtained in this study is useful for describing 

the tissue temperature distribution in radial direction.  

Taking account of the parametric studies, the thermal conductivity 

and blood perfusion effects are neglected for further analysis in 

case of tumours, though the thermal conductivity of the tumour 

cells is somewhat increase from that of sound tissue but it plays an 

insignificant effect on temperature profile and likewise the blood 

perfusion rate in a particular organ is assumed to be undisturbed by 

the cancerous cells.   

Observing the linearity in thermal profile with the variations in 

tissue metabolism, the superposition theorem is employed to 

compute the temperature distribution of spherical shaped organ 

embedding tumour within.  Analysis with varying tumour location 

is performed using the concept of coordinate origin shifting.  

The temperature reach to the skin boundary bear the signature of 

availability of tumour in a particular organ of biological body and  

analyzing and mapping the temperature reveal some idea about the 

clinical features of tumour.  This aspect needs further analysis to 

pinpoint the correlation among the tumour parameters with 

temperature at skin surface so that an invasive, non-contact, 

radiation free diagnostic tool can be invoked employing infrared 

(IR) thermogram. 
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Fig. 3 Temperature Distribution for different perfusion rate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Fig. 1 Temperature Distribution for different metabolic 

rate 

Fig. 4 Temperature Distribution for different tissue thermal 

conductivities 

 

Fig. 2 Temperature Distribution for heat exchange coefficient 
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Fig. 5 Tumour at the center of the model 

Fig. 6 Temperature Distribution for Tumour 
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Fig. 7 Temperature Distribution of Tumour 

 

 
Fig. 8 Tumour in Sound Tissue 

 

 
Fig. 9 Tumour in Sound Tissue 

 

Spherical model of organ 

Tumour 

Fig. 10 Tumour not at the center of the Model 

 
Fig. 11 Tumour in Sound Tissue 
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Fig. 12 Tumour in Sound Tissue 
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ABSTRACT 

Microbial fuel cell (MFC) attracts growing 

efforts as a kind of environmentally friendly 

biotechnology. In this study, the aerobic 

bacterium Bacillus subtilis has been utilized in a 

dual-chambered upflow microbial fuel cell 

fueled with actual domestic wastewater. The 

MFC system was continuously operated for 75 

days. The performance of the UMFC was 

mainly evaluated in accordance with the COD 

removal and maximum power generation as 

well as BOD reduction. The results revealed that 

the microorganism Bacillus subtilis is 

electrochemically active culture. The maximum 

observed effeciency of COD removal and power 

generation were 90% and 270 mW/ m
2
, 

respectively. 

Keywords: MFC, Anaerobic treatment, Power 

generation, Wastewater, and Bacillus subtilis 

1. INTRODUCTION 

 

Microbial fuel cell (MFC) can be considered as 

a novel bioreactor utilize microorganisms as 

catalysts to convert chemical energy stored in 

organic substrates to electricity by the 

electrochemical technology [1]. Many 

researchers have reported the generation of 

electricity using activated sludge as the source 

of microorganisms. However, when using a 

mixed community, the electrochemical activity 

of a few bacterial species enhances the power 

output of the whole system. However, fewer 

studies using single type of microorganisms 

have been previously reported. Nimje et al. [2] 
studied the energy generation by a strain of 

Bacillus subtilis in a MFC fed with synthetic 

glucose-based wastewater. The maximum 

observed power density was 1050 mW/m
2
. 

Rahimnejad et al. [3] used a dual chambered 

air–cathode MFC fed with glucose solution as a 

substrate having an initial concentration of 30 

g/L. The system was inoculated with anaerobic 

pure culture of Saccharomyces cerevisiae.  

Maximum produced power density was 283 

mW/ m
2
. Fatemi et al. [4] evaluated electricity 

generation in a dual chambered MFC inoculated 

with Saccharomyces cerevisiae. Glucose with 

initial concentration of 4 g/l was used as an 

electron donor. The power density and 

maximum COD removal efficiency were 10.1 

mW/ m
2
 and 54%, respectively. In this study the 

performance of a two-chambered MFC fueled 

with actual domestic wastewater and bio-

catalyzed with an anaerobically grown 

bacterium Bacillus subtilis has been evaluated.  
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2. MATERIALS AND METHODS 

 

An upflow MFC consisted of a dual rectangular 

chambers made of transparent acrylic 

parallelepiped having dimensions of 52 x 9.4 x 

9.4 cm was used in this study. The anode and 

cathode chambers contained graphite plain 

electrodes; each had a surface area of 60 cm
2
. 

The two chambers were separated by a cation 

exchange membrane (CEM) type CMI-7000, 

supplied by membrane international INC., NJ. 

The CEM sheet of dimensions 10X10 cm was 

placed between two perforated glass sheets. The 

MFC was inoculated with Bacillus subtilis and 

continuously fed with actual domestic 

wastewater at a rate 0.1 mL/min and average 

initial COD concentration of 380 mg/L. The 

Bacillus subtilis was isolated from a mixed 

culture of activated sludge freshly collected 

from a local sewage treatment plant. The 

schematic diagram of the microbial fuel cell as 

well as the ports details are given in Figs. 1 and 

2, respectively. The UMFC was operated at 

temperature 28 ± 2
o
C. The freshly collected 

wastewater was primarily clarified and settled 

before entering the upflow MFC. The 

composition of the primarily clarified actual 

wastewater performed in this study with its 

constituents average concentration expressed in 

(mg /L) was as follows: BOD (200), COD 

(400), total phosphorus (12.8), nitrate nitrogen 

(9), ammonium nitrogen (24), chloride (30), 

sulfate (200), and pH (7.0). To start up the MFC 

operation, the anodic chamber was flushed with 

nitrogen, and then bacterium Bacillus subtilis 

was placed in the anodic compartment of the 

UMFC without aeration for 7 days in order to 

favor the enrichment of the cultures. The 

Bacillus subtilis was previously isolated from 

an activated sludge collected from the deep 

bottom of an aeration tank in a local sewage 

treatment plant. The wastewater was not 

pumped into the MFC during this conditioning 

period, thus the only substrate available for the 

microorganisms was obtained from the 

endogenous metabolism.  After 7 days, the 

UMFC was fed with actual wastewater, at the 

same time the air was injected through the 

cathode chamber. Dissolved oxygen 

concentrations were measured in the anodic and 

cathodic compartments. The measured values of 

dissolved oxygen in the cathodic chamber 

indicated saturated concentrations. On the 

contrary, in the anodic chamber the oxygen 

concentration was observed to be very low 

indicating anaerobic conditions in this 

compartment.  An external resistance of 300 Ω 

was placed between the anode and cathode. 

  

Fig. 1 Schematic diagram of the MFC 

 
 

Fig. 2 Microbial fuel cell with membrane, Port 

1: wastewater inlet, port 2: nitrogen flushing, 

port 3: outlet of wastewater, port 4: replacement 

of catholyte, port 5: aeration, port 6: catholyte 

feeding, 7 and 8 are the perforated glass sheets. 
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3. RESULTS AND DISCUSSION 

 

COD Removal  
MFC was continuously operated for 15 days 

before achieving the steady state condition. 

COD reduction was up to 90% upon achieving 

steady conditions as shown in the Fig. 3. 

Average initial COD concentration was 400 

mg/l and volumetric COD loading rate to this 

MFC was 0.847 kg COD/m
3
 d. After achieving 

steady state, the average effluent concentration 

of COD was 40 mg/l. The observed COD 

removal efficiency was more than the reported 

efficiency of 54% [4], using (Saccharomyces 

cerevisiae) as a pure microorganism for anodic 

inoculation, and 83% COD removal reported by 

Chaudhuri and Lovley, [5] using Rhodoferax 

ferrireducens. 

 

 

Fig. 3 COD removal efficiency 

 

Current Generation 

In this study, the MFC system generated 

maximum stable power outputs of 270 mW/ m
2
 

and maximum obtained Coulombic efficiency 

was 49.6%.
 
The results proved that the pure 

microorganism Bacillus subtilis is 

electrochemically active and the performance of 

MFC inoculated with this pure culture is 

comparable, even higher to those inoculated 

with mixed cultures. For electricity generation, 

the current increased rapidly for the first 5 days, 

then increased slowly for the next 7 days to a 

maximum constant value of 3.60 mA as shown 

in Fig. 4. The current was maintained stable for 

more than 60 days under the given conditions. 

The open circuit potential was 0.81volt and the 

maximum closed circuit voltage drop a cross 

continuous external resistance 125 Ω was 0.45 

volt Fig. 5. The electrochemical activity of the 

applied species Bacillus subtilis type of species 

is one of the most commonly used hosts in 

fermentation production, because it is simple to 

cultivate. Also, its products, the protein and 

metabolites are often secreted in the growth 

medium, M9 [2]. Additionally, the composition 

of M9 medium supplemented with glucose was 

employed to culture bacteria in the anode with 

biofilm might cause maximum productivity. 

 

 

 
 

Fig. 4 Variation of the current with time 

 

Fig. 5 Voltage-current relationship at different 

external resistances 
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Polarization Curve 

The UMFC inoculated with pure culture 

Bacillus subtilis produced a power density due 

to the existing of electrogenic bacteria which 

transfer electrons to the electrode without 

interfering mediator in the anode chamber 

(Fig.6). The electrogenic bacteria existing in 

pure cultures have higher electrochemical 

activity than mixed culture leading to more 

power generation in MFC inoculated with pure 

culture.   

 
Fig. 6 Polarization curve 

 

 
Fig. 7 BOD removal efficiency 

 

BOD removal 

Although the performance of microbial fuel 

cells were mainly evaluated in term of chemical 

oxygen demand (COD), measurements of 

biological oxygen demand (BOD) was also 

performed. Results revealed that the reduction 

in BOD concentration was up to 82% after 20 

days operation as given in Fig. 7. 

 

Granulation of biomass in UMFC 

Upon reaching steady state conditions in the 

MFC, the electrode in the anodic chamber was 

almost fully covered with a thick layer of bio-

film and the biomass granules formation was 

visible in the anode chamber. After 75 days of 

continuous operation, the MFC was emptied and 

small portions of the biofilm were scratched 

from the electrode surfaces and collected for 

microscopic examination from anode chamber. 

The anodic biofilm was partially granulated 

having 1-2 mm size of granules. The Scanning 

Electron Microscopy (SEM) images of the 

biofilm (Figs. 8 and 9) revealed the porous and 

spongy structure with some cracks on the 

surface. Similar observations were previously 

reported by Fang et al. [6] and Ghangrekar & 

Shinde [7]. They suggested that the porous 

structure of granules with multiple cracks on the 

surface is likely to facilitate the passage of 

nutrients and substrates as well as the release of 

hydrogen, which had a very limited solubility of 

1.58 mg/l in water, thus these granules did not 

exhibit a layered structure because of the 

simplicity of the acidification process. 

 

4. CONCLUSION 

 

This study demonstrated and evaluated the 

performance of an upflow dual-chambered 

mediator-less microbial fuel cell (UMFC) 

catalyzed with Bacillus subtilis consortium for 

simultaneous wastewater treatment and power 

generation. The biofilms which grow under 

anaerobic environment and attached to the 

surfaces of the anode were the main 

contributors to the electricity generation. The 

results demonstrated that the aerobic Gram-

positive species Bacillus subtilis was able to 

grow anaerobically and produce a biofilm in 
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microbial fuel fell, which generated a long-

term power output. 

 

 

Fig. 8 SEM image for anode surface before 

granulation of biomass 

 

 

Fig. 9 SEM image for anode surface after 

granulation of biomass 
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ABSTRACT 

Management innovation is becoming essential for 

addressing the challenges faced in software industries. 

New managerial approaches have been progressively 

developed over the last two decades in order to cope with 

the inevitable market changing demands. These 

managerial innovations known as agile methods enhance 

team’s ability to adapt to unpredictable environments. 

Many agile methods exist, each, emphasizing a set of 

managerial practices and tools. This research paper aims 

at exploring three famous agile methods and suggesting a 

sustainable agile methodology where practices and tools 

are guided by a key principle: “knowledge creation”.  

Keywords: Managerial Innovation, Lean Development, 

Scrum, Extreme Programming, Innovative Management 

Philosophy.  

1.  INTRODUCTION 

In today’s competitive and fast changing environment, an 

increasing attention is being paid to the role of 

managerial innovations in organizations. Different types 

of innovations have been investigated: new products, new 

methods of production, new markets, new technologies, 

and new ways to organize business [1]. Over the last two 

decades, research works have mainly focused on product 

innovations, technology and business models 

innovations. In fact, these types of innovation do not 

constitute a sustainable advantage for enterprises. They 

can be easily imitated by competitors. In response, a 

number of researchers [2, 3, 4] have shown a keen 

interest in managerial innovations. Management 

innovation seems to help organizations in building long-

term competitiveness [2]. Given this focus, this research 

work aims at exploring managerial innovations in the ICT 

industry where the market is highly competitive.  

With the technological surge, traditional management 

practices such as sequential development, complete 

definition of the product, extensive planning and 

documentation have been questioned by a number of 

practitioners. They are considered as unable to cope with 

changes. Thus, they were progressively replaced by new 

management and development methods known as agile 

methods. These methods enhance collaboration, frequent 

feedback, and adaptation to changes. They also empower 

team members and encourage self-management and 

organization. In this respect, agile methods, as innovation 

management, alter the way software projects are 

organized and managed.  

Different agile methods exist (scrum, extreme 

programming, lean development; crystal, feature driven 

development, dynamic systems development, adaptive 

software development). Although these methods are 

based on common values and principles (Agile 

Manifesto1), each method emphasizes different 

managerial practices and tools. It is beyond the scope of 

this work to review the various agile methods. Hence, we 

will be focusing on the three most popular agile methods: 

scrum, extreme programming and lean development. We 

assume that each method represents a type of agility2, yet, 

complementary in guiding and managing software 

projects. Although the three methods have been largely 

explored by academics and practitioners, they were rarely 

investigated as complementary software development 

methods. This research work aims at filling this gap by 

proposing a methodology3 based on scrum, XP and lean 

development practices and principles. We suppose that 

the combination of these methods can improve 

managerial innovations within software industries. 

The following paper is structured as follows: section (I) 

introduces agile methods as managerial innovations in 

software industries. Section (II) presents scrum, extreme 

programming and lean development approaches. Section 

(III) suggests a methodology that integrates and combines 

the various agile practices and tools. Lean principles are 

viewed as the guide for deploying scrum and extreme 

programming practices.  

2.  AGILE METHODS AS 

MANAGERIAL INNOVATIONS 

Management innovation is defined as a “marked 

departure from traditional management principles, 

processes, and practices -- a departure from customary 

organizational forms that significantly alters the way the 

work of management is performed” [2]. In ICT sector, 

management innovation is essential for addressing the 

challenges faced by enterprises working in unpredictable 

and changing environments. Until the late 90’s, the most 

widely used software development methods were based 

on sequential approaches. Each phase consists on a set of 

activities and deliverables that must be accomplished 

before the following phase. The project proceeds 

according to clearly defined phases and the deliverable is 

                                                           
1
http://agilemanifesto.org/  

2The ability of a team to rapidly respond to change by 
reconfiguring its resources.  
3
Methodology is defined as a guideline system based on 

principles, methods, techniques and tools. 
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produced at the end of the process. However, traditional 

management principles and processes were perceived as 

unable to adapt to inevitable changing demands and 

requirements [5, 6, 7]. In response, new “lightweight” 

project management methods, called agile methods, have 

blossomed and gained popularity. These emergent 

methods recommend short iterations during which 

changes are progressively integrated in the software 

product. They also advocate constant interactions and 

exchanges between team members. It is an attempt to 

bring people together and enhance collective practices 

and achievements.  

3.  SCRUM, EXTREME PROGRAMING AND 

LEAN DEVELOPMENT: PRINCIPLES 

AND PRACTICES 

Scrum employs an iterative and incremental approach for 

managing projects. Three pillars uphold the scrum 

development process: transparency, inspection and 

adaptation [8]. The main purpose of scrum is to foster 

team productivity by providing “light” management 

practices (pre-sprint, daily sprint, retrospective meetings, 

sprint planning meeting, product backlog, burndown 

charts, etc.) and creating an environment where teams can 

easily communicate and adapt to changes. Table 1 

summarizes the characteristics of scrum method. 

Table 1: Characteristics 4 of scrum method 

Scrum [8] 

Principles 
Transparency, inspection and 

adaptation. 

Roles 
Scrum master, product-owner, 

scrum team 

Management 

Practices 

Pre-sprint, sprint planning meeting, 

daily sprint, post-sprint meeting and 

retrospective meeting. 

Management 

Tools 

Product backlog, sprint backlog, 

burndown charts 

The extreme programming method relies on a set of 

engineering practices and collaborative tools that consist 

in lowering the cost of changes and ensuring knowledge 

capitalization [9]. Table 2 summarizes the characteristics 

of extreme programming. 

Table 2: Characteristics5 of XP method 

XP [9] 

Principles 
Communication, simplicity, 

feedback, respect and courage. 

Engineering 

Practices 

Continuous integration, unit-testing, 

acceptance tests, refactoring and 

simple design. 

Management 

and 

collaboration 

practices 

Planning game, stand-up meeting, 

pair programming, collective code 

ownership, on-site customer and 

metaphor. 

                                                           
4
Scrum practices, tools and roles are defined in Annex I. 

5XP practices and tools are defined in Annex I. 

Management 

tools 

User-stories, story-cards and story-

boards. 

Lean development is a way of thinking, a philosophy that 

encompasses a system-level perspective and therefore 

extends beyond development practices. It is a set of 

principles that organizations use in order to adapt tools 

and methods to their own specific contexts and 

capabilities. It goes beyond scrum and extreme 

programming methods, by providing a broader 

perspective that enables these methods to thrive [6]. 

Table 3: Characteristics6 of lean development 

Lean [10] 

Principles 

Eliminate wastes, build quality, 

create knowledge, defer 

commitment, deliver fast, respect 

people, optimize the whole 

Management 

practices and 

tools 

Pull system, kaizen sessions, pareto 

cause analysis, 5 whys, A3 problem 

solving. 

Each one of these methods represents a particular type of 

“agility”, however, complementary in developing and 

managing software projects. Scrum advocates “light” 

management practices based on frequent collaboration 

between team members. Constant exchanges add agility 

to the development process by providing rapid feedback 

on the implemented functionalities [11]. It facilitates the 

monitoring of the project progress [12] and improves 

organizational learning [13]. Unlike extreme 

programming, scrum doesn’t focus on engineering 

practices. XP engineering practices reduce cost changes 

and improve code quality. They also provide permanent 

feedback on the developed codes [14, 15]. They enable 

developers to quickly resolve bugs and defects and 

decrease the number of problems related to late code 

integration. However, concerning lean development, its 

principles guide and govern the implementation of scrum 

and extreme programming practices and tools. Unlike 

scrum and XP practices, lean principles are invariable 

regardless the implementation context. Accordingly, lean 

development goes beyond scrum and extreme 

programming methods. It overpasses development 

activities and concerns the different levels of the 

organization. In this respect, building a methodology 

where lean principles guide scrum and extreme 

programming practices can create value for software 

organizations.  

4.  TOW ARDS A SUSTAINABLE INNOVATIVE 

AGILE METHODOLOGY 

The literature review of lean manufacturing [16] shows 

that lean manufacturing principles have clearly inspired 

agile practitioners. Mainly, principles written in the agile 

manifesto are based on lean management pillars: 

                                                           
6Lean principles and practices are defined in Annex I. 
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eliminating wastes and delivering on time a product that 

meets customers’ needs. However, unlike lean 

development that encompasses the different levels of an 

organization, agile methods have mostly focused on the 

development activities. This can possibly explain why the 

implementation of scrum and extreme programming, in 

large and complex organizations, is challenging [17, 18]. 

Agile practices seem more suitable for small teams 

because actors can easily communicate and collaborate. 

Thus, by considering lean principles as the basis of agile 

methods, it may be easier to scale agile practices and 

implement them in large organizations. Given this focus, 

we suggest a methodology where lean principles govern 

the implementation of scrum management practices and 

XP engineering and collaboration practices. This 

methodology is identified as “EXSL” methodology.  

Table 4 describes the management philosophy of EXSL 

methodology. 

Table 4: Components of EXSL methodology  

Values 
RESPECT PEOPLE 

OPTIMIZING THE WHOLE 

Key principle Practices and tools 

Create 

Knowledge 

Engineering practices: continuous 

integration, refactoring, unit-

testing. 

Collaboration and management 

practices: short development 

cycles, daily meetings, 

functionalities prioritization, pull 

system, pair programming, 

retrospective meetings, kaizen 

sessions, frequent feedback with 

the client, and informative 

workspace (story-boards, virtual 

whiteboard).  

Problem solving tools: A3 

problem solving, pareto analysis, 

5 why’s. 

 

Strategic objectives 

Eliminate Wastes (extra features, delays, handoffs, 

relearning, partially done work, tasks switching, and 

defects) [10] 

Building quality 

Delivering fast 

EXSL methodology is an iterative and incremental 

framework for developing and managing software 

projects and solutions. This methodology relies on 

existing software development practices and tools. It 

advocates people respect (people as drivers for 

organizational success) and focuses on optimizing the 

entire system in an organization. These two values serve 

as a guiding force in the EXSL environment. Besides, 

this methodology is based on a key lean principle: “create 

knowledge”. This principle guides the creation of an 

environment where actors can quickly respond to changes 

and continuously improve their development process. 

Throughout constant feedback, agile practices help teams 

in identifying and fixing defect as early in the 

development process as possible. Therefore, agile 

engineering and management practices foster individual 

and collective knowledge. They help organizations in 

decreasing wastes, building quality and delivering fast a 

product that meets customers’ requirements. 

Agile practices should be viewed as governed by “create 

knowledge” principle. By integrating this management 

philosophy, team members would be properly adapting 

the agile toolkit to their organization. Thus, agile 

practices are not seen as an end in themselves. They 

facilitate means though which lean values and principles 

are materialized.  

5.  CONCLUSION 

EXSL methodology underlines an innovative 

management philosophy for developing software 

projects. This methodology is obviously inspired by lean 

development approach. However, it focuses on one key 

lean principle: “create knowledge”. It combines scrum, 

extreme programming and lean manufacturing practices 

and tools in order to serve this principle. Thus, agile 

engineering and management practices are viewed as a 

toolkit for enhancing individual and collective learning 

processes within software organization. By doing so, 

software organizations decreases wastes and meet their 

strategic objectives.  

Nevertheless, this methodology requires further 

theoretical and empirical investigation. In addition to 

that, the development framework should be described 

more precisely and necessitates empirical validation. 

Hence, this research study offers a first vision of an 

innovative management philosophy that stresses on 

knowledge creation in software industries. This is 

achieved by combining principles, practices and tools 

from the three most famous agile approaches.   
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ANNEX 

A3 problem solving: A3 problem solving is a structured 

approach to resolve problems. Toyota engineers learn the 

discipline of condensing complex thinking to a single A3 

sheet of paper. Different A3 reports have different 

purposes, but all of them capture critical knowledge in a 

way that is easy to store in a database, easy to post in a 

work area, etc.  

Burndown Chart: It shows work remaining over time. 

Work remaining is the Y axis and time is the X axis. The 

work remaining should jig up and down and eventually 

trend downward.  

On-site customer: It consists on having a real, live user 

that constantly collaborates with the development team. 

The on-site customer is available full-time to answer 

questions.  

Collective code ownership: It’s an extreme 

programming practice where anyone can change the 

code, anywhere in the system, at any time.  

Continuous integration: It consists on integrating and 

building the system many times a day, every time a task 

is completed.  

Daily scrum: It’s a fifteen-minute daily meeting for each 

team member to answer three questions: what have i done 

since the last scrum meeting? What will i do before the 

next scrum meeting? And what prevents me from 

performing my work as efficiently as possible?  

Iterative development: The main idea of an iterative 

approach is to divide the development cycle into simpler 

and more manageable units. Each unit is analyzed, 

designed and implemented in order to produce an 

executable deliverable with a limited set of 

functionalities. The final executable deliverable 

encompasses all the functionalities expected from the 

system. 

Kaizen: it’s a Japanese term that means continuous 

improvement. Kaizen events consist on gathering 

operators, managers, owner of a process in one place, 

mapping the existing process in order to improve it.  

Pareto cause analysis: It is an application of the “vital 

few trivial many” rule, also called 80/20 rule. The 

analysis proceeds thus: Divide a problem into categories, 

find the biggest category, look for the root cause of the 

problem creating that category and fix it.  

Planning-Game: It’s a meeting attended by both 

development and business teams (client representative) in 

order to identify and prioritize stories of the next release 

or iteration. It combines business priorities and technical 

estimates.  

Post-sprint meeting: At the end of the sprint iteration, a 

post-sprint meeting is held to review progress, 

demonstrate features to the customers and review the 

project from a technical perspective.  

Product-backlog: The product backlog is the 

requirements for a system, expressed as a prioritized list 

of product backlog items. These included both functional 

and non-functional customer requirements, as well as 

technical team-generated requirements. While there are 

multiple inputs to the product backlog, it is the sole 

responsibility of the product owner to prioritize the 

product backlog.  

Product backlog item: In Scrum, a product backlog item 

("PBI", "backlog item", or "item") is a unit of work small 

enough to be completed by a team in one sprint iteration. 

Backlog items are decomposed into one or more tasks 

listed in a sprint backlog.  

Product-owner: In scrum, a single person must have 

final authority representing the customer's interest in 

backlog prioritization and requirements questions. This 

person must be available at any time especially during the 

sprint planning meeting and the sprint review meeting.  

Pair programming: It consists on having two people 

working side-by-side on the same task. It provides 

continuous code review in a flow rather than a batch.  

Pull system: To reduce inventory holding costs and lead 

times, Toyota developed the pull production method 

wherein the quantity of work performed at each stage of 

the process is dictated solely by demand for materials 

from the immediate next stage.  
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Retrospective meeting: The sprint retrospective meeting 

is held at the end of every sprint after the sprint review 

meeting. The team and scrum-master meet to discuss 

what went well and what to improve in the next sprint.  

Scrum-Master: The scrum-master is a facilitator for the 

team and product owner. Rather than managing the team, 

the Scrum-Master works to assist both the team and 

product owner.  

Scrum team: It consists of seven plus or minus two 

people. For software development projects, the team 

members are usually a mix of software engineers, 

architects, programmers, analysts, testers, designers, etc.  

Sprint: It defines the work for a sprint, represented by 

the set of tasks that must be completed to realize the 

sprint's goals, and the selected set of product backlog 

item.  

Sprint Planning Meeting: The Sprint planning meeting 

is a negotiation between the team and the product owner 

about what the team will do during the next sprint. The 

product owner and all team members agree on a set of 

sprint goals, which is used to determine which product 

backlog items will be implemented in the next sprint. 

Then, the scrum-master and his team focus on how the 

selected product items will be implemented. .  

Stand-up meeting: It’s a fifteen daily meeting for XP 

teams. During this meeting, developers share their 

experiences of the day before, talk about their progress 

since the last stand-up and the anticipated work until the 

next stand-up.  

Story-cards: They represent brief details of the tasks 

being actively worked upon.  

The 5 why’s: It refers to the practice of asking, five 

times, why the failure has occurred in order to go to the 

root cause/causes of the problem. There can be one or 

more cause to a problem as well.  

Test driven development: It consists on writing the tests 

before writing codes in order to prevent defects. The goal 

of lean software development is to prevent defect from 

getting into the code base in the first place and the tool to 

do this is the test-driven development.  

Unit-tests: They are written by developers to test their 

design intent. Unit-tests help a developer to really 

consider what needs to be done. 
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ABSTRACT 

 
Violent motion of propellant in the tank due to inertial forces 

transferred from actions like stage separation and trajectory 

correction is termed as propellant slosh. If unchecked, 

propellant slosh can reach resonance and lead to complete loss 

of the stability of spacecraft, change the trajectory or increase 

consumption of propellant from the calculated requirements, 

thereby causing starvation of the latter stages. A spherical tank 

modeled for CFD simulation in ANSYS CFX software package 

considers free surface of the propellant exposed to atmospheric 

pressure. The propellant is hydrazine. Hydrazine being toxic 

and its properties being close to that of water, water is used as 

propellant for experimental study. For close comparison of the 

data, water is chosen as propellant in CFD simulation. The 

research is done in three phases. First phase is modeling of CFD 

simulation and validation of model by comparison to previous 

experimental results. Second phase is developing a damping 

mechanism and simulating the behavior by FSI model. Third 

phase is experimental development of damping mechanism and 

comparing the FSI simulation and experimental results. Various 

passive damping devices (diaphragm and baffles) and active 

damping device  (frequency control) are compared in terms of 

their effectiveness in damping of fuel slosh. 

I. INTRODUCTION 

For spin stabilized spacecraft, unwanted vibrations lead to 

propellant slosh [1]. Energy dissipation of this propellant slosh 

is difficult. This energy causes nutation of spacecraft about its 

spin axis [2, 3]. For non-spinning spacecraft, actions like 

trajectory control and stage separation induced propellant slosh. 

Sloshing is of two types. First type is small amplitude sloshing 

caused by transient excitation so the amplitude is small with 

well-defined oscillation frequency. It is the function of gravity, 

tank shape and propellant fill level in the tank [4]. Second type 

of sloshing is large amplitude sloshing caused during main 

engine ignition and burnout, the waves begin to break and 

oscillations become erratic in large amplitude sloshing. 

When slosh waves are allowed to freely oscillate, they have a 

tendency to reach resonance. At resonance, slosh waves have 

maximum amplitude. The forces of sloshing propellant cause 

the spacecraft to nutate about its spin axis. Traditional vector 

correction methods are used to correct the nutation, but high 

frequency of direction change and high magnitude of sloshing 

propellant forces quickly overpower the corrections being made 

and sometimes results in more nutation and complete loss of 

spacecraft.  

To prevent sloshing, presently many passive damping devices 

are being used. These passive damping devices (diaphragms and 

baffles) provide excellent propellant slosh damping for a small 

range of frequency and small amplitude of sloshing, but they are 

not effective when propellant fill level changes and sloshing 

frequency is outside their design range. These devices are 

bulky, consume space, add significant weight, have small 

operation range and requires extensive testing [5]. Active 

damping devices are developed to overcome the disadvantages 

of passive damping devices. Active damping devices work for a 

wide range of amplitude and frequencies and for all the 

propellant fill level in the tanks.  

 

An active damping device consist a device that can generate 

high frequency small amplitude waves with opposite phase to 

that of sloshing waves. The ultimate goal for active damping 

device development research is to make an automated device 

with a feedback loop that can measure tank fill level, amplitude 

and frequency of propellant slosh in real time and apply 

required input of amplitude and frequency of damping waves to 

quickly stop propellant sloshing [6]. 
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II. APPROACH 

 

CFD Theory 

 
Computational Fluid Dynamics (CFD) is used to model the 

propellant slosh behavior. The CFD method solves Navier 

Stokes equations at required points in the fluid domain to get 

the properties of the fluid flow at those points. Simple CFD 

problems were solved analytically, but with increase in fluid 

flow complexity, mathematical complexity increases 

exponentially. With the advancement of computers since 1950s, 

with powerful graphics and 3D interactive capability, use of 

CFD has gone beyond research and into industry as a design 

tool. Experiments can give macro data at certain points in the 

flow field, but with CFD, flow field can be resolved to details 

like turbulence, viscous forces and velocity. All this makes 

CFD an essential and useful tool for complex flows like 

propellant slosh.   

 

CFD is solution of Navier Stokes equations. Navier Stokes 

equations are set of partial differential equations describing 

processes of momentum and heat and mass transfer. These 

equations have no known general analytical solution, but can be 

solved numerically by discretization. The four Navier Stokes 

equations are: x-momentum, y-momentum, z-momentum and 

continuity equation respectively shown below in their 

conservation cartesian coordinate form. 
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CFD applies these equations across a discretized domain. This 

process is called discretization. These equations are solved 

numerically using finite volume technique (explained in 

ANSYS CFX Theory) and further discretization makes CFD 

method at best an approximation to the exact solution. Though 

being an approximation, CFD gives an accurate understanding 

of the flow process and is known to give exceptional results. 

 

Apart from using Navier Stokes equations, free surface 

problems like propellant slosh pose an additional difficulty of 

tracking free surface, clearly defining the boundary of the 

different phase fluids. All the CFD software use Volume of 

Fluid (VOF) model to track velocity, location and shape of the 

free surface between different phases of fluids.   

 

Finite volume technique used to solve Navier Stokes equation 

stores the values of all the properties like velocity, pressure, 

density, temperature and volume fraction of the fluid at center 

of each control volume. VOF model extracts the volume 

fraction data at each control volume to determine the shape and 

location of the free surface.  

 

Volume fraction, as the name suggests is the ratio between the 

volumes of the two fluids at each control volume. For the case 

of water and air, if the volume fraction of water is 1 at the 

control volume, means control volume is completely filled with 

water. If the volume fraction of water at a control volume is 0.5, 

means 50 percent of the control volume is filled with water and 

the other 50 percent is filled with air (Figure 1). If the volume 

fraction of water at a control volume is 0, means that control 

volume does not contain water but at the same time the volume 

fraction of air at that control volume will be one. In short, for 

any fluid system such as air-water fluid system, the summation 

of individual volume fractions of air and water at each control 

volume should equal to 1. 

 

 
 

Figure 1. Volume fraction distribution, volume fraction of air is 0.5 

and volume fraction of water is 0.5. 

 
Solution of volume fraction conservation equation defined by 

Hirt and Nichols [6] is used in tracking of the free surface 

throughout the volume 
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The function F in the above equation represents volume fraction 

at each control volume. The range of function F is 0 ≤ F ≤ 1 as 

discussed above. Finding the location of free surface does not 

solve the problem completely since still the orientation of the 

free surface is unknown (Figure 2). The three diagrams (Figure 

2) show the simplest possibility of the orientation of the free 

surface. VOF technique uses the gradient of volume fraction at 

each control volume across the free surface to determine the 

slope of the free surface and there by the orientation of the free 

surface over the entire control volume can be known and 

plotted. 

 

 

 
 

Figure 2. Free surface orientation for 0.5 volume fraction 

 

Propellant slosh is a transient process. The slosh waves changes 

with time, with the change in slosh waves, the forces acting on 

the wall of the tank changes. Simulation of such problems is 

done by breaking the duration of entire simulation run into 

small time segments known as time steps in CFD software. The 

size of the time step is chosen depending on the velocity of the 

propellant slosh. For this research, usually the entire time for 

the simulation including time for tank excitation and time for 

natural damping of slosh waves took 10 seconds. If the time 

step of 0.1 second is selected, the simulation fails since for this 

time step the velocity of the slosh wave is very high and the 
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solution diverges. After careful analysis, time step of 0.01 

second is chosen which gives sufficient convergence of the 

solution and accuracy. Size of the time step depends on the 

mesh size and the change in the velocity between the time step. 

Finer the mesh, bigger the time step. Meaning, 0.1 second time 

step can work for propellant slosh if the mesh used is fine. But 

on the other hand finer mesh means more calculation time 

without improving quality of the result. Also for the educational 

versions of CFD software, there is a limitation of number of 

nodes that can be used for simulation, hence for this research 

time step size is reduced instead of having finer mesh.  

 

Forces acting on the tank wall are plotted against time. These 

results require further analysis to extract natural frequency.    

 

ANSYS CFX Theory 

 
Navier Stokes equations can be solved numerically using 

various techniques. Finite volume technique is one of the most 

commonly used methods for the solution of these equations and 

ANSYS CFX also uses this technique. In finite volume 

technique, the flow field is divided into sub-regions called 

control volume. The above mentioned discretized Navier Stokes 

equations are solved numerically over the control volume. Thus 

approximate values of the variables are calculated throughout 

the domain at specific points to form full flow characteristic.  

 

ANSYS CFX converts Navier Stokes equations into integral 

form over each control volume. Gauss’s Divergence Theorem is 

used to convert these integrals with divergent and gradient 

operators into surface and volume integrals which are further 

discretized and converted to linearized equations and assembled 

into a solution matrix and solved using First or Second order 

Backward Euler Schemes [6].  

 

CFD Simulation 

 

 
 
Figure 3. Flowchart showing CFD simulation process 

In ANSYS CFX, the simulation process is split into four steps: 

 

1. Creating geometry and mesh 

2. Defining the physics of the problem 

3. Solving the CFD problem 

4. Analyzing the result in post processor 

 

 An axisymmetric model of a spherical tank with a cut opening 

at the top of the tank is generated in CATIA. Pointwise software 

is used to generate mesh. ANSYS CFX and ANSYS 

Workbench software package are used for CFD simulations, 

FSI simulations and for result interpretation respectively. 

 

The spherical tank is 12.9 inches in diameter. The diameter is 

chosen to confirm with the tank diameter used for experiment to 

validate the preliminary free surface sloshing model simulated 

in ANSYS CFX. These experiments were performed in a 

spherical tank which had opening at the top, exposed to 

atmospheric pressure and temperature. The preliminary CFD 

model is generated to closely match those conditions. The tank 

is excited laterally for amplitudes ranging from 3 millimeter to 

3 centimeter. Lateral excitation amplitude is chosen to prevent 

spillage of propellant form the tank top. Usually hydrazine is 

used as propellant in rockets. Since hydrazine is toxic and has 

physical properties similar to water, water was used as 

propellant in experimental analysis. To confirm CFD 

simulation results closely to experimental data, CFD model is 

developed using water as propellant. Also, it has been proven 

by experiments that at 60 percent tank fill level, amplitude of 

the sloshing waves are maximum. So all CFD models and 

subsequent experiments are performed with 60 percent tank fill 

level. The simulation is done for 10 second with 0.01 time step 

size. 

 

The active damping device being simulated presently consist a 

thin flexible membrane at the bottom of the tank. The 

membrane is moved by plunger mechanism. The frequency of 

the membrane can be controlled manually. This model is for 

FSI simulation. For FSI simulation, ANSYS mechanical is 

coupled with ANSYS CFX. The tank is first simulated to 

oscillate laterally for 3 second and generate sloshing waves at 

natural frequency, the oscillation of the tank stops at 3 second 

and the vertical oscillation of the flexible membrane will being 

at very high frequency of 13.5 hertz. This FSI simulation is 

being done for 10 second with time step size of 0.01s. 

 

 

Experimental Testing 

   
The Embry-Riddle Aeronautical University Fuel Slosh Test 

Facility has a pre-existing experimental set-up to test lateral fuel 

slosh. The experimental rig, seen in Figure 4, is an adjustable 

force-balance fixture which rests atop a single-axis linear 

actuator. An adjustable rotary scroll allows for the experimental 

set-up to accommodate a variety of different tank shapes and 

sizes. However, in keeping with the purpose of the experiment, 

the experimental set-up used in this research will be exactly the 

same as in past tests.  

 

 The fuel tank will be made of standard polycarbonate and will 

measure 12 inches in diameter. All test cases will use this fuel 

tank. The research will also include four standard diaphragm 

shapes used in current spacecraft fuel tanks, the crater-shape, 

the mountain-shape, the yin-yang-shape and the high-ridge-

shape. Instead of a flexible, rubber-like diaphragm, the new 

diaphragm will be a rigid, metallic diaphragm. In order to 

eliminate the costly manufacturing of the metallic diaphragm, 

an alternative diaphragm will be used to simulate a metallic 

diaphragm. All four metallic diaphragm geometries will be 

manufactured using machine-molded foam profiles cut from a 
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three axis CNC surface router. The molds will then be coated in 

fiberglass to give the geometries rigid, metallic-like properties.  

 

Continuing to follow past research methods, a liquid propellant 

fill level of 60% will be used as this is the fill level of greatest 

interest to researchers. It is at this fill level that the fluid slosh 

imparts the highest forces on the sidewalls of the tank and the 

diaphragm.[5] Liquid Hydrazine is a common spacecraft 

propellant which is highly flammable and toxic and not suitable 

to store in the lab or use in the experiment. Therefore, a non-

hazardous substitute, water, will be used. Water has similar 

density and viscous properties to liquid Hydrazine which make 

this an acceptable substitution. 

 

 

 

 

 
 

 

 

   

 

  Data from experimental tests will be acquired via six dynamic 

load cells mounted in equal intervals around the center-line of 

the fuel tank. These six load cells will resolve the forces and 

moments in the radial, tangential and vertical directions. The 

load cells will transmit the data through a six channel signal 

amplifier and conditioner where they are filtered, amplified and 

transmitted to the data acquisition system, LabVIEW. 

LabVIEW outputs the data into six frequency vs. time graphs to 

represent the 3 forces and moments from the load cells. 

  

III. RESULTS AND DISCUSSION 

 

Resonant Frequency 
 

The resonant frequency of the slosh is found by performing a 

frequency sweep from 3.75 Hz to 6.75 Hz. The Figure 5 

illustrates the experimental frequency sweep performed to 

determine the resonant frequency.   

 

 
 
Figure 5. Frequency sweep performed to determine resonant 

frequency of sloshing liquid. 

Figure 6 shows the CFD results obtained by simulation of free 

surface slosh. Tank is excited for 8 seconds to determine natural 

frequency trend. The model for free surface slosh is shown in 

Figure 7.  

 

 

 
 

Figure 6. CFD results showing the force response characteristics.  

To experimentally determine the physical effects the active 

damping mechanism posed on the dynamic behavior of the 

propellant tank, a model tank was mounted on a linear actuator 

and excited at various frequencies’ to excite the liquid inside 

and cause the fuel to slosh. To conclude on the damping 

effectiveness of the active damping mechanism and understand 

how this mechanism compares to passive types of Propellant 

Management Devices (PMD’s) that are currently in use, four 

different tests were run. The first test acted as a control, this test 

consisted of the model propellant tank being excited with no 

PMD implemented, this type of tank is known as a bare tank. 

The test provided the settling time of the liquid within the tank 

when no internal force or structure was present. For validation 

purposes, the model propellant tank was filled to approximately 
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Figure 4. Fuel slosh experimental test facility at Embry-Riddle 

Aeronautical University.  
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60% maximum capacity. This fill level was maintained 

throughout all of the testing (Figure 8). 

  

The second and third tests were performed exactly like the 

control test except a certain type of passive PMD was installed 

within the tank. The two types of PMD’s used were an 

elastomeric diaphragm (Figure 9) and a rigid baffle (Figure 10). 

These structures remain stationary within the tank and provide a 

barrier to the liquid to minimize the sloshing distance the liquid 

can travel; thus minimizing the total amount of force the liquid 

can pose within the system.  

 

The fourth and final test was performed the same as the first 

three, however, in this instance the active damping mechanism 

was placed within the tank. The active damping mechanism 

proved to significantly dampen the liquid (Figure 11). The 

results of all four tests illustrate the settling time for each test. 

 

  

 
Figure 7. CFD simulation model and experimental setup 

representing the free surface slosh in the tank. 

 

 
 

Figure 8. Experimental results of control test performed on bare 

propellant tank configuration. 

 

 

 
 
Figure 9.  Experimental results depicting settling time of diaphragm 

implemented experimental setup. 

 
 
Figure 10. Experimental results of tests performed on propellant 

tank with baffle implemented. 

 
 
Figure 11. Experimental results gathered from active damping 

experimental procedures. 

IV. CONCLUSION 

 
Based on the experimental data, the active damping mechanism 

provided a settling time that fell closely between that of the two 

commonly used PMD’s. As expected the diaphragm was the 

most effective, with a settling time of approximately 1.25 

seconds, it dampened the liquid slosh quicker than any of the 

other PMD’s. However, the active damping mechanism  

provided a settling time of approximately 4.8 seconds that is 0.4 
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seconds quicker than the baffle. While the active damping 

mechanism proved to provide less damping than the diaphragm, 

it did prove to provide more damping than the baffle. These 

results show that the theory of active damping is, indeed, valid. 

It is important to note that the active damping mechanism was 

not optimized. Future testing needs to be done that will provide 

an optimized mechanism to determine the full potential of the 

damping method. Furthermore, all experimental results will be 

compared to a model made using Computational Fluid 

Dynamics (CFD) to validate the test results as well as further 

advance the ability to model active damping techniques.  
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ABSTRACT 

Machine learning techniques have been applied in the 
software engineering field and their models could be 

applied for predicting the development productivity of 

software developers. In this paper, a neural network model 

was trained from a data set of 140 individual projects 
developed from between years 2005 and 2008 with 

practices based on a process specificaly designed to 

laboratory learning environments: Personal Software 

Process (PSP). Then, this model was applied for predicting 

the productivity of a new projects consisting of 156 

projects developed from between years 2009 and 2010. The 
code in all projects was developed by 74 graduated 

students, using object oriented programming languages 

C++ and Java. Prediction accuracy obtained from neural 

network was compared to those obtained from a fuzzy 
logic model as well as from a statistical regression model. 

Results suggest that a neural network model could be used 

for predicting development productivity of individual 
projects, when they are developed in a disciplined way in a 

laboratory learning environment.   

Keywords: Software development productivity prediction, 

feedforward neural network, fuzzy logic, statistical 

regression. 

1. INTRODUCTION 

There are at least the following four options to collect 
as well as to report software production data [20]: 

programmer self report, project or team manager, outside 

analysts or observers, and automated performance 
monitors. This study was related to the first option. In order 

to reduce bias, each developer used the same individual 

practices based upon Personal Software Process (PSP). The 

PSP was selected because their practices and methods have 

been used for delivering quality products on predictable 

schedules [19].  

There are diverse measures of productivity ([5] [20] 
[24]). The measure of productivity most commonly used is 

the one of size over effort productivity = size / effort. That 

is the one used in this study; the size is measured using 

number of lines of code developed by unit of effort. There 
have been two main directions on the study of productivity 

in software engineering literature [24]: (1) researches have 

been focused on the measure or estimation of productivity, 

and (2) emphasis has been laid on the discovery of methods 

or significant factors for productivity improvement. The 

approach of this study is related to first direction.  
 The prediction activity of software development 

productivity could be applied from an individual level. This 

activity has been accomplished by means of techniques 

such as expert judgment and linear or non-linear statistical 
regression [10]. This study proposes the application of a 

machine learning technique: a neural network.  

 There are two main stages when applying an estimation 
and prediction model [15]:  

1) Model verification: The model is generated and then 

applied to original data set and their accuracy is evaluated. 
2) Model validation (or model prediction): Once the 

adequacy of the model has been checked, it is applied to a 

new data set for predicting productivity and its accuracy is 

evaluated  

The main contribution of this paper is the use of a 

neural network model for estimating and predicting 

development productivity in individual software projects, 
since we have not found any research of this kind. The 

hypothesis is the following: 

Prediction accuracy of a neural network model is better 
than the accuracy of a fuzzy logic model and of  a 

statistical regression model when these three models are 

applied for predicting software development productivity 

of individual projects that have been developed with 
personal practices in laboratory learning environments. 
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Fuzzy logic 
A fuzzy model has two main properties [18]: (1) It operates 

at a level of linguistic terms (fuzzy sets), and (2) it 

represents and processes uncertainty.  
 Software projects are usually described using 

categorical data (nominal or ordinal scale) such as small, 

medium, average, or high (linguistic terms or values). A 

more comprehensive approach to deal with linguistic 
values is using the fuzzy set theory. Specifically, fuzzy 

logic offers a particularly convenient way to generate a 

keen mapping between input and output spaces thanks to 
the natural expression of fuzzy rules [23]. In this study,

data defuzzification is constructed based on a rule 

induction system, replacing the crisp facts with fuzzy 
inputs. Then an inference engine uses a base of rules to 

map inputs to a fuzzy output which can either be translated 

back to a crisp value, or left as a fuzzy value.  

Neural network 
An artificial neural network, or simply a neural network 

(NN), is a technique of computing and signal processing 

that is inspired in processing done by a network of 

biological neurons [8]. A basis for construction of a neural 

network is an artificial neuron.  
An artificial neuron implements a mathematical model 

of a biological neuron. The input into an artificial neuron is 

a vector of numeric values },...,,...,,{ 21 mj xxxxx =

→

. The 

neuron receives the vector and perceives each value, or 

component of the vector, with a particular independent 

sensitivity called weight },...,,...,,{ 21 mj wwwww=

→

. 

Upon receiving the input vector, the neuron first calculates 

its internal state v, and then its output value y. The internal 

state v of the neuron is a sum of the inner product of the 

input vector and the weight vector and a numerical value 

called bias bwybwxvb

m

j

jj +=+⋅= �
=

→→

1

: . This function 

is also known as “transfer function”. The output of the 

neuron is a function of its internal state )(vy Φ= . This 

function is also known as “activation function”. The 

principal task of the activation function is to scale all 
possible values of the internal state into a desired interval 

of output values. The intervals of output values are for 

example [0, 1] or (-1, 1). The most used activation 
functions are of three types:  
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The learning in an artificial neuron is produced by 

adjusting values of the bias b and weights wj. A single 

neuron can be applied only to simple tasks. For more 

complex tasks, multiple neurons are connected into a 
network.  

There are two types of network architectures: 

feedforward and recurrent networks. A feedforward 

network consists of layers of neurons. There is an input 
layer, an output layer and optionally one, or more hidden 

layers in-between the input and the output layers. After a 

network receives its input vector, layer by layer of neurons 
processes the signal, until the output layer emits an output 

vector as response. The neurons in the same layer are 

processing the signal in parallel. In the feedforward 
network the signals between neurons always flow from the 

input layer toward the output layer. In recurrent networks 

some signals flow backwards and may be delayed certain 

number of processing steps. In other words, recurrent 
networks contain loops of signal flow, while feedforward 

networks do not.  

Neural network learns by adjusting its parameters. The 

parameters are the values of bias and weights in its 

neurons. Some neural networks learn constantly during 

their application, while most of them have two distinct 
periods: training period and application period. During the 

training period a network is processing prepared inputs and 

adjusting its parameters. It is guided by some learning 

algorithm, in order to improve its performance. Once the 
performance is acceptably accurate, or precise, the training 

period is completed. The parameters of the network are 

then fixed to the learned values, and the network starts its 
period of application for the intended task. 

There is a variety of tasks that neural network can be 

trained to perform. The most common tasks are: pattern 
association, pattern recognition, function approximation, 

automatic control, filtering and beam-forming. In the 

present work a feedforward neural network with one 

hidden layer is applied for function approximation.

Software measurement 
Measures of source code size can be classified in physical 
source lines and in logical source lines [16]. The count of 

physical lines gives the size in terms of the physical length 

of the code as it appears when printed. Lines of code have 
been used by previous researches focused on productivity 

analysis of projects developed by teams [3] [4] [13] [20] 

[21] or by individuals [19].   

In this study, the independent variable in the prediction 
models is New and Changed (N&C) code and it is 

considered as physical lines of code (LOC). N&C is 

composed of added and modified code [9]. The added code 
is the LOC written during the current programming 

process, while the modified code is the LOC changed in the 

base program when modifying a previously developed 

program. The base program is the total LOC of the 

previous program while the reused code is the LOC of 

previously developed programs that are used without any 

modification. 

 A coding standard should establish a consistent set of 

coding practices that is used as a criterion when judging the 

quality of the produced code [9]. Hence, it is necessary to 
always use the same coding and counting standards. The 

projects developed in this study followed such guidelines. 
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Accuracy criterion 
Magnitude of Error Relative to the estimate or MER [12] is 

used as criterion for prediction accuracy because it had 

better results over other common accuracy criteria [7]. The 
MER is defined as follows: 

MERi =
| Actual Productivityi – Predicted Productivityi  | 

Predicted Productivityi

The MER value is calculated for each observation i

whose productivity is predicted. The aggregation of MER 

over multiple observations (N) can be achieved through the 

mean (MMER) as follows: 

MMER = � =

N

i iMERN
1

)/1(

The accuracy of an estimation technique is inversely 

proportional to the MMER.  

Related work 
Two studies were found oriented toward predicting 

software development productivity of individual projects 

using practices of Personal Software Process: the first one 

[10] only used a statistical model, whereas the second one 

[14] used a fuzzy logic model. This research proposes a 
neural network for the same goal.  

On the other hand, efficiency of algorithms in neural 

network training has been evaluated when they have been 

used in software engineering [1]. The feed-forward multi-
layer perceptron with back propagation learning algorithm 

are the most commonly used in the effort estimation field 

[17]. However, a study has not been found in which a feed-
forward neural network using the Levenberg-Marquardt 

algorithm has been applied for predicting the software 

development productivity of individual projects. Among 
the training algorithms, the Levenberg-Marquardt 

algorithm is frequently used because of its efficiency [8]. 

2. EXPERIMENTAL DESIGN 

In this study, the data collected were related to the 

same instruments (logs), phases, and standards suggested 

by PSP. The experiment was done inside a controlled 

environment having the following characteristics: 
1. All of the developers were experienced, working on 

software development inside their enterprises at which they 

were working; however, no one of them had received a 

course related to personal practices for developing software 
at individual level. 

2. All developers were studying a postgraduate 

program related to computer science. 
3. Each developer wrote seven project assignments. 

However, only four of them were selected from each 

developer. The first three programs were not considered 

because they had differences in their process phases and 

logs, whereas in latest four programs phases are the same: 

plan, design, design review, code, code review, compile, 

testing and post-mortem, and they are based upon the same 

logs. 

4. Each developer selected his/her own imperative 

programming language whose code standard had the 
following characteristics: each compiler directive, variable 

declaration, constant definition, delimiter, assign sentence, 

as well as flow control statement was written in a line of 

code. 

5. Developers had already received at least one formal 

course about the object oriented programming language of 
their choice and they had good programming experience in 

that language. Because of the type of programming 

language is one of the two main factors found having 

significantly influence on the productivity [11], the sample 
of this study reduced the bias because it only involved 

developers whose programs were coded in C++ or Java. 

One reason for selecting these kinds of languages is 
because object-oriented languages facilitate high 

productivity [20]. 

6. As this study was an experiment with the aim to 
reduce bias, we did not inform developers about our 

experimental goal. 

7. Developers filled out an Excel sheet for each task 

and submitted it electronically for examination. 
8. Each PSP course had a group of fifteen developers 

or less. 

9. All of developers coincided with the counting 

standard depicted in Table 1.

10. Developers were constantly supervised and advised 

about the process.  
11. The code written in each program was designed so 

to be reused in subsequent programs. 

12. The developed projects were selected from those 

suggested in the original PSP [9]. From a set of 18 projects, 
a subset of seven of them was randomly assigned to each of 

the 74 developers.  

13. Data used in this study belong from those 
developers, whose data for all seven exercises were correct, 

complete, and consistent. 

Table 1. Counting standard 

Count type Type 
Physical/logical Physical 

Statement type Included 
Executable Yes 

Nonexecutable

Declarations and Compiler directives Yes (one by text line)

Comments and Blank lines No 

Clarifications
{ and } or begin and end Yes 

3. VERIFICATION OF THE MODELS 

Data analysis 
Data from 140 individual projects developed by 35 

practitioners between the years 2005 to 2008 were used for 

generating as well as for verifying the statistical, fuzzy 

logic and neural network models. These projects 

corresponded to fourth to seventh project of the course 

because the same process was followed in them. Because 
of the sample of 140 projects was coded with C++ and 

Java, we first had to analyze if there was any statistical 

difference in their productivity values. An ANOVA 
showed that since the p-value of the F-test was greater than 

0.05, there was not a statistically significant difference 

between the productivity of the two languages at the 95.0% 

confidence level. 
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 The validity of an ANOVA was based on the analysis 

of the following three assumptions of residuals [15]: 1) 

Independent samples: Each project was independently 

developed and by a single practitioner; hence, the data 
were independent. 2) Equal standard deviations: In a plot 

of this kind the residuals was roughly in a horizontal band 

centered and symmetric about the horizontal axis, and 3) 

Normal populations: A normal probability plot of the 
residuals was roughly linear. Hence, the three assumptions 

for residuals in the productivity data set were considered as 

met. 

Correlation analysis 
A scatter plot depicting the correlation between 
independent variable New and Changed code (N&C) and 

productivity (N&C/hour), showed the following: the higher 

program size (N&C code), the higher productivity (N&C 

/hour). Its value was r = 0.77. This behavior contrasts with 
studies of large-scale software productivity [21], whose 

productivity decreases as the number of lines of code 

increases (previous studies have concluded that irregular 

variations of software development productivity are 

primarily caused by the variations of average team size for 

the development [11] [24]).

Statistical model  
Based on correlation analysis, the following simple linear 

regression equation was generated: 

Productivity = 10.3 + 0.31701*N&C             Eq.(1) 

The value of the coefficient of determination was r2= 

0.61 (a r2 > 0.5 is acceptable value to do predictions [13]).

Fuzzy logic model 
There are two main approaches for obtaining a fuzzy model 

from data [22]: 
1. The expert knowledge is translated in a verbal 

form into a set of if–then rules. A certain model structure 

can be created, and parameters of this structure, such as 

membership functions and weights of rules, can be tuned 
using input and output data. 

2. No prior knowledge about the system under 

study is initially used to formulate the rules, and a fuzzy 

model is constructed from data based on a certain 

algorithm. It is expected that extracted rules and 

membership functions can explain the system behavior. An 
expert can modify the rules or supply new ones based upon 

his or her own experience. The expert tuning is optional in 

this approach.

 This study was based upon the first approach. The fuzzy 
rules were formulated based on the correlation (r) between 

independent and dependent variables. Then the fuzzy rules 

were derived: 

1) If  (New &Changed is Small)  then Productivity is 

Low

2) If  (New &Changed is Big) then Productivity is

High

A fuzzy system requires that the different categories of 

the different inputs be represented by fuzzy sets, which in 

turn are represented by membership functions (MF) [2]. 

The MF type considered in this experiment is triangular. A 

triangular MF is a three-point (parameters) function, 

defined by minimum (a), maximum (c) and modal (b) 

values, that is, MF(a,b,c) where a ≤ b ≤c. Their scalar 

parameters (a, b, c) are defined as follows: 

MF(x) = 0 if x < a
MF(x) = 1 if x = b 

MF(x) = 0 if x > c 

Values of MF parameters were iteratively adjusted 
until obtain the smallest MMER possible. These intervals 

were divided by next segments: small and big (N&C 

Code), and low and high (productivity). Table 2 depicts the 

values of parameters of the input and output of each of the 

triangular membership functions.  

Table 2. Values by membership function 

Parameter 
N&C Productivity

Small Big Low High 

a 1 21 1 15

b 40 102 25 40 

c 70 125 30 50 

Feedforward Neural Network 
The network was trained to approximate a function. The 

productivity is considered as a function of one variable 
related to project size: N&C, number of new and changed 

lines of code.  

 A feedforward network with one layer of hidden 

neurons is sufficient to approximate any function with 

finite number of discontinuities on any given interval [12], 

hence, in this work a fully-connected feedforward neural 

network with one hidden layer of neurons was used. The 

fully-connected means that each neuron in a layer receives 

a signal from the neuron in it preceding layer. There is one 

neuron in the input layer of the network that receives a 
number of N&C lines of code. The output layer consists of 

only one neuron indicating an estimated productivity. The 

number of neurons in a hidden layer was empirically 
optimized. The range of 2 to 40 neurons was explored and 

the best results were obtained with four neurons in the 

hidden layer. The optimized Levenberg-Marquardt 

algorithm [6] was used to train the network. 
The network passed through two phases, training and 

application. The first group of 140 software projects was 

used to train the network. This group of projects was 

randomly separated in three subgroups: training, validation 

and testing. The training group contained 70% of the 

projects. The input-output pairs of data for these projects 
were used by the network to adjust its parameters. The next 

20% of data were used to validate the results and identify 

the point at which the training should stop. The remaining 

10% of data were randomly chosen to be used as testing 
data, to make sure that the network performs well with the 

data that was not presented during parameter adjustment

Comparison of models 
Linear regression model (LRM, Eq.1), fuzzy logic model 

(FLM) and neural network (NN) were applied to original 
data set for estimating productivity. The accuracy of each 

program (MER) as well as the accuracy by each model 

(MMER) was calculated:  

• LRM = 0.25 

• FLM = 0.26  

• NN = 0.24 
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The ANOVA for MER of the projects as well as a Means 

Plot showed that there was not a statistically significant 

difference between the accuracy of prediction of the three 

models at the 95.0% confidence level (p-value was greater 
than 0.05). The three ANOVA residuals assumptions were 

met. 

4. VALIDATION OF MODELS 

A new group integrated by 39 practitioners developed 273 

projects through the years 2009 and 2010; 117 of them, 
corresponding to the first, second or third project were not 

considered because of the reasons explained in the section 

2 of this study. Hence, the sample size for validating the 
three models was 156. Once the three models for predicting 

productivity were applied to these data, the MER by 

project as well as the MMER for each model were 

calculated:  

• LRM = 0.25 

• FLM = 0.25 

• NN = 0.20   

In accordance with the ANOVA for MER of projects 

as well as with a Means plot, there was a statistically 
significant difference amongst the accuracy of prediction 

for the three models (p-value was less than 0.05) at 95% of 

confidence. 

5. CONCLUSIONS AND FUTURE RESEARCH 

This study was motivated from the following 

assumptions: (1) the performance of a development 
organization is determined by the performance of its 

engineering teams; and the performance of an engineering 

team is determined by the performance of the team 
members; and the performance of their members 

(engineers) is, at least in part, determined by the practices 

of each engineer [19], and (2) unless software developers 

have the capabilities provided by personal training, they 

cannot properly support their teams [9]. One of those 

practices of the organizations is the software development 

productivity prediction which is one of the main practices 

used for training developers at personal level [19]. 

This research proposed a feedforward neural network 

that was trained for predicting software development 
productivity related to individual projects developed inside 

training environments. The accuracy of the neural network 

model was compared with the accuracy of a fuzzy logic 
model as well as with a statistical model. Samples of 140 

and 156 projects developed by 74 practitioners were used 

for estimating and predicting respectively. All projects 

were developed in a disciplined way based on a process 
done for laboratory learning environments: Personal 

Software Process. Results allowed accepting the following 

hypothesis: prediction accuracy of a feedforward neural 
network is statistically better than the accuracies of a fuzzy 

logic model as well as of a statistical regression model 

when these three models are applied for predicting 
software development productivity of individual software 

projects that have been developed with personal practices 

inside training environments. This result could be useful 

for trainers interested in applying an alternative model 

based on machine learning model such as a neural network 

for the productivity prediction at personal level. 

Future work is related to apply other kinds of machine 

learning techniques for predicting productivity such as 
evolutionary algorithms.

ACKNOW LEDGEMENTS 

Authors of this paper would like to thank CUCEA of 

Universidad de Guadalajara, Jalisco, México, Consejo 

Nacional de Ciencia y Tecnología (Conacyt), as well as to 
Programa de Mejoramiento del Profesorado (PROMEP). 

REFERENCES 

[1] Aggarwal K.K., Y. Singh, Y., Chandra, P. and Puri, 

M. “Evaluation of various training algorithms in a 
neural network model for software engineering 

applications”. ACM SIGSOFT Software 
Engineering Notes, Volume 30, Issue 4, 2005, pp. 1-

5.
[2] Ahmed M. A., Saliu M.O. and AlGhamdi J. “Adaptive 

fuzzy logic-based framework for software 

development effort prediction”. Journal of 
Information and Software Technology. Elsevier, 

2005, pp. 31-48. 

[3] Boehm B., Abts Ch., Brown A.W ., Chulani S., Clarck  

B. K., Horowitz E., Madachy R., Reifer D. and Steece 

B. COCOMO II, Prentice Hall. 2000. 

[4] Cusumano M. and Kemerer, C.F. A Quantitative 

Analysis of U.S. and Japanese Practice and 

Performance in Software Development, Management 
Science, pp. 1384-1406. 1990.

[5] Fenton N.E. and Pfleeger S. L. Software Metrics: A 
Rigorous and Practical Approach, PW S Publishing 

Company. 1997. 

[6] Finschi, l. “An Implementation of The Levenberg-
Marquardt Algorithm”. Eidgenössische Technische 
Hochschule Zürich. 1996. 

[7] Foss, T., Stensrud, E., Kitchenham, B., and Myrtveit, 

I. “A Simulation Study of the Model Evaluation 
Criterion MMRE”. IEEE Transactions on Software 
Engineering. Vol. 29, No. 11, pp. 985 – 995. 2003.

[8] Haykin, S. Neural Networks: A Comprehensive 
Foundation. Second edition, Prentice Hall. 1998. 

[9] Humphrey W . A Discipline for Software 
Engineering. Addison W esley. 1995.

[10] Humphrey W .S. and Singpurwalla, N.D. “Predicting 

(individual) software productivity”. IEEE 
Transactions on Software Engineering, vol. 17, pp.

196-207. 1991.
[11] Jiang, Z. and Comstock C. “The Factors Significant to 

Software Development Productivity”. W orld 
Academy of Science, Engineering and Technology, 
pp. 160 – 164. 2007. 

[12] Kitchenham, B. A., MacDonell, S.G. and Pickard, 

L.M. “W hat Accuracy Statistics Really Measure”. IEE 
Proceedings Software, Vol. 148, pp. 81-85. 2001. 

[13] Lawrence, M.J. “Programming Methodology, 

Organizational Environment, and Programming 

Productivity”, Journal of Systems and Software, 
Elsevier. Vol. 2, pp. 257-269. 1981. 

51

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



[14] López-Martín C., Kalichanin-Balich I., Meda-

Campaña M.E., Chavoya A. “Software Development 

Productivity Prediction of Small Programs Using 

Fuzzy Logic”. International Conference on 
Information Technology - New Generations 
(ITNG), IEEE Computer Society Press, pp. 1295-

1297, 2010.

[15] Montgomery D., Peck E. and Vining G. Introduction 
to linear regression analysis, John W iley. 2001. 

[16] Park, R.E. Software Size Measurement:  
Framework for Counting Source Statements. 
Software Engineering Institute, Carnegie Mellon 

University. CMU/SEI-92-TR-020. 1992 

[17] Park. S. “An empirical validation of a neural network 
model for software effort estimation”. Journal of 
Expert Systems with Applications, Elsevier, Vol. 35, 

pp. 929-937. 2008. 

[18] Pedrycz W . and Gomide F. An Introduction to Fuzzy 
Sets. The MIT Press. 1998. 

[19] Rombach D., Münch J., Ocampo A., Humphrey W .S., 

and Burton D. “Teaching disciplined software 

development”. Journal Systems and Software, 

Elsevier, pp. 747- 763. 2008. 

[20] Scacchi, W . “Understanding Software Productivity”.

International Journal of Software Engineering and 
Knowledge Engineering. Revised and reprinted 

in Advances in Software Engineering and Knowledge 

Engineering, D. Hurley (ed.), pp. 37-70. 1995.
[21] Vosburg, J., Curtis, B., W olverton, R., Albert, B.,  

Malec, H., Hoben S. and Liu, Y. “Productivity Factors 

and Programming Environments”, 7th. International
Conference Software Engineering, IEEE Computer 

Society, pp. 143-152. 1984. 

[22] Xu Z. and Khoshgoftaar T. M. “Identification of fuzzy 
models of software cost estimation”. Elsevier. Fuzzy 
Sets and Systems. Volume 145, pp. 141-163. 2004. 

[23] Zadeh L. A. “From Computing with Numbers to 

Computing with W ords – From Manipulation of 

Measurements to Manipulation of Perceptions”. IEEE 
Transactions on Circuits and Systems – I: 

Fundamental Theory and Applications, vol. 45, pp.
105-119. 1999. 

[24] Zhizhong, J., Naudé, P. and Comstock, C. “An 

Investigation on the Variation of Software 
Development Productivity”, International Journal of 
Computer and Information Science and 
Engineering, pp. 72-81. 2007.

52

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



Testbed implementation of cloud based

energy management system with ZigBee sensor networks

Katsuhiro Naito, Kazuo Mori, and Hideo Kobayashi

Department of Electrical and Electronic Engineering, Mie University,

1577 Kurimamachiya, Tsu, 514-8507, Japan

Email: {naito, kmori, koba}@elec.mie-u.ac.jp

Abstract— Energy management systems are focused to achieve

efficient electricity control in smart grid systems. In order to

achieve the effective systems, various functions such as sensing

mechanisms, control mechanisms, management mechanisms and

user interface mechanisms are required. In this paper, we employ

Arduino micro-computer as basic field devices and use virtual

private server services for cloud server in order to construct

a testbed system. Our testbed can provide an environment

measurement function, a JEM-A equipments control function,

an online monitoring function and an online control function. As

the results, we show that it is a good fundamental platform to

consider effective energy control mechanisms in real fields.

Keywords— Energy management systems, Wireless sensor

networks, Online control, JEM-A

I. INTRODUCTION

EMS (Energy management systems) are an important func-

tion to achieve efficient control of electricity in smart grid

systems. Therefore, BEMS (Building Energy Management

System) for buildings and HEMS (Home Energy Manage-

ment System) for homes have drawn attention as applica-

tion technologies [1], [2]. Generally, they consist of various

functions such as sensing mechanisms, control mechanisms,

management mechanisms and user interface mechanisms. As

the results, collaboration of these technologies are key issues

to achieve useful systems [3], [4].

In EMS, sensing mechanisms measure environment infor-

mation such as consumed energy, air temperature, air humidity

etc. For these purposes, sensor network systems are a good

candidate technique [5]. Especially, wireless sensor networks

are well suited to these purposes because it’s easy to install

sensor devices in real fields [6]. Control mechanisms monitor

a status of each equipment such lighting, HVAC (heating,

ventilation and air conditioning), and other systems, to provide

improved convenience, comfort, energy efficiency and security.

etc. , and control their operation status [7], [8]. In Japan,

commercial equipments usually implement JEM-A terminals

[9] for monitoring and controlling. Additionally, ECHONET

Lite [10] is decided as a new standard for these purposes

due to the shortage of electrical power. However, equipments

with ECHONET Lite functions are quite few in the present

circumstances. Therefore, JEM-A is a good candidate standard

for control mechanisms at this time. Management mechanisms

gather the sensing information and make a decision for equip-

ment control. User interface mechanisms provide a control

method for users. Especially, remote control mechanisms are

useful function to provide improved convenience according to

the installation of EMS. In each mechanism, various studies

have been considered recently. However, implementations in-

cluding whole mechanisms are quite few.

In this paper, we develop a cloud based energy management

system with wireless sensor networks and JEM-A equipments.

The system consists of wireless sensor devices, a manage-

ment gateway, a cloud management server and user interface

terminals. Each wireless sensor device can measure environ-

ment information by using equipped sensors and transmits

the measured information to the management gateway. The

management gateway can make a decision for operations of

each equipment by using JEM-A terminals, and forwards

the measured information to the cloud management server.

Therefore, the cloud management server also controls each

equipment through Internet. Additionally, it provides web

services for user interface terminals. Therefore, users can

monitor the measured information and operation status of each

equipment, and control them online.

II. CLOUD BASED ENERGY MANAGEMENT SYSTEM

A. System Model

Fig. 1 shows the overview of the proposed cloud based

energy management system. We employ Arduino [11], which

is a micro computer device, as wireless sensor network

devices and a management gateway device because power

consumption of Arduino is quite low and hardware cost is

also inexpensive. As wireless communication devices, Xbee,

which supports ZigBee protocol, is used for these devices.

The cloud management server is constructed on virtual private

server services. Therefore, the user interface terminal can

access to the cloud management server through Internet. The

explanation about each device is described as the followings.

• Wireless sensor device

The wireless sensor device consists of an Arduino Fio,

a Li-ion battery, an Xbee Pro and some sensors for air
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Fig. 1. System model.

temperature, humidity and illuminance. By employing

deep sleep operations, it operates for more than one

month even if it transmits the measured information

with one minute interval. Since frequent measurement is

not required in the practical usage, the wireless sensor

device can operate for a few months by one time charge.

Additionally, Arduino Fio supports solar panel charging.

Therefore, it is possible to extend the operation period by

using a solar panel.

• Management gateway

The management gateway consists of an Arduino Ether-

net, an Xbee Pro and the original JEM-A interface. The

Arduino Ethernet has an ethernet interface, and suports

the TCP/IP protocol stack. The management gateway also

has a Hypertext Transfer Protocol (HTTP) client function

and a HTTP server function. The HTTP client function

is used to forward measured information to the cloud

management server. The HTTP server function is used

to response requests from the cloud management server.

In the testbed, air conditioner, fl oor heating system, and

electronic key system are connected via JEM-A inter-

faces. Therefore, the Arduino Ethernet has the original

interface board between JEM-A and Digital Input/Output

ports.

• Cloud management server

The cloud management server consists of a web server

function and a database server function. The web server

receives the forwarded measured information from the

management gateway and registers the IP address of the

management gateway. It also provides a web service for

user interface terminal to monitor the measured informa-

tion and control the equipments under the management

gateway.

• User interface terminal

Users can access to the cloud management server by

using web browser. So, almost all terminal can support

these functions because the user interface is provided

based on HTML5.

B . F low c h a r t

Fig. 2 shows the fl ow charts of the wireless sensor device

and the management gateway. The following is the process of

each device.

W ireless sen sor dev ic e: The wireless sensor device performs

the following operations.

• Initialization of device

The wireless sensor device initializes I/O ports of Ar-

duino and Xbee device after bootup. Finally, it starts

the watchdog timer of Arduino to monitor the operation

status of own device. The watchdog timer is refreshed

when each wakeup process occurs. Therefore, the device

will restart when the watchdog timer is not refreshed due

to software issues.

• Periodic monitoring

The wireless sensor device measures values such as

temperature, humidity, illuminance etc. by using some

sensors. The measurement is performed periodically ac-

cording to predefined parameters.

• Periodic reporting

The wireless sensor devices calculates the average value

of measured value, and report the averaged value to the

management gateway. The interval of reporting is set

according to the predefined parameters.
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Fig. 2. Flow charts of wireless sensor device and management gateway.

• Sleep operation

The wireless sensor device turn off all devices to change

the device status to sleep status after monitoring or

reporting operations.

Ma n a g emen t g a tew a y: The management gateway performs

the following operations.

• Initialization of device

The wireless sensor device initializes I/O ports of Ar-

duino, Xbee device and Ethernet interface after bootup.
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Fig. 4. User interface.

Finally, it starts the watchdog timer of Arduino to monitor

the operation status of own device.

• Packet reception from the wireless sensor device

The management gateway checks the buffer of Xbee.

It receives packets from Xbee when Xbee has some

data packets from the wireless sensor device. Then, it

generates HTTP message including the average measured

data according to the received packets, and sends to the

cloud management server. The cloud management server

replies the reply message including control direction for

JEM-A devices. The management gateway controls JEM-

A devices according to the reply message. As the results,

the cloud management server can control some JEM-A

devices according to the monitored data.

• Packet reception from the cloud management server

The management gateway authorizes the message when

it receives packets from the cloud management server. It

replies the status of JEM-A devices when the message

requests the status. It controls the JEM-A devices when

the message requests to control the devices.

C lou d ma n a g emen t ser v er : Fig. 3 shows the fl ow charts of

the cloud management server.

• Packet reception from the management gateway

The cloud management server stored the reported data

into the database when it receives the packets from the

management gateway. Then, it stores the IP address of the

management gateway into the database according to the

source address in the packets. The IP address is required

to communicate with the management gateway when it

receives packets from the user interface terminal. It also

evaluates the reported data with the predefined parameters

such as threshold and operations. For examples, users can

set that the air conditioner should be turned on when the

temperature is more than 28 degrees Celsius. It generates

the reply message according to the predefined parameters,
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Fig. 6. Signaling for controlling devices.

and replies to the management gateway.

• Packet reception from the user Interface terminal

The cloud management server requests the authorization

to the user interface terminal when it receives the packets

from the user Interface terminal. It requests the man-

agement gateway to report the status when it confirms

the authorization. Then, it replies the message including

the status of each JEM-A devices such as Fig. 4. It also

sends the message including the control request of JEM-

A devices when the user interface terminal submits the

request to change the status of JEM-A devices.

C . C ommu n ic a tion p roc ess

P er iodic rep or tin g : Fig. 5 shows the signaling for re-

porting measured data. The wireless sensor devices report

the measured data periodically. Each signaling for reporting

the data is performed individually. Therefore, it sends the

measured data via Xbee devices. The unicast mode in Xbee

devices supports an acknowledgement operation. Hence, it

recognizes the transmission errors between the management

gateway and own device. The management gateway converts

the measured data from IEEE 802.15.4 protocol to HTTP. The

cloud management sever replies the message when it receives

the HTTP message from the management gateway. Finally, the

management gateway can receive the reply message including
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controlling request for JEM-A devices.

C on trollin g dev ic es: Fig. 6 shows the signaling for control-

ling devices. The user interface terminal accesses the cloud

management server via HTTP. The cloud management server

requests the authorization of users. The user interface terminal

posts the authorization data to the server. The server accesses

the management gateway to check the status of JEM-A devices

when the user is authorized. Then, it replies the status of JEM-

A device to the user interface terminal. The user interface

terminal also sends the controlling request when the user

requests to control JEM-A devices. The server also sends the

controlling request to the management gateway to control the

JEM-A devices. The management gateway replies the status

of JEM-A devices when it has controlled them according to

the controlling request.

III. EXPERIMENTAL EVALUATION

In order to evaluate the proposed mechanisms, we have

developed the testbed implementation.

W ireless sen sor dev ic e

We employ Arduino Fio which is a small energy consump-

tion microboard. It operates by Li-ion battery, and supports

sleep operation to reduce consumed power. It also employs

a Grove Temperature and Humidity Sensor Pro which are a

1-wired digital sensor, and Grove Light Sensor which is a

analog sensor. Therefore, it can monitor temperature, humidity

and illuminance periodically. As the wireless communication

device, we employ Xbee Pro Series 2 which is ZigBee based

long-range communication device. The Xbee operates as end

device mode of ZigBee to achieve sleep operation. The sleep

operation of Xbee is controlled through the digital input pin

for sleep operation by Arduino Fio.

Ma n a g emen t g a tew a y

We employ Arduino ethernet with the wireless shield con-

necting to Xbee Pro Series 2. It operates by AC adapter

because it waits for an access from the cloud management

server and Xbee operates as coordinator mode. The IP address

of ethernet interface is fixed according to the predefined

address. Therefore, a global IP address or a port forwarding

mechanism is required to access the management gateway

from the cloud management server. In the experiment, we set

a private IP address and port forwarding setting at a gateway

router.

C lou d ma n a g emen t ser v er

We employ Cent OS on a virtual private server service. The

apache web server and postgreSQ L database server are used

to create web applications. The application is written in PHP.

U ser in ter fa c e ter min a l

Our user interface is provided as the web application using

HTML5. Therefore, almost all browsers can use the web

application on the Cent OS. In the experiment, we use iPhone

4s as the client device to access the could management server.

IV. CONCLUSION

In this paper, we have implemented the cloud based energy

management system based on Arduino which is an open-

source electronics prototyping platform and virtual private

server services. The system supports measurement of envi-

ronment information, data collection, operation control based

on the measured information, remote monitoring and remote

control. From the testbed, our developed system can achieve

remote monitoring and remote controlling of JEM-A devices

from various kind of browsers. As the results, we can confirm

that the proposed system can work well as EMS and can be the

fundamental platform for the intelligence energy management.
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Abstract— Intelligent Transport System (ITS) has drawn atten-

tion as new important technologies for vehicular safety. Addition-

ally, roadside to vehicle communication is also focused because

it provides network services such as an Internet access from

vehicles. It is well known that communication environment in ITS

is severe due to fading, blocking etc. Therefore, service quality of

the Internet access from vehicles deteriorates due to transmission

errors. Additionally, transmission range extension mechanisms of

roadside unit is important for reducing implementation costs. In

this paper, we focus on an Orthogonal Frequency Division Mul-

tiplexing (OFDM) transmission technology, which is employed

in IEEE 802.11p for ITS networks. In OFDM communication,

vehicles can demodulate multiple OFDM signals within Guard

Interval (GI) period without inter-symbol interference. In the

proposed system, vehicles forward packets from roadside units

at a same allocated slot. Therefore, a destination vehicle can

receive multiple OFDM signals from neighbor forwarder vehicles

within GI period. From the numerical results, we show that the

proposed scheme can extend the transmission range of roadside

units.

Keywords— Intelligent Transport System, Roadside to vehicle

communication, Orthogonal Frequency Division Multiplexing,

Multi-hop communication

I. INTRODUCTION

Intelligent Transport Systems (ITS) have drawn attention

as important mechanisms to achieve a safety driving and

useful applications in vehicles [1], [2]. Communication types

in ITS are classified into roadside to vehicle communication

and inter-vehicle communication. The roadside to vehicle

communication is an infrastructure system. Therefore, some

roadside units are installed along a road. The inter-vehicle

communication is an autonomous system. As the results, each

vehicle communicates with neighbor vehicles autonomously

[3], [4]. Additionally, the inter-vehicle communication is suit-

able mechanisms to extend transmission range of roadside unit

to reduce installation costs [5] .

In the roadside to vehicle communication, Internet access

services will be considered as useful application services in

vehicles [6], [7]. It is well known that communication environ-

ment in ITS is quite severe due to fast movement of vehicles,

fading, blocking etc. Especially, distance between a roadside

unit and a vehicle changes due to a location of vehicles.

Therefore, a signal intensity changes dynamically due to these

reasons. As the results, vehicles suffer from transmission errors

due to a weak signal intensity. Additionally, almost all Internet

applications employ Transmission Control Protocol (TCP) to

achieve reliable communication. However, TCP performance

deteriorates when a segment error ratio is increased [8].

To reduce transmission errors, we have considered diversity

mechanisms at roadside units [9]. Therefore, our system

employs multiple transmission mechanisms from some road-

side units. Additionally, we focus on Orthogonal Frequency

Division Multiplexing(OFDM) which is used in IEEE 802.11p

for ITS networks. In OFDM, vehicles can demodulate multiple

OFDM signals within Guard Interval (GI) period without inter-

symbol interference (ISI). As the results, multiple OFDM

signals can be transmitted simultaneously at roadside units

[10]. Additionally, we have confirmed that the multiple OFDM

signal transmission is effective in multi-hop communication

[11], [12]. In this paper, we employ multi-hop mechanisms

to extend transmission range of roadside units. Therefore,

forwarder vehicles transmit a same OFDM signal simultane-

ously to forward data from roadside units. From numerical

results, we can find that the proposed technique can extend the

transmission range of roadside units with high TCP throughput

performance.

II. RANGE EXTENSION WITH OFDM COOPERATIVE

COMMUNICATION

A. OFDM cooperative communication

In this paper, we focus on the characteristics of OFDM

scheme. A transmitter of OFDM generally adds a guard

interval (GI), which is a part of an OFDM symbol, to the

OFDM symbol. The general purpose of GI is to mitigate

the multi-path effect due to fading. Therefore, GI period

is set according to maximum propagation delay in assumed
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Fig. 1. Overview of the OFDM cooperative communication.

wireless communication environment. An OFDM receiver can

demodulate received signals accurately when the signals arrive

within GI period.

Fig. 1 shows the overview of the OFDM cooperative com-

munication. Fig. 1 a) shows the assumed vehicle location , and

Fig. 1 b) shows the overview of transmission timing at each

vehicle. In the assumed system, we employ Time Division

Multiple Access (TDMA) to synchronize transmission timing

because arrival difference timing between signals should be

within GI period. The cooperative communication processes

are the followings.

• The vehicle V1 transmits the OFDM packet including the

OFDM symbol and GI in the frame n. This process is

typical operation in OFDM with TDMA.

• The vehicle V2 and V3 receive the OFDM packet nor-

mally. Then they transmit the received OFDM packet

simultaneously in the frame n+1. Generally, duplicated

transmissions are avoided in wireless communication sys-

tems because they cause packet reception error. However,

the vehicle V4 can demodulate the duplicated OFDM

packets when the arrival difference timing between the

OFDM packet from V2 and that from V3 is less than

TABLE I

SIMULATION PARAMETERS IN PHYSICAL LAYER SIMULATION

Simulator Matlab 6.5

Number of FFT points 64

Number of Subcarriers 52

Number of pilot subcarriers 14

Bandwidth 20 [Mhz]

Modulation scheme 16QAM

Symbol period 2.6 [µs]

GI period 0.52 [µs]

Channel model Rayleigh fading

Number of multi-path 5
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Fig. 2. BER performance in OFDM cooperative communication.

the GI period in OFDM systems because OFDM is high

tolerant of multiple signals within GI period.

• The vehicle V4 can receive the two OFDM packets

from V2 and V3, and can demodulate the signals more

reliably because it obtains the diversity effect according

to multiple transmission at different points. From the

previous evaluation in our research, we could find that

the total signal power is the summation of signal power

of each OFDM packet. Fig. 2 is the reference bit error

ratio performance with the Tab. I [11].

The features of the proposed cooperative communication

scheme are to obtain the diversity effect according to multiple

routes and to achieve effective wireless resource usage by

transmitting a same OFDM signal simultaneously. As the

results, our scheme can obtain the benefit of cooperative

communication without the demerit.

B. Road side unit coverage extension

In the proposed system, we employ the proposed OFDM

cooperative communication to extend the transmission range

of roadside units. Therefore, we employ hybrid transmission
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of roadside to vehicle communication and inter-vehicle com-

munication. A roadside unit has an Omni directional antenna.

Vehicles near the roadside unit can receive the packet directly

when it exists within the transmission range of the roadside

unit. On the contrary, vehicles near a roadside unit forward

a packet to a vehicle at an outer area of roadside unit

transmission range when the destination vehicle exists in out

of the transmission range of the roadside unit. The hybrid

concepts have been proposed in the conventional researches.

Then, it is well known that the concepts can improve the

communication performance. However, traffic increasing due

to multiple forwarding of packets is a big issue. The proposed

system solves this issue to employ OFDM cooperative com-

munication techniques because vehicles can transmit a same

packet simultaneously in our techniques.

Fig. 3 shows the overview of the proposed communication.

Fig. 3 a) shows the overview of the cooperative communi-

cation, and Fig. 3 b) shows the overview of transmission

timing at each vehicle. In the figures, the roadside unit RSU1

and RSU2 transmit a packet to the vehicle VD. However, the

vehicle VD exists in the outer area of transmission range of

roadside unit RSU1 and RSU2. Therefore, multi-hop commu-

nication is required to deliver the packet to the vehicle VD.

The proposed system employs Time Division Multiple Ac-

cess (TDMA) mechanisms for the access control. Therefore,

the roadside unit controller assigns slots based on traffic and a

vehicle location. In assignment rules, it tries to find one slot for

roadside units and some slots for forwarder vehicles according

to the required hop counts. The important rule is that forwarder

vehicles should transmit a same OFDM signal at same slot.

Fig. 3 assumes multi hop communication with one hop. In

Fig. 3, the roadside units RSU1 and RSU2 transmit the OFDM

signal at the slot 1 The vehicles V1, V2 and V3 receive the

OFDM signal from the roadside unit RSU1 and the vehicles

V4, V5 and V6 receive it from the roadside unit RSU2 . Then,

these vehicles transmit the OFDM signal at the slot 2. As the

results, the destination vehicle can receive six OFDM signals

from neighbor vehicles. Finally, it can obtain the diversity

effect and can improve packet reception performance without

redundant wireless resource consumption.
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C. Slot allocation algorithm

Fig. 4 shows the flowchart of the slot allocation algorithm

for the proposed scheme. The slot allocation algorithm is

performed for each frame. Therefore, all slots in the frame

will be assigned according to the following processes.

• The road side unit controller (RSUC) starts the allocation

process when a new frame is started.

• The RSUC checks a number of vehicles in a service area.

Then, it selects one vehicle.

• The RSUC checks a packet buffer to find packets for the
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selected vehicle. It starts the slot allocation process for

the selected vehicle when packets arrive in the packet

buffer.

• The RSUC checks the location of the selected vehicle. It

finds the nearest base station when the selected vehicle

exists within the transmission range of RSU or it starts

the allocation process for multi-hop communication when

the selected vehicle exists in out of the transmission range

of RSU.

• The RSUC checks the slot allocation status and allocates

the free slot for the selected vehicle when the direct

transmission from RSU is available. Then, it will select

a next vehicle.

• The RSUC initializes the hop number n to find the

free slots for the selected vehicle when the multi hop

communication is required. Generally, we assume the

maximum hop count N according to the distance between

RSU.

• The RSUC checks the slot allocation status and reserve

the free slot for nth hop communication. The 1st hop

communication is used for transmission from RSUs.

The later than the 2nd hop communication is used for

forwarding packets from vehicles to vehicles.

• The RSUC checks the reservation status of the slots for

the selected vehicle. It allocates the all slots when all of

required slots are reserved.

• The RSUC ends the process when slots for all vehicles

are checked or all slots are allocated.

III. NUMERICAL RESULTS

To evaluate the proposed system, we perform the computer

simulations. In the simulations, we assume that 2,000 [m]

straight highway with two lanes. Road side units are installed

with 100 [m] interval for only RSU transmissions, and are

installed with 120, 140, and 160 [m] intervals for RSU trans-

mission and multi-hop transmission. Each RSU has an omni

directional antenna whose height is 8 [m]. The transmission

power is set to 50 [dB] at 1 [m] from RSU. Each vehicle is

located randomly on the road, and selects the velocity from 80,

90, 100, 110, 120 [km/h] randomly. The average speed is set to

100 [km/h] The vehicle runs on the cruising lane principally.

If there is no vehicle on the passing lane, the vehicle moves to

the passing lane from the cruising lane to overtake a forward

vehicle. After overtaking, the vehicle moves to the cruising

lane when there is no vehicle on the cruising lane. As the

wireless device, we employ the IEEE 802.11p device. The

transmission speed is set to 3M [bps] and GI period is 1.6

[µ s]. In the simulations, we assume Rayleigh fading as the

TABLE II

SIMULATION PARAMETERS.

Simulation time 500 [s]

Simulation trial 100 [times]

Number of vehicles 100 [vehicles]

Number of 10 - 40 [vehicles]

communication vehicles

Vehicle movement Autonomous running model [13]

Object speed : Random from

80, 90, 100, 110, 120[km/h]

Average speed : 100 [km/h]

Acceleration velocity : 0.3 [G]

Breaking velocity(1st) : - 0.3 [G]

Breaking velocity(2nd) : - 0.6 [G]

Initial vehicle position Random

Number of lanes 2 [lanes]

Width of lane 3.5 [m]

Length of lanes 2000 [m]

Interval distance 100, 120, 140, 160 [m]

between RSU

Communication device IEEE 802.11p

Transmission rates 3 [Mbps]

Transmission power 50 [dB] at 1[m] from RSU

Channel frequency 5.9 [GHz]

Antenna gain 0 [dB]

Antenna type Omni directional

Antenna height 8[m]

Propagation path loss model Free Space

Wireless environment Rayleigh fading

Guard interval 1.6 [µ s]

Access control TDMA

Number of slots 24 [slots]

Packet length 1.5 [kbytes]

Maximum hops 2 [hops]

Application FTP

wireless channel model, and the assumed application is a file

transfer application such as FTP.

Fig. 5 shows the throughput performance. From the results,

we can find that the cooperative communication scheme with

only RSU can achieve good throughput according to the

increasing of vehicles. In the proposed scheme, neighbor RSUs

of a vehicle transmit a same OFDM symbol simultaneously in

a same slot. Therefore, the vehicle can receive the two OFDM

signals through different routes, and obtain the diversity effect.

As the results, the vehicle can continue to communicate with

neighbor RSUs, and can achieve high throughput performance.

Additionally, The proposed range extension method can

extend transmission range with almost similar throughput

performance within 140m. The destination vehicle can receive

many same OFDM signals from neighbor forwarder vehi-

cles because RSUC reserves two slots for roadside-to-vehicle

communication and vehicle-to-vehicle communication respec-
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tively. As the results, the vehicle can continue to communicate

with RSUs even if it exists in the out of transmission range

of the RSUs. Generally, the multi-hop transmission consumes

a wireless resource due to multiple forwarding of packets. On

the contrary, forwarder vehicles can transmit a same OFDM

signal simultaneously in the proposed system. As the results,

the proposed system can improve transmission error ratio

without redundant wireless resource consumption.

IV. CONCLUSION

In this paper, we have proposed range extension mecha-

nisms for roadside units in ITS networks. The feature of the

proposed system is to employ cooperative OFDM transmission

mechanisms. In the proposed scheme, neighbor RSUs of a

vehicle transmit a same OFDM symbol simultaneously in a

same slot. Additionally, neighbor vehicles also transmit the

same OFDM symbol simultaneously in the same slot. There-

fore, the vehicle can receive the some OFDM signals through

different routes, and obtain the diversity effect. As the results,

the vehicle can continue to communicate with neighbor RSUs,

and can achieve high throughput performance. Additionally,

The proposed range extension method can extend transmission

range with high throughput performance. As the results, our

scheme can extend transmission range without throughput

degradation and redundant consumed wireless resource.
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ABSTRACT 

 
The University of Arizona is engaged in the American 
College and University Presidents Climate Commitment 
agreement that encourages U.S. universities to exercise 
leadership in their communities and throughout society 
by modeling ways to minimize global warming 
emissions, and provide the knowledge and educated 
graduates to achieve climate neutrality.  Greening campus 
buildings is one of the major visions for this mission.  
This paper focuses on a methodology that was developed 
by the author and supported by Vice President for 
Student Affairs and University Housing and Residence 
Life, and Director of Sustainability, to educate students to 
conduct advanced Level III energy audit and computer 
analysis to identify energy efficiency improvement 
opportunities for three residence life campus buildings.  
An engineered set of site forms and specific tools and 
instrumentations and advanced computer simulation 
techniques were used during the 2011 Fall semester to 
facilitate the energy audits.  Research team presented 
their findings to building directors and demonstrated that 
the three buildings total area of 283,174 ft² consumed on 
average an annual 44.2 KBtu/ft² at the cost of $401,610 
per year.  The energy saving strategies indicated a 17.3% 
or $69,410 annual operating cost savings.  In addition, 
two of three buildings have benefitted from the project by 
being successfully certified for Energy Star Designation. 
 
Keywords: Green Buildings, Energy Audit, Energy 
Conservation, Computer Modeling. 
 
 

1. INTRODUCTION 
 
University campus buildings contribute to a large amount 
of consumption, air pollution, and resource depletions.  
This is due, in large, to their high occupancy and heavy 
daily use.  The University of Arizona is engaged in the 
American College and University Presidents Climate 
Commitment.  This agreement emphasizes that university 
campuses must exercise leadership in their communities 
and throughout society by modeling ways to minimize 
global warming emissions, and by providing the 
knowledge and educate graduates to achieve climate 
neutrality.  Campuses that address the climate challenge 

by reducing global warming emissions and by integrating 
sustainability into their curriculum will better serve their 
students and meet their social mandate to help create a 
thriving, ethical and civil society.  These colleges and 
universities will be providing students with the 
knowledge and skills needed to address the critical, 
systemic challenges faced by the world in this new 
century and enable them to benefit from the economic 
opportunities that will arise as a result of solutions they 
develop.  Described in this research, a methodology to 
achieve energy savings for the University of Arizona 
campus buildings.  During the 2011 fall semester, Vice 
President for Student Affairs and University Housing and 
Residence Life Director of Sustainability initiated a 
project to the "House Energy Doctor1" (HED) program to 
conduct advanced energy audit and analysis to identify 
energy efficiency improvement opportunities for three 
residence life campus buildings.  HED is an education, 
research, and community outreach program developed by 
Dr. Chalfoun at the University of Arizona's School of 
Architecture since 1986.  The program promotes students 
learning of energy conservation and passive solar design 
through field investigation of existing buildings and 
simulation of new and innovative sustainable projects.  
Through an engineering approach, the project was 
incorporated into the class of spring 2011 Arc461K-
561K, "Sustainable Design and the LEED© Initiative" 
taught by Dr. Chalfoun. 
 
 

2. PROJECT DESCRIPTION 
 
To achieve the goals required by this project a three-
phase methodology was developed: pre-audit, audit, and 
post audit. 

 
Figure1: Project Timeline 

 
Phase one is designated for the "Pre-Audit" where all 
three buildings must be visited for a walk through "Level 
I" energy audit.  This includes building envelop system, 
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interior loads and lighting systems, and mechanical 
heating, cooling, and water heating systems.  During 
Phase two "Energy Audit" the Level III energy audit is 
conducted after special training is given to the students 
which includes teaching advanced computer energy 
simulation for large buildings and the use of state-of-the-
art tools and site instrumentations such as light intensities 
measurement, solar reflectance/absorptance, blower door 
testing, etc.  Phase three "Post Audit" was devoted for 
performance enhancement and parametric analysis and 
the development of the final report including potential 
LEED© and Energy Star certifications. 
 
There is a total of 22 residence halls buildings on the 
University of Arizona's main campus.  Three buildings 
were selected based on the criteria that they represents an 
older building (the Arizona Sonora building), a national 
historic registry building (the Maricopa Hall), and a 
newer building (La Aldea). 
 

 
Figure 2:  The 3 selected University of Arizona Buildings 

3. PRE-AUDIT DATA COLLECTION 
 
In order to assure successful energy audits, important 
information on the three selected buildings was obtained 
and processed in advanced.  The information was then 
made available, in a Pre-Audit report, to the House 
Energy Doctor students to follow during the actual audit 
and measurements.  The report included the following: 
 
• Construction documents of each building.  
• Equipment and mechanical system specifications. 
• Mechanical system energy diagrams. 
• Utilities information (electric/gas/water) 
• Users and occupants information.  
• Pre-visit to each building 
• Development of site forms specific to Residence Life 

building take-offs. 
 
Documenting the buildings' mechanical system is vital to 
the process.  As all three buildings used District Heating 
and Cooling Plant (DHCP), specifications were 
documented with input from facilities management 
personal and each building director. 
 

 
Figure 3:  DHCP Diagram 

 
 

4.  ENERGY AUDIT 
 
Prior to the energy audits, students in the Arc 461e-561e: 
Sustainable Design and the LEED© Initiative were 
taught principles of computer energy simulation using 
programs such as COMcheck, Autodesk Revit, Google 
Sketchup, and eQUEST.  Different energy conservation 
strategies were examined on sample buildings.  Students 
also were trained in the House Energy Laboratory on 
using different site instruments such as light meters, 
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pyronometers, inclinometers, blower door, duct blasters, 
azimuth protractor, etc.  In addition, a specialized set of 
site forms were developed and used during the audit. 
 

 
 

Figure 4:  House Energy Doctor Site Survey Forms 
 
During the audit day, students were divided into teams 
and for each building they collected the following 
information: 
1. Building orientation and geometry in relation to sun 

angles (an important variable in desert architecture) 
2. Size and placement of openings throughout the 

building facades. 
3. Envelop materials information such as R-value, heat 

capacity, and compositions 
4. Exterior and interior materials shortwave reflectance, 

textures, absorptance, and translucencies 
5. Light intensities and distribution in all indoor spaces 

and daylight use potential 
6. Shading devices and their locations and geometry. 
7. Building use and occupancy schedules 
8. Mechanical heating and cooling systems and air-

handlers capacities and efficiencies 
9. Building thermostat settings and scheduling, 

including setbacks if applicable 
10. Location of ducts and duct insulation 
11. Water heating equipment 
 

 

 
Figure 5:  Students Conducting the Energy Audit 

 
Figure 6:  La Aldea Building Showing the Unshaded 

South Facade  
 

5.  POST ENERGY AUDIT 
 
After all information was gathered from the three 
buildings, building schedules were developed, and energy 
performance were predicted using advanced computer 
simulation techniques.  Energy compliance was first 
checked and revealed that the three buildings failed 
minimum commercial code requirements by ASHRAE 
90.1, 2007 for Pima County and City of Tucson.  
Arizona/Sonora was 3% worse than code, Maricopa Hall 
was 45%, and La Aldea was 1%.  The first two buildings 
are older buildings that were built prior to energy code in 
Arizona.   
 
For building performance prediction and optimization, 
the research team used the DOE eQUEST energy 
simulation program to first identify basecase performance 
of each building.  They also investigate different design 
aspects of the envelop, building scheduling, and the 
mechanical system that contribute the most to energy 
waste.  Parametric analysis then follows to prescribe 
means to improve them.  Computer simulation values for 
each building's basecase must first be validated with 
actual utility bills that were previously collected from 
facility managements.  Each results must demonstrate a 
minimum of ± 20% in heating and cooling consumption 
compared to the actual onsite meters. 
 

 
Figure 7:  La Aldea Space Consumption Distribution 
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Figure 8:  La Aldea Basecase Simulated vs Actual 
Energy Consumption, Showing 5.6% Difference in 

Electric Bills and 7.2% Difference in Gas bills. 
 
Some of the common major design deficiencies that were 
revealed by the energy analysis are: 
 
Arizona/Sonora Residence Hall 
• Inefficient windows and glazing systems 
• Lack of insulation in roof and exterior walls 
• Increased air leaks and infiltration due to penetration 

for wall fan-coil units fresh-air intakes 
• Lack of daylight use caused high electric load 

 

Maricopa Residence Hall 
• Lack of insulation in exterior walls and roof 
• All windows are single pane 
• Lack of windows shading 
• Thermostat has no setbacks 

 

La Aldea Apartments 
• Exposed roof top package units efficiency 
• Lack of shading devices on exterior windows 
• Envelope surface to volume area ratio 
• Exterior lighting running throughout the day 
• Dark heat absorbing exterior colors 

 
These design deficiencies were then optimized each 
separately before making final recommendation.  Results 
for each strategy were examined by the eQUEST 
software in terms of its contribution to the major heating 
and cooling energy consumption. 
 

 
Figure 9:  3-D Model of Maricopa Residence Hall 

Rendered by the eQUEST software 

   

 
Figure 10:  Maricopa Residence Hall Electric and Gas 

Consumption as Predicted by eQUEST 
 
To demonstrate the optimization process, one of the 
strategies was to replace some of the old HVAC DX split 
heat pump systems at La Aldea with higher efficiency 
units.  This strategy resulted in a annual 206,899 KWh 
electric savings and $15,724 cost saving. 
 

 

 
 

Figure 11:  Energy and Cost Savings from Replacing 
Some Inefficient DX Split Units at La Aldea 

68

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



Another important strategy was to promote the use of 
daylight by upgrade all light fixtures with high efficiency 
light bulbs and install photo sensors so that light will not 
turn on during the day as shown in Figure 12 below.  This 
strategy resulted in a annual 43,417 KWh electric savings 
and $3,299 cost saving. 
 

 

 
Figure 12:  Energy and Cost Savings Efficient Light 

Bulbs and the Use of Photo Sensors at La Aldea 
 
In the hot and dry climate of Tucson, shading becomes 
one of the most important strategies in energy savings as 
well as human thermal comfort.  One proposed strategy 
by the investigating team is to provide a shading structure 
that crosses over the space between the southern and 
northern blocks of buildings to create a shaded courtyard.  
That same shading device will also block the sun from 
directly reaching the unshaded windows on the south. 
 

  
 

 
Figure 13:  Proposed Different Shading Strategies 

In addition a shading structure was also proposed on the 
west facade that will block the harsh summer afternoon 
sun while provides views to the Tucson mountains. 
 

  
Figure 14:  Combined Shading Strategies Saved an 

Annual Total of $4,649 
 
 
Additional strategies focused on the replacement of 
windows to double Pane Low-e, adding external 
insulation, shading for most of critical building elements, 
replacement of more energy-saving light fixtures, and 
proposing change of envelope colors to increase solar 
reflectance in summer.  As for the mechanical systems, 
proposed adjustments included a proposed shading device 
for the HVAC units on the roof top of the different 
buildings, changes to the thermostat and run periods on 
the system(s), replacement of old components with higher 
efficiency units, and water harvesting of condensates for 
landscape use.  The proposed shading structure will 
provide thermal comfort in the courtyard spaces.  Due to 
space limitations these strategies were not explained in 
this paper but will be presented at the conference venue.  
 
 

6.  CONCLUSION 
 
The project demonstrates that the three buildings total 
area of 283,174 ft² consumed on average an annual 44.2 
KBtu/ft² at the cost of $401,610 per year.  If the three 
buildings can implement recommendations from the 
House Energy Doctor team, they will benefit from a 
17.3% or $69,410 annual operating cost savings.  In 
addition, two of three buildings "Arizona-Sonora" and 
"La Aldea" have benefitted from the project by being 
successfully certified for Energy Star Designation. 
 

Building Area ft² Consumption 
KBTU/ft².yr 

Energy Saving 
KBTU/ft².yr 

As is Retrofit  % 
Arizona/Sonora 127,903 48.33 43.4 4.93 10.2 
Maricopa 32,070 37.7 24.6 13.1 34.7 
La Aldea 123,201 41.22 32.2 9.02 21.9 
TOTAL/Average 283,174 44.2    

Figure 13:  Annual Energy Consumption Savings 
 

Building Area ft² Operating Cost S/yr Savings 
% As is Retrofit 

Arizona/Sonora 127,903 199,100 178,750 10.22 
Maricopa 32,070 38,940 25,410 34.75 
La Aldea 123,201 163,570 128,040 21.72 
TOTAL 283,174 401,610 332,200 17.3 

Figure 14:  Annual Operating Cost Savings 

69

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



Students and faculty, at the end of the semester, presented 
their findings to Residence Life Assistant Vice President 
for Student Affairs and University Housing Dr. James 
Van Arsdel. 
 

 
Figure 15:  Dr. Arsdel receiving the La Aldea Final 

Report from the HED students after their presentation. 
 
 
Most importantly, the project demonstrated a engineering 
method that based on its success will now be replicated 
by implementing it in different other buildings as a model 
for greening the entire campus, and hopefully as a model 
to be replicated in other campuses around the nation.  
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Self-Adapting Parallel Kinematic Machines 

Karl-Erik Neumann 
Exechon AB

ABSTRACT 

Historically, assembly of large aerospace structures has 
always required large, heavy duty, expensive machines 
designed and built with (and for) high accuracy over the 
entire work envelope. Such large machines are also 
generally very complex and it is normally financially and 
physically impossible to build these machines with more 
than one spindle/assembly tool. 

The presentation will present “use cases” utilizing a 
platformless design, to deliver high dynamics and 
accuracy while dramatically reducing cost and 
eliminating the restrictions of one spindle/assembly tool. 
Case studies will show the application of extreme 
mobility in combination with adapting technologies such 
as cross lasers, which can perform accurate agile 
assembly over very large areas without the use of 
accurate large expensive heavy duty structures. 
Additional discussions will address case-studies on the 
ability to use small agile modules that can perform  

The Parallel Kinematic Machines (PKM) developed since 
1985 by Karl-Erik Neumann, starting with the Tricept 
600, continuing with the Tricept 605, 805, and 9000, and 
the new “balljointless” Exechon X300, X700, and X1100, 
ending up in the latest “platformless” XT300S, XT700S, 
and XT1100S, has always been striving to give 
aerospace manufacturer a solution that utilize the 
flexibility and cost benefits of articulated arm robots, the 
performance of CNC machines, as well as the efficiency 
of special machines. 

Exechon was founded around this dream in 2004, and 
the first “balljointless” X700 machine saw daylight 
summer 2006, and since then the technology has been 
licensed out to twenty one (21) Manufacturer and 
Integrators worldwide. 

PLATFORMLESS PKM MACHINES 

In 2006 the Exechon technology revolutionized the PKM 
technology by eliminating the ball joints that were 
mandatory in all previous PKM machines, and it was 
now time to take the technology one huge step further to 
prove it to be a general worldwide used technology 
within Aerospace and Automotive. 

 

The way to achieve this goal was to eliminate the last 
remaining obstacle; the always present heavy platforms 
or structures holding and supporting the legs and/or 
actuators of all existing PKM machines. 

Going from the first X700 
to the X700S machine, 
the moving mass was 
reduced by 40% (300kg) 
by simply moving the 
motors for axis one to 
three from the moving 
lower platform to the 
neutral inner gimbals, 
and to further improve 
the dynamics and temperature stability, the motors for 
axis four and five was put on the outside instead of being 
build in. 

However, to accomplish true “Self Adapting Parallel 
Kinematic Machines for Large Wing and Fuselage 
Assembly”, reducing the moving mass was not the only 
solution. 

To reduce the cost, simplify the design, and make it 
possible to utilize multiple hole drilling, it was also 
necessary to substantially reduce the weight of the PKM 
module to allow it to be mobile within a low cost system. 

A big remaining problem(until 
now) in the PKM technology 
has been the fact that all legs 
and actuators have to be 
mounted in some kind of 
platform or structure allowing 
it to resist the forces from 
each legs individually and in 
combination, resulting in a 
very heavy design preventing 
it from being agile and 
mobile. 

Finally, after almost thirty years since the first PKM 
machines saw daylight, Exechon has developed a PKM 
machine that can maintain, or even increase, its stiffness 
and accuracy by totally eliminating the previous 
mandatory platforms and structures supporting the legs 
and actuators. 
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Exechon has solved this 
problem by connecting the 
outer gimbles of actuator one 
and three, eliminating the need 
of central support of these 
gimbles and at the same time 
making it possible to add on 
extra material in the centre, 
which was impossible in the 
platform design due to cable 
issues, resulting in increased 
stiffness. 

This integrated one and three gimble also prevent 
actuator one and three from twisting in relation to each 
other (when a side force is applied) on the machine, 
resulting in increased stiffness and improved accuracy. 

Further the outer gimble of actuator two has been turned 
ninety degrees eliminating a centre support for actuator 
two as well. This turned design also puts the holding 
points of actuator two right on top of the side structure, 
resulting in increased stiffness. 

Overall the above patented 
design reduces the mass of a 
XT700S module with 3000kg, 
making it very suitable for “Self 
Adapting Parallel Kinematic 
Machines for Large Wing and 
Fuselage Assembly”. 

CALIBRATION 

To really make “Self Adapting Parallel Kinematic 
Machines for Large Wing and Fuselage Assembly” in 
combination with multiple hole drilling practical, it is 
crucial to find a way to calibrate the machines without 
using expensive and high tech equipment such as Laser 
Trackers and computerized adaptive systems. 

Far more important is also the possibility to calibrate the 
machine tool vector, and not only the tool centre point, 
whish is a serious problem in most existing calibration 
systems. 

Exechon has developed a system 
using a FARO Arm for automatic 
calibration. The machine is 
programmed in a pattern, letting 
the machine move to a number of 
points and repeats this pattern and 
points in multiple different tool 
vectors. The pattern can be 
adapted to an existing jig or fixture 
to avoid disassembly of any parts 
in the system during calibration. 

After collecting a selected 
number of x, y, z, and vector 
values, the values will be 
uploaded onto an external 
internet based calculation 
computer, which performs a 
massive amount of 
mathematical parameter 
calculations offline, and after 
30 minutes a complete set of 
thirty-one (31) machine 
parameters and five (5) 
reference positions are ready 
to be downloaded and 
implemented into the 

machine, fully automated, resulting in a volumetric 
accuracy of around +/- 10 microns. 

SIMPLIFIED ASSEMBLY 

Another necessary item in “Self Adapting Parallel 
Kinematic Machines for Large Wing and Fuselage 
Assembly” is of course the assembly process itself. As 
earlier discussed, conventional assembly systems are 
far too complex and way too expensive to use in multiple 
hole drilling and assembly operations. 

For this purpose Exechon 
has in cooperation with 
one of our Licensees 
developed a new 
simplified method to 
assembly fasteners in the 
new China Big Plane, 
using fastener “discs” 
that are loaded off-line, 
where jamming of feeders and other related problems 
doesn't effect the production nor the quality of the 
automated assembly. 

The discs are actually to 
be considered as tools, 
and are consequentially 
equipped with tool holders, 
and these disc tools are 
loaded into the tool 
magazine, either manually 
or automatically, and being 
seen as tools by the 

machine and its program, the assembly process is for 
sure simplified and guarantees a high up-time. 
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CROSS LASER 

 It has been a long lasting 
problem how to adapt multiple 
assembly heads to a unknown 
aero plane surface such as a 
wing panel or fuselage without 
using time consuming probing 
etc. To overcome this problem 
a new type of probing system 

was developed in cooperation with Boeing and Meta UK, 
a system combining two linear lasers into one laser 
head, a so called Cross Laser. The Cross Laser sends 
four points of measurements 
to the system which in its 
turn in a few seconds can 
calculate the accurate 
surface angle and position 
as well as hole and edge 
positions within 50 micron. 

ORBITAL DRILLING 

Some of the holes required to be drilled during assembly 
cannot be drilled conventional due to the risk of 
dilamination, which is an absolute no-no in automatic 
assembly, and so far the only good method to avoid this 
has been to use additional Orbital Drilling heads that 
further add on complexity, weight and cost to allready 
complex, hevy and costly systems. However, since just a 
few month back it is now possible to incorporate the 
Orbital Drilling process from Novator into the Exechon 
technology and achieve Orbital Drilling hole accuracy 
down to H6 without any additional mechanial equipment 
but just using the circual imterpolating capabillity of the 
Exechon technology. 

 

SELF ADAPTING PARALLEL KINEMATIC 
MACHINES FOR LARGE WING ASSEMBLY #1 

Drilling multiple holes and assembly of multiple fasteners 
has become a nightmare requirement since more and 
more planes have to be manufactured in a shorter time. 

The solution promoted by Airbus is “Multiple Hole Drilling 
& Assembly” which as earlier described is both 
technically and financially impossible with today’s large 
single head machines. 

 

Exechon is currently participating in developing such a 
“Multiple Hole Drilling & Assembly” machine in 
cooperation with Airbus UK and the Manufacturing 
Technology Centre (MTC) in UK. 

The system with consist of three 
parallel gantry mounted XT305S 
machines with 500mm stroke 
and traditional spindles with tool 
changers, and it will utilize all 
technologies earlier mentioned 
in this paper as well as a state 
of the art fixturing system 
developed by other parties 
within the project. 

The process will be as following; 

1. Positioning the gantry over the wing 

2. The XT305S machines locate the surface and 
references using a permanently mounted cross 
laser. 

3. The XT305S machines picks up selected tools 
from the tool changers. 

4. The XT305S machines simultaneous drill and 
counter-sink all holes within their reach. 

5. The XT305S machines also simultaneous 
perform Orbital Drilling of all holes requiring this 
type of operation within their reach. 

6. The XT305S machines picks up vacuum 
cleaners from the tool changer and cleans all 
holes. 

7. The XT305S machines picks up fastener disc 
and seals all holes. 
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8. The XT305S machines assemble all fasteners 

9. Move the gantry to next position 

SELF ADAPTING PARALLEL KINEMATIC 
MACHINES FOR LARGE WING ASSEMBLY #2. 

For years discussions has been going on within the 
aerospace industry around mobile machine tools, and 
the Exechon technology has for the first time made it 
possible to utilize such a system. 

The system is designed and 
built in cooperation between 
Airbus UK, Queens University, 
and Güdel, both Exechon 
Licensees. The system is 
based on an Exechon module 
from Hwacheon, a Licensee in 
Korea, a structure with a z-
travel from Güdel, and an 
Omni Move from Kuka 
Automation, and the system is 

designed to machine the root end in multiple jigs at 
Airbus. 

The system has currently 
been verified at Airbus 
UK with exceptional 
results such as 
machining accuracy in 
one Exechon position of 
20 microns and 
machining accuracies 
over the whole 4,5 meter 
root end of 40 microns. 

SELF ADAPTING PARALLEL KINEMATIC 
MACHINES FOR LARGE FUSELAGE 
ASSEMBLY #1 

A new problem has occurred in assembly of aero plane 
structures due to the fact that fuselages are mainly 
manufactured in composite, which is very stiff and 
inflexible. 

The problem is that it is virtually impossible to 
manufacture fuselages with a diameter of e.g. 6,5 meter, 
accurate enough to be able to mount two of them 
together end to end due to variations in diameter and  
ovality. 

To solve this problem the ends of the fuselages have to 
be machined, and to build a traditional machine 
performing this task will require a huge structure with 
high accuracy and accompanied price tag. 

Using a small light XT300S with a cross laser for self 
adapting capability, mounted in a non accurate structure, 
that in its turn is mounted on a high accuracy standard 
“Fibro” turn table, adapting its coordinate system to an 
average best fit of the fuselage, allows not only a low 
cost design, but also a optimized material removal that 
guarantee a minimum of material removal from the 
fuselage maintaining the structure integrity. 

 

SELF ADAPTING PARALLEL KINEMATIC 
MACHINES FOR LARGE FUSELAGE 
ASSEMBLY #2 

The next step in the process, mounting two fuselages 
together, normally require a huge machine structure with 
a very complex and heavy drilling and assembly head 
that can move around the fuselage joint with high 
accuracy. 

Such machine, and especially the head, tends to 
become very complex with multiple integrated CNC 
functions like a drilling head, a sealing head, cleaning 
functions, and fastener assembly heads with multiple 
feeders, that all are normally associated with low uptime 
and a high price tag. 

Instead we propose utilizing two small light XT300S 
using cross lasers for self adapting capability, mounted 
in a non accurate structure. 
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The process will be as following; 

1. Positioning the two XT300S machines around 
the fuselage. 

2. The XT300S machines locate the surface and 
references using a permanently mounted cross 
laser. 

3. The XT300S machines picks up selected tools 
from the tool changer. 

4. The XT300S machines perform simultaneous 
drilling and counter sinking all holes within the 
reach of the XT300S machines. 

5. The XT300S machines also simultaneous 
perform Orbital Drilling of all holes requiring this 
type of operation within their reach. 

6. The XT300S machines picks up vacuum 
cleaners from the tool changer and cleans all 
holes. 

7. The XT300S machines picks up a fastener disc 
and seals all holes 

8. The XT300S machines assemble all fasteners 
9. Move the XT300S machines to next position 

 

PORTABLE DRILLING & ASSEMBLY 
AUTOMATION 

The future Exechon 
XMINI is a potable 
“machine tool robotics 
system” combining the 
flexibility and dynamics of 
articular arm robots with 
the accuracy and 
stiffness of CNC 
machines. This new 
patented light design 
gives these modules 
extreme mobility and, in combination with adapting 
technologies such as cross lasers and force sensors, it 
can perform accurate agile operations over very large 
areas without the use of accurate large expensive heavy 
duty structures. 

The portable XMINI it’s a new way of thinking but it’s 
also easy to imagine the use of two to four XMINI 
machines in every wing and fuselage structure made for 
ever plane in the world ending up in hundreds of 
machines needed worldwide every year. 

This small version of the Exechon PKM Systems is 
currently on an initial concept development stage with 
key users in the aerospace industry such as Airbus and 
Boeing. The concept is to develop a small in size and 
light weight PKM system that would be easy to position 
around aerospace parts that require complicated 
manufacturing processes that up to now require an 
extensive and expensive deployment of specialized jigs 

and fixtures that usually are used for the specific task 
without the ability of reuse or redeployment on other 
parts of a manufacturing line. For this reason the 
majority of these manufacturing processes are today 
100% manual. 

 

The Exechon Mini will be designed in such a way so that 
is light-weight but robust and accurate. The initial design 
specifies a mix of aluminium and composite (enhanced 
carbon fiber) parts, together with innovative support 
fixtures. 

The XMINI will revolutionize a large number of existing 
manufacturing processes and will allow manufacturers to 
change custom made tooling manufacturing to flexible 
processes. 

Procedures such like drilling and riveting of complex 
structures will be simplified with a use of a number of 
XMINI’s that can be moved from one manufacturing 
station to another depending on volume and they will not 
be part specific. 

 

 

CONTACT 

Karl-Erik Neumann 
CEO, Exechon AB 
Sweden 
+46 70 5680099 
kalle.neumann@exechon.com 
www.exechon.com 
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A b s tr a c t— T h e  p r e s e n t  d e s ig n  r u le s  f o r  d e s ig n in g  t h e  in t e r n a l s p a c e s  f o r  b u ild in g s  t a k in g  in to  a c c o u n t  H u m a n  A c t iv it ie s  a r e  v e r y  

v a r ie d  a n d  c a n  le a d  t o  in s u f f ic ie n t  s p a c e s  o r  e c o n o m ic  lo s s e s  r e la t e d  t o  o v e r  d im e n s io n in g . T h r e e  d im e n s io n a l d e s ig n  o b j e c ts  f o r  

b u ild in g s  h a v e  b e e n  m a in ly  d e v e lo p e d  o n ly  f o r  s ta tio n a r y  f u r n it u r e  a n d  a p p lia n c e s  s o  t h a t  th e y  c a n  b e  u s e d  a s  D a t a  C o m p o n e n t s  in  

C A D  s y s t e m s . W e  p r o p o s e  t h a t  a f t e r  m e a s u r in g  t h e  3 D  s p a c e s   (  e n v e lo p e s  o f  v o lu m e s  r e q u ir e d  )  r e q u ir e d  f o r  H u m a n  A c t iv it ie s  

s u c h  a s  w a s h in g  a  w h e e l c h a ir  p a t ie n t  in  t h e  s h o w e r  t h e  3 D  A c t iv it y  S p a c e s  a r e  t r a n s f o r m e d  in t o  3 D  I F C  D a t a  O b j e c t s  t h a t  c a n  

t h e n  b e  im p o r t e d  t o  t h e  m a j o r it y  o f  th e  le a d in g  C A D  s y s t e m s  r e la t e d  t o  d e s ig n in g  b u ild in g s . T h e  n e w  D a ta  O b j e c t s  c a n  t h e n  b e  f it 

t o  t h e  in t e r n a l s p a c e s  o f  t h e  H a n d ic a p  A c c e s s ib le  b u ild in g s . T h e y  a n s w e r  t h e  q u e s t io n  “  H o w  m u c h  s p a c e  is  n e e d e d  f o r  

H a n d ic a p p e d  r e la t e d  a c t iv it ie s  ?  “ . W e  c a n  a c h ie v e  t h e  o p t im a l b a la n c e  b e t w e e n  t h e  U n iv e r s a l D e s ig n  f u n c t io n a lit y  a n d  t h e  

b u ild in g  c o s t . I n t e r n a t io n a l c o - o p e r a t io n  in  n e e d e d  in  s p e c if y in g  t h e  s e r ie s  o f  m o v e m e n t s  f o r  t h e  a c t iv it ie s  b y  H e a lt h  C a r e  e x p e r t s .  

K e y w o r d s - U n iv e r s a l D e s ig n ;  C A D  s y s te m s ;  d e s ig n  r u le s ;  b u ild in g s ;  c o n s tr u c tio n ;  3 D  s p a c e s ;  h u m a n  a c tiv itie s ;  h a n d ic a p p e d  

I.  INTRODUCTION  

The CAD systems and wider Building Information 
Modeling ( BIM ) systems are quite efficiently used when 
designing all mechanical and electrical aspects of build-
ings both in construction and facilities. These include also 
the Building Services such as heating, ventilation, air con-
ditioning, cooling, electrical systems and building automa-
tion.  There are tens of CAD product families in wide us-
age and the three dominant CAD ecosystems have a high 
combined market share.  In the UK in 2011, the three most 
sold 3D BIM systems had a combined market share of 
65%. The CAD systems produce tens of different file for-
mats for the designs. The conversion between the various 
formats and system versions has been a rather non-trivial 
task. Recently there has however been progress in interop-
erability related to 3D Data Objects representing e.g. ap-
pliances, mechanical building components and furniture. 
The standard ISO/PAS 16739:2005 describes so called 
IFC Objects ( Industry Foundation Classes ) [1]. The IFC 
specification is clustered by schemas (logical packages) of 
subsets of the information model and it is published as 
HTML based online documentation. 

The IFC objects are supported by a large amount of 
CAD systems. The Tekla Corporation and its software 
product Tekla Structures supports the IFC standard [2] . 
The product both imports and exports IFC in .IFC and 

.xml file formats. In addition to Tekla, over 30 vendors of 
CAD systems support IFC. 

Universal Design produces buildings and environments 
that are accessible to both people without and with disabil-
ities. In the Health Care sector these design principles have 
been presented in the concept of Activities of Daily Living            
( ADLs ). The new Data Objects proposed by us bring 
these design principles directly to the work environment of 
designing buildings. The Design for All concept ( DfA ) 
has the same principles than the Universal Design. In some 
countries, these activities are related to the term Barrier-
free.  

The problem formulation is a consequence of the co-
operation between our University and the Finnish con-
struction industry. The Construction Company U.Lipsanen 
Oy brought to our attention that more development is 
needed to get usable tools related to Universal Design and 
ADLs to the designers. The University responded with a 
solution after an internal invention report from a principal 
lecturer was analyzed and found to describe a new idea to 
solve the severe quality problem sometimes encountered in 
designs. 

The Aalto University has published a thorough analysis 
and recommendations about the dimensioning and func-
tionality of bathrooms suitable for residents that are using 
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mobility aids [5]. They present 2D simulated motion dia-
grams. There are however no links to CAD systems. The 
lists of matters that should be taken into account and the 
literature reference list of this publication are excellent 
sources of information for developing functionalities for 
CAD systems. 

The Housing Finance Development Centre of Finland 
runs an electronic service providing regulations and rec-
ommendations for Universal Design related to Construc-
tion. First the inhabitant type is selected. The inhabitant 
can have one or several of the possible limitations. Then 
the room type of the building is selected. After this the 
service lists the relevant regulations and recommendations 
from five major domestic sources [6]. The service lan-
guage is only Finnish at the moment. 

  

II. THE PROCESS OF G ENERATING  NEW  TY PE 

OF IFC DATA OBJECTS  

The environment that defines the Needed Space for 
Activity includes the patient, the nurse or the caretaker and 
the equipment needed for the activity. The series of mo-
tions of the patient, the nurse and the equipment could be 
professionally designed by Health Care specialists. 

The series of motions selected can be dependent of the 
physical abilities of the patient and of the nurse. It can also 
be dependent of the height of the persons and the weight of 
the persons. It is also dependent of the type of equipment 
needed. In the shower the external dimensions and the 
functionality of the wheelchair affect the optimal motions 
as well as the auxiliary equipment available in the shower. 
This leads to a need to specify professionally several alter-
natives of the series of motions, leading to a family of mo-
tion specifications for each activity. Because of several 
alternatives, there should be information related to the sta-
tistical probability of the occurrence of each alternative, 
preferably country by country. This probability would then 
be used for selecting the alternative most suitable to the 
construction design at hand. If the cost allows, the alterna-
tive simply with the largest dimensions can be selected. 

The measurements for each alternative for each action 
can be conducted with stereo video camera equipment or 
with laser scanners of with both. Before this the motions of 
the activity have been specified so that the repeatability of 
the movements later based on following the specification 
is close to 100%. 

The methodology of creating 3D models from photos 
taken from different angles around the subject is well 
known [3]. In this case three cameras at the directions of 
the three rectangular space dimensions are able to capture 
the motion envelope with a frame rate of only 2 frames per 
second.  

The University developed a software concept in the 
beginning of 2012 for transforming 3D image files into 
IFC Objects that fulfill the IFC specification. Test trans-
formations were performed and the generated IFC Objects 
worked the right way when having been imported to a 
CAD system. 

During September 2013 the University starts a work 
package involving our ICT B.Econ. students for develop-
ing a software package for archiving laboratory videos, for 
finding the extreme dimensions of the videoed movement 
either automatically or semi-automatically, and for trans-
forming the 3D objects related to the extreme space re-
quirements into IFC objects.    

A more recent technology, laser scanning is also viable 
for capturing motion envelopes. A modern laser scanner 
weighs only about 1.2 kilograms and measures up to dis-
tances of 30 m. The National Taiwan University used a 
combination of a scanner and a stereo camera to map 
buildings from inside [4 ]. The resolution of a typical in-
door laser sensor is just enough for mapping also activity 
envelopes. The best scanning resolution available is typi-
cally of the order 30 millimeters. The persons cannot how-
ever be closer than 2 meters from the scanner during the 
measurement. 

The differences of the new, proposed design process 
and the current design process can be seen from Figures 1 
and 2. 

 
Figure 1.  The current design process. Figure 2. The new design 

process.  
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After the detailed 3D envelope of the activity has been 
calculated by the camera or scanner related software, it 
is also possible to simplify the surface by matching a 
combination of rectangular boxes and cylinders to the 
volume. The original surface details are not necessary 
when dimensioning the space of a room. 

III. EASE OF USE AND EFFECTIV ENESS 

The work of interpreting the literary rules and recom-
mendations, and integrating them into one set of rules and 
then applying them to the 3D structure under design can 
need a lot of effort at the moment. W hen testing the ARV I 
service [6], a case involving an inhabitant that uses a 
wheeled walker or rollator and when the room to be de-
signed is the bathroom brought 8 6 hits to corresponding 
design rules and recommendations. It takes several hours 
for a typical designer to generate a combined design rule 
set from this kind of  collection of rules. 

W e studied the effects of our new method to the work 
of architects by interviewing nine key architects in Fin-
land. It appeared that the studies in Universal Design had 
been rather limited, less than 6 study weeks, at the Finnish 
Universities at least during the 70’s. Many architects had 
developed their skills in Universal Design further after 
their graduation. The architects estimated that 60% of the 
architects that perform Universal Design do not remember 
the rule sets by heart, but refer to documentation. After a 
design has been released, over 50% of the designs have to 
be later revised because of accessibility reasons. The most 
interesting finding was that they estimated the level of 
efficiency increase in usage of work time to be 11 %. This 
gives a good ground to our commercialization efforts. 

  W hen comparing to the new IFC Data Object based 
design process the old one consumes more of designer’s 
time. The rules interpretation phase can now be avoided 
and the cost of the ready IFC Object will be less than the 
time required for the rule interpretation would cost.  

 

IV . FUTURE DEV ELOPMENTS AND MARKET  

ISSUES 

 
The single, initial new IFC Objects correspond to one 

activity, one country and one set of dimensions of the in-
volved persons and equipment. W hen the service company 
has accumulated a large number of IFC objects the com-
bining of the activity cases can begin. An example of such 
a combination would be e.g. dressing of winter clothing 
and performing certain medical procedures in the same 
part of a room. This creates a large number of activity 
combinations but this is not a problem in the data man-
agement sense. The IFC Object can even show the re-
quired 3D spaces corresponding to different activities in 
different colors when the object is imported to the drawing 
and designing function of the CAD system. The University 
has plans to discuss with international partners to design a 

process that collects and actively promotes the generation 
of motion specifications of activities from different coun-
tries. W hen we will have a collection of specifications for 
the same action there is a possibility to head towards find-
ing an international best practice for the action. W hen the 
best practice set of motions has been reached for an action, 
the dimensioning can still be country specific, but now 
depend only of the distribution of  physical dimensions of 
the people in a particular country. 

An important aspect would be to use only authoritative 
health care experts when specifying the motions. The 
building of a multinational process for this is a topic of 
new international research projects. 

Our current project “  Commercialization research for 
V alue Add Data “  mapped the nature of potential custom-
ers for collections of IFC objects. W e took into account 
that not every registered designer is in business at the mo-
ment. From the interviews of the Finnish architects we got 
an estimate what proportion of designers are designing 
buildings that have requirements in Universal Design. In 
the market area Europe and Turkey we ended up to the 
following number estimates of potential customers : 

• BA and B.Sc. level architects and engineers 
315 000 

• MA level architects 126 000 

• Interior designers and industrial designers 2 000 

• Building and construction companies with their 
own internal design departments 1 8 00 . 

In addition, from the market area USA, Canada and Ja-
pan we recognized 28 6 000 potential customers. 

 
Our common design process description was verified 

and completed by architect Asko Takala of Sivè n &  Taka-
la. The architects use hand drawn sketches, 2D views and 
3D views. Once the design is in a CAD system, various 
types of presentations of the designs can be easily generat-
ed. W e concluded that also 2D drawing objects represent-
ing the space required for human activities are necessary 
as well. It is straightforward to generate 2D versions of the 
3D drawing objects. 

 
The research topic at the moment is the best practices 

of marketing to these customer groups. The project will 
run until February 2014 .     

 
 
 

V . INTELLECTUAL PROPERTY  

The corresponding Patent Application describing the 
design system has been filed by our University to the Na-
tional Board of Patents and Registration of Finland in 
March 2013. An extension of the protection to the major 
markets is possible by the resources of a probable new 
service company. The University is interested in discuss-
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ing with organizations that want to develop the commer-
cialization of the concept.   

The considered copy protection method of the IFC Ob-
jects is based on delivering the objects as parts of an exe-
cutable file. The documentation asks to install the package 
to the particular workstation it will be used in. The pro-
gram then finds out hardware or OS license specific in-
formation about the workstation. Then the pre-encrypted 

IFC object is further encrypted by using the workstation 
specific data as encryption keys. W hen the object is read 
from memory, it activates a two-phase decryption algo-
rithm that returns the original IFC object to the CAD soft-
ware. If the file is called with another computer, the keys 
are not right and the IFC file is not decrypted correctly. 
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ABSTRACT 

This paper deals with the numerical simulation of the two-

dimensional, incompressible, steady air flow past an airfoil for a 

solar powered unmanned aerial vehicle (UAV) with internal 

propulsion system. This airfoil results from a NACA 2415 four 

digits family base airfoil modification [7] and has a propulsive 

outlet with the shape of a step on the suction surface. The 

analysis involved the airfoil’s aerodynamic performance which 

meant obtaining lift, drag and pitching moment coefficient curves 

as a function of the angle of attack (AOA) for the condition 

where the engine of the UAV is turned off called the gliding 

condition and also for the blowing propulsive condition by means 

computational fluid dynamics. The computational domain has 

been discretised using a structured mesh of 188 x 200 tetrahedral 

elements. The RNG k-ε model is utilized to describe the turbulent 

flow process as it was followed in [5]. The simulations were held 

at a Reynolds number of 300000.  Results allowed obtaining lift 

and drag forces and pitching moment coefficient and also the 

location of the separation and reattachment points in some cases 

by means of the wall shear stress on the suction surface as well as 

velocity contours and streamlines for both conditions at different 

angles of attack, from 0 to 16 degrees with the smallest increment 

of 4 degrees. Finally, results from both cases were compared and 

the influence of the propulsive flow on the aerodynamic 

characteristics of the airfoil has been analysed turning out that it 

improves significantly the performance of the airfoil reaching 

values up to 1,8 times in terms of lift at high angles of attack. 

 

Keywords - lift; drag; pitching moment; unmanned aerial vehicle; 

CFD. 

1. AIRFOIL TESTED 

The 2415-3S airfoil (Figure 1), has been previously designed for 

the solar UAV focusing on several parameters of common 

commercial UAV’s manufactures such as total wingspan, weight, 

flight velocity and others. It comes from a NACA four digits 

family airfoil, the NACA 2415 (Figure 2) [4]. It has an abrupt 

step on the suction side, located at 30% of the chord from the 

leading edge. This step simulates the blowing propulsive outlet of 

the wing in normal flight conditions. Since solar panels must be 

placed on the wings, it is possible to see the large and almost flat 

area for placing them past the blowing outlet. 

 

 
Figure 1. 2415-3S airfoil. 

 

 

 
 

Figure 2. NACA 2415 airfoil. 

2. COM PUTATIONAL DOM AIN 

 

Something very important in this part is the choice of the domain, 

because it is formed by real borders such as the upper and lower 

surfaces of the airfoil and also by imaginary borders which 

enclose the external environment. The domain extends from 8 

chord lengths upstream to 20 chord lengths downstream according 

to [1], an also 8 chord lengths for the upper and lower heights. 

The fluid flow simulated is air with a Reynolds number of 3.105. 

In Figure 3 it is possible to see the geometry of the domain for the 

2415-3S airfoil. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Computational domain for numerical simulations. 

3. DISCRETIZATION OF THE DOM AIN 

 

The geometry shown in Figure 3 is discretised using a structured 

mesh of 188 x 200 tetrahedral elements, this mesh has been also 

supplemented with very small elements in the vicinity of the 

surface of the airfoil forming a boundary layer with a grow factor 

of 1.2. References when creating the mesh were followed in [3], 

therefore the created mesh had a size change of 2.66 and an 

equisize skew of 0.348.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A mesh used for the numerical simulation. 

y/c 
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The domain and the mesh were created using the commercial 

software GAMBIT, version 2.3. In order to obtain the lift and 

drag as a function angle of attack, single meshes were created for 

0, 4, 8, 12 and 16 degrees and for every airfoil, thus there were 

created a total of 20 meshes (Figure 4). 

 

Then, from the governing equations, the discretization of the 

domain and using the finite volume method based on finite 

elements, a discrete set of algebraic equations is set which 

solution is obtained as coupled, iteratively, using the commercial 

solver ANSYS FLUENT, version 12.0 using a scheme of second 

order upwind. 

 

4. TURBULENCE M ODEL 

 

The k-ε model is derived from the Navier-Stokes equations and it 

is one of the simplest complete models of turbulence with two-

equation models in which the solution of two separate transport 

equations allows the turbulent velocity and length scales to be 

independently determined. The standard k-ε model in ANSYS 

FLUENT falls within this class of models and has become very 

used for practical engineering flow calculations. It is a semi-

empirical model. It is robust, economic, and presents reasonable 

accuracy for a wide range of turbulent flows. The chosen 

turbulence model was the RNG k-ε. The RNG (renormalization 

group theory) is an improvement of this model of turbulence 

because it provides an analytically derived differential formula 

for effective viscosity that accounts for low-Reynolds-number 

effects. Therefore it is more accurate and reliable for a wider 

class of flows.  

 

5. BOUNDARY CONDITIONS 

 

At the inlet it is specified the air absolute velocity magnitude and 

also its components; in this case the velocity is parallel to the 

horizontal axis, therefore it does not have any component in the 

ordinates. Concerning turbulence, it was also specified the 

turbulence intensity of 1,3 % in accordance to [2] and also the 

turbulent length scale. The upper and lower surfaces of the airfoil 

are set as walls. At the outlet it is specified the pressure as the 

atmospheric pressure. For the lateral walls of the domain they are 

set as symmetry. 

 

6. GOVERNING EQUATIONS 

 

Since this problem does not involve heat transfer nor 

compressibility the equation for energy conservation is not 

required, therefore the most important equations such as 

conservation of mass, momentum and the RNG k-ε turbulence 

model equations are used. 

 

7. RESULTS AND ANALYSIS 

 

Gliding Condition 

 

In Figures 5 – 8, it is possible to see numerical lift coefficient 

(CL) versus AOA, drag coefficient (CD) versus AOA, CL versus 

CD and pitching moment coefficient (Cm) versus AOA for the 

2415-3S airfoil for the condition where there is not flow through 

the blowing outlet. Curves from the original NACA 2415 airfoil 

have been included from [5] for further comparisons. 

 
Figure. 5. Numerical lift coefficient for 2415-3S and NACA 2415 

airfoils. 

 

Concerning lift coefficient shown in Figure. 5, it can be observed 

the lift slope presented by the 2415-3S airfoil which was 

simulated at a Reynolds number of 310528 for a flow velocity of 

20m/s, the stall region starts at 8 degrees of AOA with a stall 

point of CL = 0,84 at 12 degrees of AOA, it is clear that the stall 

region starts at a lower AOA since the NACA 2415 presents the 

beginning of the stall region at 15 degrees. This airfoil at these 

conditions also presents higher values of CL compared to the 

NACA 2415 between 4 and 12 degrees of AOA.  

 

 
Figure 6. Numerical drag coefficient for 2415-3S and NACA 

2415 airfoils. 

 

In Figure 6 above, it is possible to see that the drag coefficient 

observed in the 2415-3S airfoil approaches to values similar to 

the NACA 2415 for AOA between 0 and 8 degrees. From this 

point, the values of drag coefficient increase rapidly. This 

behavior may indicate that the flow reattaches the airfoil surface 

after the step until 8 degrees of AOA, however this will be 

confirmed with the wall shear stress charts and streamlines which 

will be analyzed later. At 0 degrees of AOA both airfoils present 

a similar value of CD around 0,05. 

 

Figure 7. Numerical polar graph for 2415-3S and NACA 2415 

airfoils. 

 
The polar diagram shown in Figure 7 indicates that the airfoil 

2415-3S has a good aerodynamic performance since it is very 

similar to NACA’s 2415 from 0 to 10 degrees of AOA, however 

this performance decreases at high angles of attack, specifically 

from 10 degrees. 
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Concerning pitching moment coefficient at the leading edge, 

results shown in Figure 8 indicate that values of the 2415-3S 

airfoil present discrepancies but the behavior in general is similar 

to NACA’s 2415 airfoil until 12 degrees of angle of attack. 

 

 
Figure 8. Numerical pitching moment coefficient for 2415-3S 

and NACA 2415 airfoils. 

 

 

In Figure 9, it is possible to see the numerical wall shear stress on 

the suction surface along the chord line for the 2415-3S airfoil for 

the gliding condition; these images allow observing points of 

separation and reattachment of the flow. A shear stress is applied 

parallel or tangential to a face of a material. Any real fluids 

(liquids and gases included) moving along a solid surface will 

incur a shear stress on that surface. That is the reason why the 

wall shear stress is considered an indicative of separation of flow 

because when it is equal to zero, it means that the flow is not 

attached to the surface of the airfoil [6]. After this point, values 

of shear stress are different of zero and the separation region 

begins. In the case of reattachment of flow, it is noticed when the 

values of wall shear stress reach zero again, and the area between 

these two points is the separation region, in this region, the values 

of wall shear stress are negative, this can be seen if only the x-

component of the wall shear stress is plotted but for a better 

observation, it was decided to plot the resultant wall shear stress, 

where all values are always positive. 

It can be seen that the flow detaches at the location of the step at 

all AOA excepting at 16 degrees where the flow detaches before 

the step at 23 percent of the chord. At 0 and 4 degrees of AOA 

the flow reattaches after the step at locations of 56 and 62,5 

percent of the chord, respetively. At 12 and 16 degrees of AOA 

the flow does not reattach to the surface of the 2415-3S airfoil. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 9. W all shear stress of the 2415-3S airfoil at gliding 

condition for different AOA.  

 

 

 

Figure 9. W all shear stress of the 2415-3S airfoil at gliding 

condition for different AOA.  

 

In Figure 10 it is possible to observe the flow field as velocity 

contours of the air flow past the 2415-3S airfoil. This is the first 

numerical graphical approach to the behavior of the air flow past 

the airfoil tested. Here it is observable the velocity changes in the 

selected domain; in our case the most important is to observe this 

phenomenon near the surface of the model. However these 

pictures do not show clearly the separation and reattachment 

points. 
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Figure 10. Velocity contours of the 2415-3S airfoil at gliding 

condition for different AOA.  

 

Observing the flow fields for all AOA in Figure 10, it is possible 

to notice that for 8 degrees of AOA within the separation region, 

zones of high velocity which may indicate the presence of 

vortices due to the turbulence provoked by the high velocity of 

the flow and the sudden change in the geometry of the airfoil. 

This phenomenon will be observed in more detail below when 

analyzing the streamlines.  

 

In Figure 11, it is possible to see the streamlines of the flow past 

the 2415-3S airfoil. 

 

  
 

  

 

Figure 11. Streamlines of the 2415-3S airfoil at gliding condition 

for different AOA.  

 

In Figure 11, it is observed that the flow is fully attached to the 

suction surface of the airfoil until the step where separation of 

flow occurs. This phenomenon occurs for almost all AOA. The 

spatial extension of the separation region can be detected by 

exploring the wall shear stress along the surface of the airfoil 

(Figure 9). Inside this region, it is possible to observe that the 

adverse pressure gradient causes a reversed flow and this 

becomes into a counter-rotating vortex. Then the flow reattaches 

again and remains in contact with the surface until the trailing 

edge, this reattachment was observed from 0 to 4 degrees of 

AOA. At 8 and 12 degrees of angle of attack, the flow does not 

reattach to the surface but in this case two vortices appear within 

the separation region due to the turbulences provoked by the high 

velocity of the flow. At 16 degrees of AOA, the separation region 

is huge but in this case it begins at certain distance before the 

step.  

 

Propulsive Condition 

 

In order to develop the new numerical simulation involving the 

blowing scenario, only one boundary condition was changed and 

it was the step which was not set as “wall” anymore but as 

“velocity inlet” and the value of this parameter was introduced as 

normal to the boundary, the introduced value was 30 m/s. 

 

In Figures 12 - 15, it is possible to see numerical CL versus AOA, 

CD versus AOA, CL versus CD and Cm versus AOA for the 2415-

3S airfoil for the condition where air at a velocity of 30 m/s flows 

through the blowing outlet. Previous curves of the 2415-3S for 

the gliding condition and curves of the original NACA 2415 

airfoil have been included for further comparisons. 

 

 
Figure 12. Numerical lift coefficient for 2415-3S airfoil for 

blowing and gliding conditions and NACA 2415 airfoil. 

 

In Figure 12, the values of the lift coefficient for the 2415-3S at 

this new condition are similar to the ones for the gliding 

condition at very low angles of attack up to 4 degrees but from 

this point, the CL increases rapidly and progressively with a 

higher slope and reaching values up to 1,5 times bigger than the 

original NACA 2415. The lift curve does not present a stall 

region in the range of studied angles of attack, what makes think 

that the flow is very attached to the surface of the airfoil for AOA 

even higher than 16 degrees. However this will be discussed 

when analyzing the wall shear stress graphs and streamlines. 

 

 

Figure 13. Numerical drag coefficient for 2415-3S airfoil for 

blowing and gliding conditions and NACA 2415 airfoil. 

 

Concerning drag coefficient, shown in Figure 13, it is possible to 

see that values of CD are low and similar for all cases at low 

angles of attack until 7 degrees, after this point the drag of the 

2415-3S at the gliding condition increases rapidly and the drag of 

the original NACA 2415 does so but moderately. The CD of the 

2415-3S at the blowing condition increases as well but very 

moderately less that all other cases reaching a maximum of 

0,1055 at the highest AOA, this indicates that the air blowing 

through the outlet does not exert a big influence on the drag 
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because the flow seems to be attached at every moment to the 

surface of the airfoil. 

 

Figure 14. Numerical polar graph for 2415-3S airfoil for blowing 

and gliding conditions and NACA 2415 airfoil. 

 

The polar graph shown in Figure 14 summarizes all the aspects 

previously observed in Figures 12 and 13. It is clear that the 

effect of blowing maximizes the aerodynamic performance of the 

airfoil and it can be seen in the polar curve for the 2415-3S which 

is completely concave, also for low angles of attack it is almost 

vertical, which indicates that the drag does not vary very much 

and the lift increases rapidly. Being the original NACA’s 2415 

aerodynamic performance the main goal during the modification 

of the airfoil, it has been greatly improved by the blowing effect. 

 

Figure 15. Numerical pitching moment coefficient for 2415-3S 

airfoil for blowing and gliding conditions and NACA 2415 

airfoil. 

 

Concerning pitching moment coefficient at the leading edge, 

results shown in Figure 15 indicate that the Cm for the 2415-3S at 

the blowing condition increases almost directly proportional to 

the angle of attack. Comparing to the NACA 2415 airfoil the 

behaviour is similar until 8 degrees of AOA where it stabilizes 

and the other still increases reaching a maximum of 0,415 in 

magnitude at 16 degrees of angle of attack. 

 

In Figure 16, it is possible to see the numerical wall shear stress 

on the suction surface along the chord line for the 2415-3S airfoil 

under the blowing condition; these images allow observing points 

of separation and reattachment of the flow. It can be observed, 

according to the wall shear stress behaviour that the flow never 

detaches from the surface of the airfoil at any tested angle of 

attack, there is not present any separation region and high values 

of AOA could be reached without stalling. However it is 

important to note some aspects; the initial value of the wall shear 

stress at the leading edge, which is high and then decreases 

towards the location of the blowing outlet where a sudden rise is 

present in this point because of the flow through the outlet, 

reaching much higher values and then it decreases towards the 

trailing edge. Besides, the initial value of the wall shear stress at 

the leading edge increases with the angle of attack while the 

behavior after the step remains constant no matter the AOA.  

 

 
 

 
 

 
 

 
 

 
Figure 16. W all shear stress of the 2415-3S airfoil at blowing 

condition for different AOA.  

 

In Figure 17, it is possible to observe the flow field as velocity 

contours of the air flow past the 2415-3S airfoil under the 

blowing condition. 
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Figure 17. Velocity contours of the 2415-3S airfoil at blowing 

condition for different AOA.  

 

Comparing the flow fields obtained for the blowing scenario in 

Figure 17 to the ones obtained for the gliding condition, it is 

possible to see the zone of highest velocity just next to the 

boundary called “blowing”, and this is the locus of the 

propulsion. No presence of regions with a velocity of 0 m/s 

besides the stagnation point at the leading edge, therefore no 

regions of separation were observed at any angle of attack. 

 

In Figure 18, it is possible to see the streamlines of the flow past 

the 2415-3S airfoil under the blowing condition. 

 

  
 

  
 

 
 

Figure 18. Streamlines of the 2415-3S airfoil at blowing 

condition for different AOA.  

 

Concerning streamlines, it is possible to observe in Figure 18 the 

flow along the airfoil for the blowing scenario, where these ones 

look very well distributed, now next to the blowing outlet, 

streamlines are fully attached to the upper surface until the 

trailing edge, filling all the spots which are formed when there is 

not flow through the outlet. No vortices are present. Streamlines 

look parallel to the surface at every angle of attack, which helps 

to believe that much higher AOA’s can be reached without 

approaching to the stall condition.   

8. CONCLUSION 

By means of the use of CFD it has been possible to obtain lift, 

drag and pitching moment coefficients and also the flow field of 

air past a new designed airfoil, the 2415-3S. It was also possible 

to obtain the location of separation and reattachment points in 

some cases for different angles of attack. Two conditions (gliding 

and propulsive) were analyzed through an exhaustive 

comparison, turning out that the aerodynamic performance of the 

airfoil increases at the blowing propulsive condition reaching 

values up to 1,8 times in terms of lift at high angles of attack.  
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ABSTRACT 
 
As federal agencies seek innovative IT solutions to meet 
business demands, they face complex challenges. They 
must overcome organizational barriers, ensure their 
strategic technology delivers real value, and remain 
compliant with evolving standards and regulations. They 
need strategic technology investments and innovative 
solutions that are practical, measurable and achievable.  
Technology advances in cloud computing, social 
media/networking, mobility and information management 
are all evolving at a rapid pace.  These technological 
trends, taken together, offer unprecedented access to 
information, people and even group sentiment, offering 
new ways to collaborate, connect producers to consumers 
to investors, and ultimately to innovate.  With the specific 
emergence of social computing, an explosion of open 
innovation can be seen through the combination of 
gamification with crowdsourcing.  This paper presents a 
study of approaches to foster open innovation, including 
the use of crowds and social media for continuous 
innovation.  Specific examples are presented to highlight 
their use in “real world” environments and provide an 
assessment of applicability and challenges for 
implementation in large organizations. 
 
 
Keywords:  Innovation, Social Computing, 
Crowdsourcing, Crowdfunding, Gamification 
 
 

1. INTRODUCTION 
 
This paper presents a study of approaches to foster open 
innovation, including the use of crowds and social media 
for continuous innovation.  Emerging trends and 
technologies that will have an impact on open innovation 
are introduced, as well as an examination of a brief 
evolution of innovation to understand attributes and 
patterns for its success and/or failure.  The paper 
highlights specific examples of their use in “real world” 
environments and provides an assessment of applicability 
and challenges for implementation in large organizations. 
 

With the emergence of social computing, an explosion of 
open innovation can be seen through the combination of 
gamification with crowdsourcing [6]. Within this 
combination, innovative applications use emergent game 
play rather that scripted play.  Emergent games define the 
rules of play but not the outcome, allowing “players” to 
discover or invent solutions.  Prediction markets are used 
to help scope solutions.  We examine a number of recent 
examples that offer promising results, and can be 
considered as reference implementations for new business 
and/or acquisition models.  
 
 

2. BACKGROUND 
 
There are many sources in literature to study innovation 
and approaches that attempt to spark or recreate it on a 
continuous basis for success in business.  Simply stated, 
innovation is about making a significant positive change 
[1].  Although Innovation stems from many sources, there 
are essentially six general patterns into which these 
sources tend to fall: 
 

• Hard work in a specific direction:  innovations 
come from dedicated people in a field working 
hard to solve a problem. 

• Hard work with direction change: similar to 
above, but an unexpected opportunity emerges 
midway through the work. 

• Curiosity: bright minds following their personal 
interests. 

• Wealth: many innovations are driven by the 
quest for treasure. 

• Necessity: driven by individuals in need of 
something they could not find otherwise. 

• Combination:  many innovations stem from any 
combination of the above. 

 
There are also several challenges to innovation, related to 
idea generation and solution development, sponsorships 
and funding, scalability, customer outreach, competition 
and timeliness. 
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Understanding these patterns and challenges will help 
organizations to better prepare for considering new 
approaches to open innovation, and promoting a culture 
of awareness for creativity. 
 
 

3. EMERGING TRENDS AND 
TECHNOLOGIES 

 
New forces that are not easily controlled by information 
technology (IT) are pushing themselves to the forefront of 
IT spending [16]. Specifically, the forces of cloud 
computing, social media/networking, mobility, unified 
communications (UC), convergence and bring your own 
device (BYOD), and information management are all 
evolving at a rapid pace [10].  This evolution is largely 
happening despite the controls that IT normally places on 
the use of technologies [3]. The cloud offers new delivery 
styles and options that are industrialized in a value chain 
in which IT is only one part of that delivery. Social 
computing allows collaboration and a shift of behavioral 
patterns of users and the communities in which they work. 
Mobility offers new access channeled to applications and 
data and, at the same time, provides end users with a wide 
variety of choices of devices. UC is not necessarily a 
single tool, but a set of products that provides a consistent 
and unified user interface and user experience across 
multiple devices and media types, thereby enhancing 
collaboration opportunities. Finally, the concept of big 
data begins to forever alter the relationship of technology 
to information consumption. This can be seen as data, 
now coming from multiple federated sources and in both 
structured and unstructured forms, which must now be 
analyzed using new methodologies foreign to many IT 
departments. As Professor Jeff DeGraff of Michigan's 
Ross School of Business, and the executive director of the 
Innovatrium Institute for Technology once said, 
"Innovation has moved from an individual, organizational 
sport to a federation sport [10]." 
 
It is important to understand the impact of this nexus of 
forces on the innovation process.  These trends offer 
unprecedented access to information and people, offering 
new ways to collaborate, connect producers to consumers 
to investors, and ultimately to innovate. 
 
 

4. APPROACHES TO INNOVATION 
 
Approaches to innovation and its evolution throughout 
time has been studied and discussed throughout literature 
[26].  In his discussion of Innovation Models, Tidd 
discusses the five generations of  
 

• Linear:  need pull by existing markets and 
technology/process push, being the first two 
generations 

• Coupling:  producer/consumer interaction with 
cooperative feedback 

• Parallel:  supply chain linkages and consumer 
alliances 

• Network:  integration of systems and markets 
 

Each of these models seeks to address the “sources of 
discontinuity” that is both the source and result of 
innovation.  These include introduction of new 
technologies, creation of tipping points in public opinion 
and social attitudes, shifts in policy and regulation, 
emergence of new business models, and disruption 
resulting from unpredictable events.  Each of these also 
may fail to address adequately these sources, the result 
being that innovation is thwarted or established 
organizations are blindsided.  For example, in the 
Network model, parochial influences such as culture, 
education, economics and policy can limit the potential 
for innovation. 
 
In this paper, we focus on new and/or emerging 
techniques, a potential sixth generation, that start to 
provide an example of evolution toward more open and 
continuous innovation. Some of these are highlighted 
below. 
 

 
Figure 1. Agile Innovation Cycle with User Engagement 

 
Agile Engineering Innovation Teams:  Agile engineering 
attempts to spark innovation in the development of 
products or services [4].  The core principles of agile 
engineering present the notion of smaller time-boxed 
events, and the use of teams that contained diverse skills 
and represent all stakeholders associated with the problem 
at hand.  As shown in Figure 1, this process relies heavily 
on a continuous agile cycle of plan-develop-feedback 
based on incremental prototyping and delivery [14].  The 
diversity of the innovation team is key to this approach, 
and often as a result, new ideas emerge from the users as 
they become engaged throughout this cycle. 
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Open Experimentation Events: Another approach that is 
becoming more popular with Government customers is to 
promote innovation with frequent and continuous 
engagement with users/customers of the product being 
developed.  Some key variants of this approach include: 
 

• User-driven Field Experimentation:  Realistic 
Field exercises and test events that allow 
developers to have users operate and evaluate 
potential products. 

• User workshops:  Lighter-weight exploratory 
events that are “realistic enough” to set the 
proper context for developers and users to 
evaluate new research opportunities. 

• Multi-party engineering user engagements:  A 
formal evaluation and product acceptance event 
performed in conjunction with agile engineering 
processes. 

• Developer Environments and Testbeds:  Open 
integration and test environments that identify 
established standards and interfaces, and provide 
a common infrastructure to allow 3rd party 
developers to perform pre-integration of new 
capabilities. 

• Storyboarding and “Rock Drill” Brainstorming:  
Open sessions between users, developers and 
project leaders using storyboarding and other 
brainstorming techniques to help define concepts 
and requirements. 

 
Open Marketplaces:  An outgrowth of the developer’s 
testbed, the open marketplace provides a more 
comprehensive environment for developers to build 
capabilities in accordance with standards and platform 
requirements, and make them available through the 
marketplace for consumers to obtain and use.  The 
“appstores” for mobile applications and desktop widgets 
are good examples. 
 
In our experience, we have seen these techniques applied 
in a variety of large government projects with promising 
results.  As a result, Government acquisition policies and 
processes are changing as open and continuous innovation 
and agile acquisition becomes the norm.   With the 
increasing popularity and pervasive use of social 
computing, new approaches for innovation will continue 
to evolve and shape new ways of conducting business. 
 
 

5. SOCIAL MEDIA AND CROWDS FOR 
CONTINUOUS INNOVATION 

 
Social media is a means to an end, not the end itself.  
Social media enables mass collaboration, in which large 
and diverse groups of people who may have no 

preexisting connections pursue a mutual purpose that 
creates value [2].  Such a group is known as a 
collaborative community.  It is through communities built 
around mass collaboration that allows an organization or 
project to enlist the interests, knowledge, talent and 
experience of everyone along its value chain, to create 
results that exceed those possible using traditional 
processes and small-group collaboration techniques. 
 
In order for mass collaboration to be an effective tool, 
there are three key components that need to be effectively 
used together: 
 

• Social Media: social media is an online 
environment created for the purpose of mass 
collaboration. 

• Community:  Communities are collections of 
individuals who come together to pursue a 
common purpose. 

• Purpose:  Purpose is what draws people together 
into a community. 

 
Effectively, community is the people who collaborate, 
social media is how they communicate, and the purpose is 
why they communicate. At its heart, continuous 
innovation is about transforming ideas into products.  As 
customers interact with those products, they generate 
feedback and data.  The feedback is both qualitative (such 
as what they like and don’t like) and quantitative (such as 
how many people use it and find it valuable).  The 
products can be considered experiments; where the 
knowledge gained by the organization through these 
experiments is used to promote, influence and reshape 
future successful innovations and business models. 
 

 
Figure 2.  Build-Measure-Learn Loop 

 
This innovation model can be simply visualized as a 
three-step process, depicted in Figure 2 [17].  The goal is 
to minimize the total time it takes to traverse this process. 
 
Using this model, successful innovation teams must be 
structured correctly in order to succeed.  Venture-backed 
and bootstrapped startups naturally have some of these 
structural attributes as a consequence of being small and 
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independent.  For this to work in most organizations, 
however requires support from senior management to 
create the appropriate structures, based on several key 
attributes: scarce but secure resources, independent 
authority and autonomy to develop business 
opportunities, and a personal stake in the outcome. 
 
It is also important to establish a platform for open 
experimentation.  This platform should establish ground 
rules under which autonomous innovators can operate; 
how to protect the parent organization, how to hold 
entrepreneurial managers accountable, and how to 
reintegrate innovation back into the parent organization if 
it is successful.  This sandbox for innovation should 
follow some key principles: 
 

• Any team can create a true split-test experiment 
that affects only the sandboxed parts of a product 
or service. 

• One team must see the whole experiment 
through from beginning to end. 

• No experiment can run longer that a specified 
amount of time. 

• No experiment can affect more than a specified 
number of customers. 

• Every experiment has to be evaluated on the 
basis of a single standard of actionable metrics. 

• Every team that works inside the sandbox and 
every product built must use the same metrics to 
evaluate success. 

• Any team that creates an experiment must 
monitor the metrics and customer reactions while 
the experiment is in progress and abort or adapt 
as necessary. 

 
Both developers and customers would work together in 
partnership in the sandbox, implementing the build-
measure-learn loop through small iterations.  Doing this 
continuously helps to cultivate an innovative culture 
throughout the organization and its partners.  
 
The sandbox also needs to evolve into “ideagoras” or 
marketplaces for ideas, innovations, and for creative 
people to contribute [19].  This creates the crowdsourcing 
model that taps into millions of creative innovators, 
matching them to investors and customers.  This allows 
organizations to “crowd-source” ideas – outsourcing 
difficult or lengthy tasks to the crowd, which can 
complete them more efficiently and cheaply than an in-
house solution.  “Crowd sourcing is the act of taking a job 
traditionally performed by a designated agent (usually an 
employee) and outsourcing it to an undefined, generally 
large group of people in the form of an open call [11].”  
 

There are several ways to help define the crowdsourcing 
model beginning with crowd funding.  This is the practice 
of on line “micro-lending” where entities can contribute 
small sums of money toward a common goal.  Next is 
crowd wisdom.  This can be thought of as on-line 
brainstorming events.  Crowd creation is the third 
component.  This can be seen in the open source 
development environment, where a problem is broken 
down into small manageable pieces, and the community 
utilizes spare cycles to solve the problem.  Finally crowd 
voting is the idea of using the opinions of the masses to 
help define a particular course of action. Google takes this 
approach with their deployment of “Search” and the way 
their results are ranked [18]. 
 
Another dimension impacting innovation is the realization 
that creative people (aka. “Right brainers”) need to be part 
of this continuous innovation.  With the impact of an 
abundance of products, outsourcing of logical production 
of products to Asia, and the automation of redundant 
processes, it is becoming more important for businesses to 
find a competitive edge in order to innovate.  Creativity is 
the key to gaining that edge [15].  For that reason, there is 
an ongoing movement to integrate the Arts and Design 
disciplines with STEM, thus promoting “STEAM” across 
Academia and Industry. 
 
There are many examples of approaches based on social 
media, crowdsourcing and gamification that are starting to 
emerge.  Some of these are highlighted below. 
 

 
Figure 3. Topcoder Model 

 
Topcoder:  The “Topcoder” model, depicted in Figure 3 is 
based on users and/or investors publishing a need, 
challenge or problem that has to be addressed, and use 
crowdsourcing along with games/challenges to motivate 
creative and talented people to identify innovative 
solutions [21]. 
 
Kickstarter: The “Kickstarter” model is based on allowing 
individuals or groups with an innovative or creative idea 
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to post that idea as a project by creating a business/project 
plan, and use crowdsourcing to motivate investors (or 
anyone) to fund a project [9]. 
 
The major funding platform at the moment is Kickstarter 
[13]. Since it launched in April 2009, over 2.5 million 
people have used it to pledge over $389 million in 
funding for more than 74,000 creative projects. Of that, 
$333 million has gone to projects that met their targets 
and were ultimately successful. 
 
Kickstarter is an all-or-nothing, no equity funding site. 
Innovators set a target for funding - be that $10 or 
$10,000,000 - and have to raise at least that much, or get 
nothing.  The 'no equity' clause means that those who 
pledge money via Kickstarter do not get any share of the 
company. If the project fails, funders get nothing.  If it 
succeeds, funders received the benefits originally 
specified by the project creator. This is done by setting up 
funding tiers of $1, $5, $10 and so on. Once a donor 
passes a tier, he or she gets the benefits associated with 
that tier.  What Kickstarter doesn't allow is for users to get 
either a profit, or a share of the project they're funding.  
 
Industry Collaboration Portals: This approach uses web-
based collaboration platforms to create an environment 
for matching users to subject matter experts for the 
purpose of answering questions, brainstorming on 
challenging problems and sharing information about a 
topic of interest.  The MITRE Industry Portals on Cloud 
Computing and Cyber Security are good examples [22]. 
 

 
Figure 4. Government use of competitions 

 
Competitions and games to advance research or 
acquisition:  An effective way to motivate crowds of 
innovators is to provide a challenging game or 
competition to achieve results.  Similar to use of 
challenges in the Topcoder example, competitions 
themselves are an effective technique for maturing state-
of-art research or for doing down-selects in an acquisition 
process.  Figure 4 illustrates the Defense Advanced 
Research Projects Agency (DARPA) Grand Challenge, an 
experimental robotics competition used to further research 
in autonomous vehicles [7].  It also illustrates the 
Robotics Rodeo, a competition used by the United States 
Government Department of Defense to evaluate robotics 

solutions as a down-select process for awarding new 
contracts to vendors [12]. 
 
 
6. COMPLEXITY AND ARCHITECTURE 
 
The forces of cloud computing, social media/networking, 
mobility and information management resulting in 
innovation that we see in the crowdsourcing model is 
typically being impressed upon systems that exhibit high 
levels of complexity.  Complex systems are all evolving 
at a rapid pace. The cloud offers new delivery styles and 
options that are industrialized in a value chain in which IT 
is only one part of that delivery.  Social computing allows 
collaboration and a shift of behavioral patterns of users 
and the communities in which they work.  Mobility offers 
new access channeled to applications and data and, at the 
same time, provides end users with a wide variety of 
choices of devices. Finally, those characterized as having 
unpredictable behavior, fluid requirements, multiple 
competing stakeholders, and are susceptible to external 
pressures that can cause change across the entire system 
[20]. Complex Systems are constantly changing. They 
respond and interact with their environments – each 
causing impact on (and inspiring change in) the other, 
usually through bottoms-up disruption, not top-down 
orchestration. 
 
New architectural paradigms are needed to expose 
opportunities for as well as the results of innovation via 
crowdsourcing approaches.  The normal views are 
Operational (Business), Service, Information, and 
Technical.  But these views do not address Innovation.  In 
Figure 6 we provide a notional Architectural 
representation of generating an Innovation View via 
capturing and describing a set of innovation attributes. 
 

 
Figure 5. Notional Innovation View 

 
 An Innovation view would highlight those areas of the 
architecture that support (or are ripe for) innovation.  The 
innovation view would also highlight how the architecture 
supports evolutionary aspects of the design.   
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7. CONCLUSIONS 
 
Although emerging technologies and trends may be 
creating an environment conducive to innovation, there 
are several issues which can be seen as barriers to 
innovation becoming prevalent in today’s society.   First, 
is the need for more and better talent. Recent test scores 
and the number of graduates in science, technology 
engineering and mathematics (STEM), is not 
encouraging. [5]  The students of today may not be 
prepared to be the innovators of tomorrow. Secondly, the 
availability of active research and development (R&D) 
programs in organizations can impede overall innovation.  
Finally, tied to the R&D “shortfall” is the actual 
availability of capital to fund innovation programs.  As 
the US and many other countries cope with recession or 
other financial difficulties, innovation funding tends to be 
a lower priority [8].  For these reasons, it is even more 
important for organizations to look for creative and cost-
effective ways to innovate.  
 
This paper presents a study of several approaches to foster 
open innovation, including the use of crowds and social 
media for continuous innovation.  It provides an 
assessment of applicability and challenges for 
implementation in large organizations.  We have 
identified the most common barriers to true innovation as 
well as emerging technologies and trends which, we 
believe will fuel the spark of innovation in the near future. 
These technological trends, taken together, offer 
unprecedented access to information, people and even 
group sentiment, offering new ways to collaborate, 
connect producers to consumers to investors, and 
ultimately to innovate.  We investigated the crowd-
sourcing model and its potential value applied to 
commercial and government environments. 
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ABSTRACT 

 

A novel study was carried out to determine the 

potential of a Two Liquid Phase-Partitioning 

Bioreactor (TLPPB) inoculated with active 

mixed biomass to degrade high concentrations  

of crude oil in aqueous solution. Silicon oil was 

selected as the biocompatible solvent in contact 

with the aqueous-phase containing biomass. 

The performance of the two-liquid phase 

partitioning bioreactor (TLPPB) was evaluated 

under different initial concentrations of crude 

oil including 520, 1120, 2120, and 5290 mg /L. 

Complete biodegradation of crude oil was 

achieved within 15 days in this type of biphasic 

bioreactors. In comparison, the concentration of 

crude oil in a regular monophasic reactor 

dropped by 81% within 15 days, but remained 

incomplete for the duration of the experiments 

indicating that the organic phase, silicon oil 

significantly improved the process 

performance. This study confirms the potential 

of TLPPB for enhancing the transfer and 

subsequent biodegradation of immiscible crude 

oil in aqueous media. 

 

Key words: Bioreactors, Crude oil, Biomass, 

Silicon oil, and Biodegradation. 

 

 

 

1. INTRODUCTION 

 

An extremely promising technology for the 

treatment of toxic organic contaminants has 

been developed based on the use of Two-Phase 

Partitioning Bioreactors (TPPBs) [1]. These 

TPPBs are especially interesting in such 

applications as they can enhance pollutant 

bioavailability to the microbial community [2]. 

Biodegradation of substituted phenols, VOC 

compounds, PAHs, xylene, butyl acetate, and 

other synthetic organic compounds were 

examined in TPPBs [3-5]. However, none of 

the previously reported studies related to 

TPPBs concerned of crude oil biodegradation.  

On the other hand, Oil pollution accidents are 

nowadays become a common phenomenon and 

have caused ecological and social catastrophes 

[6]. Beside accidental contamination of 

environment, the large amounts of oil sludge’s 

generated in refineries from water oil separation 

systems pose severe problem because many of 

the treatment techniques are prohibitively 

expensive, or may be only partially effective 

[7]. The present study reports a new application 

of the biodegradation of crude oil using an 

aqueous-silicon oil two-phase system. 
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2. MATERIALS AND METHODS 

 

Microorganism, culture media, and 

chemicals 

A mixed culture collected from the bottom of 

an aeration basin at a local sewage treatment 

plant was acclimatized to crude oil. A high 

concentration of biomass was obtained by 

cultivating alicots (10 ml) of activated sludge 

samples in the rich culture media. This culture 

media contained 15 g/L peptone, 15 g/L 

prytone, and the mineral salt media (MSM) at 

pH 7.0. The composition of MSM (in mg/L) 

was (NH4)2SO4 (100), K2PO4 (350), K2HPO4 

(775), MgSO4,7H2O (100), CaCl2 (40), FeSO4, 

7H2O (1), MnSO4, H2O (1), NaMoO4 (0.21), 

NaCl (5000). All these chemicals were supplied 

as analytical reagent grade. Prior to use, the 

MSM were sterilized in an autoclave at 121
º
C 

for 30 min. 

Crude oil samples were collected from a 

petroleum field in Basra city, Iraq. Silicon oil 

(Purity 99.99%) was obtained from Gainland 

Chemical Company, UK.  

 

Culture conditions 

Three different systems were used for the 

experiments: (1) the two-phase system 

contained silicon oil as the organic phase and 

the crude oil- contaminated aqueous phase with 

cultures suspension, (2) the cultures suspension 

in the oil-contaminated aqueous phase operated 

without an organic phase which were called 

one-phase and would highlight the potential of 

the two-phase process, (3) experiments 

operated as a two-phase system without culture 

(control system) to examine the possibility of 

crude oil reduction due to degradation, 

volatilization, and adsorption process.  

 

Kinetic tests: single phase and two phases 

partitioning bioreactors 
The biodegradation tests in this work were 

carried out in 500 mL-Erlenmeyer flasks as 

batch bioreactors. A set of 9 bioreactors were 

operated in this work, 4 reactors were operated 

as a monophasic system; each was filled with 

450 ml of actual surface water collected from 

Tigris River as the aqueous phase. Four 

bioreactors were operated as a biphasic silicone 

oil/aqueous (1:2 v/v) system; each was filled 

with 300 ml of the actual surface water and 150 

ml of silicon oil. Crude oil was alternatively 

provided at initial concentrations of 520, 1120, 

2120, and 5290 mg/L respectively. The 

monophasic and biphasic reactors were then 

inoculated with 10 ml of enriched culture. The 

reactors were closed with rubber stoppers, and 

were magnetically stirred. The experiments 

were performed at 28±2ºC. A single reactor was 

operated as a biphasic reactor without cultures 

to examine the abiotic processes as mentioned 

in the previous section. 

 

Monitoring of pH 

The degradation of crude oil by 

microorganisms led to the production of acidic 

intermediates. This was confirmed by 

monitoring the pH every 24 h. However, 

extreme low pH conditions may inhibit the 

activity of the mixed cultures; accordingly 

adjustment of pH value to 7.0 was carried out in 

order to improve the overall effeciency of the 

process. 

 

3. RESULTS AND DISSCUSION 

 

Comparison of growth between biphasic and 

monophasic systems 

Microbial growth was clearly detected in the 

inoculated reactors, with bacterial adhesion at 

the aqueous/organic interface being observed in 

the biphasic reactors. Lower growth rate was 

observed in the monophasic reactors for the 

entire experiment. Figs. 1 & 2 illustrate the 

SEM images for the biomass growth in the 

biphasic bioreactors before and after crude oil 

removal, respectively. 

 

Kinetic tests 

The presence of the silicon oil as the organic 

phase had a marked positive effect on the crude 

oil removal rate although almost similar crude 

oil concentrations profiles were observed for 

both, monophasic and biphasic bioreactors. 

However, complete crude oil degradation up to 

100% in the two-liquid phase partitioning 

bioreactors (biphasic reactors) were observed 
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after 2 weeks regardless of the crude oil initial 

concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 SEM image for the biomass before crude 

oil removal in the biphasic bioreactor 

 

 

Fig. 2 SEM image for the biomass after crude 

oil removal in the biphasic bioreactor 

 

 

In the monophasic bioreactors even after more 

than 6 weeks (data not shown graphically after 

3weeks), the biodegradation of crude oil 

remained incomplete at the maximum of 80, 80, 

85, and 95% for crude oil initial concentrations 

of 520, 1120, 2120, and 5290 mg /L, 

respectively (Figs. 3-6). These results indicate 

the role of silicon oil as the biocompatible 

solvent to enhance the biodegradation process 

of crude oil in aqueous media. Fig. 7 presents 

the biphasic bioreactors before and after the 

biotreatment and bio degradation of crude oil. 

However, results of the control reactor 

indicated the absence of abiotic processes 

effects since the concentration of crude oil 

remained constant.  

 

 
 

Fig. 3 Time plot of total remaining oil in 

monophasic and biphasic reactors at initial 

crude oil concentration of 520 ppm 

 

 

 
 

Fig. 4 Time plot of total remaining oil in 

monophasic and biphasic reactors at initial 

crude oil concentration of 1120 ppm 
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Fig. 5 Time plot of total remaining oil in 

monophasic and biphasic reactors at initial 

crude oil concentration of 2120 ppm 

 

 

 
 

Fig. 6 Time plot of total remaining oil in 

monophasic and biphasic reactors at initial 

crude oil concentration of 5290 ppm 

 

 

4. CONCLUSION 

 

The biphasic aqueous-organic system 

effeciency has been demonstrated the complete 

biodegradation of crude oil up to 100% using 

mixed cultures. Experimental results revealed a 

promising method for the treatment of surface 

water contaminated with high concentrations of 

crude oil which could be released from 

accidental spills. The biphasic bioreactor 

significantly enhanced the biological removal 

rate of crude oil by continuous delivery of 

crude oil to microorganisms and reduced the 

inhibitory effect of crude oil on 

microorganisms. 

 

 
 

 

Fig. 7 Biphasic bioreactors, (A) before 

treatment, (B) after treatment 
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ABSTRACT 

 

Recently, due to the dramatic requirement of petroleum from 

new developed countries, the price of crude oil reached 

skyrocketing height. Therefore, in this study, a new type of 

wave-energy converting system is developed and installed in an 

offshore platform structure to take the advantage of stronger 

motion of the platform subjected to waves. By utilizing the 

sloshing power of the fluid stored in an U-shape tube, the turbine 

of the electric power generator is driven and electricity can be 

generated. Some advantages are found from this system. Firstly, 

because the vibration in surge, heave and other motions of the 

platform induce the sloshing motion of fluid, the motion of the 

platform can be eased and the platform becomes more stable for 

the operation. Secondly, the power generated is a by-product of 

the platform operation, which aims to a self-content system for 

the power-supply in the platform. Thirdly, due to the simple 

structure and common material applied to the wave-converting 

system, the maintenance of the system is much easier compared 

to the others. From the testing results, it shows that with respect 

to various periods and amplitudes of the stroke in the 

experimental tests, the wave-power converting system can 

effectively generate electricity. 

      

Key words: U-tube fluid-sloshing generator(UTPG), wave 

power conversion, actuator experiment, fluid-sloshing power 

generator (FSPG), fluid-sloshing power conversion system 

(FSPCS) 

 

1. INTRODUCTION 

 
As many developing countries rapidly emerged in the last two 

decades, the requirement for the supply of energy is more 

dramatic than ever. On the other hand, rapid increasing usage of 

the petroleum causes the green house effect and then the global 

warming as well so that natural caused disasters such as flooding, 

storming and deserting infertility induced from the rapid and 

large scale weather changes happened more often and caused 

larger casualties in last two decades. The storage of the 

petroleum is rapidly used up and yet, the requirement is 

continually increased more than ever. Searching for the 

substitution of petroleum is more intensive than ever now. 

Particularly, a recyclable, re-producible and more 

environmentally friendly energy or so-called green energy is 

under development in large scale [3].  

An innovative idea by utilizing the sloshing power of liquid 

filled in a U-shape container to produce electric power is 

provided in this paper. Sloshing behavior of liquid in a pipe is 

similar to a flow that may quickly reverse its direction during 

alternate sloshing induced from tube vibration. Therefore, in this 

study a turbine system is selected due to its specialty that no 

matter which direction flow flows the turbine may maintain 

rotating in the same direction. This turbine system was 

developed by Gorlov and Darrieus [1, 2] for the power 

generator of sea flows or any flows that may change its 

direction. It was found that the efficiency of energy capture 

from the newly-developed turbine system is higher than 

traditional ones [5, 6]. 

After analysis, models of a U-tube sloshing-flow power 

converter were innovatively manufactured. A series of 

experimental tests were also designed and performed to obtain 

the influence of both dimensional parameters of the U-tube 

sloshing power converter and the environmental conditions. It is 

found from the experimental results that the newly developed 

system can successfully generate electricity. It is also found that 

parameters such as the amplitude and the period of the 

excitation of the U-tube that driving the flow-sloshing are 

closely related to the efficiency of the power converting system. 

The dimensional parameters of the U-tube flow-sloshing power 

converter must be carefully designed based on the application 

and environmental conditions.  

 

2. THEORETICAL BASIS AND SYSTEM 

DESIGN 

 
A typical U-tube is shown in Fig.1, of which the cross section 

of the tube can be any shape such as circular or square. Basic 

parameters of the U-tube will include the area of the 
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cross-section of the tube, the ratio between the height and the 

length of the tube and the water level filled in the tube. All of 

these parameters have influence on the performance of the 

U-tube system. It is assumed that the U-tube system is fixed on 

the main structure without any relative motions between them. 

When the main structure subjected to vibrations, the U-tube 

system will also shake along the structure in the same phase so 

that the water filled in the tube sloshes alternately along the 

U-tube while the water level is up and down in the vertical 

columns of the U-tube. It is noticed that the potential of the 

water varies alternately between two vertical columns when the 

water elevation of one column is over the other, respectively.  

  

 
Fig. 1 A typical U-tube filled with liquid 

 

Basic Theorems and Equation of Motion for Fluid in U-tube 
As shown in Fig.1, the horizontal part of the tube between the 

center-line of vertical columns is B; the elevation of still liquid 

in the vertical column of the tube is H; the velocity and 

acceleration of fluid in the tube are y& and y&& respectively. The 

cross section area for the vertical column and the horizontal part 

of the U-tube are Ay and Ah respectively and a ratio between the 

vertical and horizontal cross section area is also defined as R. 

The horizontal velocity of the U-tube system induced by the 

motion of main structure is x& .  

By applying Lagrange equation to the motion of the fluid in the 

U-tube when the fluid is driven by a horizontal velocity of the 

tube, the derivation to the fluid motion of kinetic energy and 

potential is written as 

 

( ) ( )d P U P U
Q

dt y y

 ∂ − ∂ −
− = ∂ ∂ &

                 (1) 

 

where the kinetic energy P from the fluid motion is defined as 

 

 
2

2 21 ( )
2 ( )

2 2
v h

Ry x
P A H y x A Bρ ρ

+ 
= + + 

 

& &
& &       (2) 

 
and the potential energy U of the fluid is written as 

 
2

v
U gA yρ=                      (3) 

 

It is also noticed that a non-conservative force Q the damping 

force exists when the fluid flows in the tube and it may be 

defined as  

21

2
v dQ A h R y yρ= − & &

                 (4) 

 

where hd is the head loss coefficient of the fluid. Now the 

equation of motion of fluid in the tube is obtained from 

Lagrange equation [4, 7] through equation (2) and (3) as  

 

[ ] 21
2 2

2
v v d v vA H B R y Ah R y y A gy A Bxρ ρ ρ ρ+ ⋅ + + =−&& & & &&

    (5) 

 

Design of the U-tube with Required Natural Frequency  

Due to the fact that the best performance of a U-tube power 

generator is from a highest efficiency of energy capture from 

the rotation of the turbine, therefore to suit for various 

environments of the system, the very basic parameter of the 

system is the natural frequency and its relationship to the 

dimensional parameters. The frequency of the fluid fw sloshing 

in a U-tube is obtained as 

 

   

2

2
w

g
f

H B R
=

+ ⋅                       (6) 

 

Based on the aspect of testing facilities such as the stroke and 

power of actuator system, the size of tank and stroke power of 

eventual testing for the practical application and some other 

limitations, the frequency of the U-tube with filled fluid of 

certain density is  fw =0.6Hz�0.66Hz and the testing period 

designed around the range of resonance is T=1.51sec�1.66sec.       

 
3. EXPERIMENTAL MODEL AND TESTTING 

SET-UP 
 
Turbine System Installed in A U-tube 

According to pre-test analysis, several sets of turbine system 

were installed in a U-tube system, where the solidity ratio � 

of the turbine area, number of turbines n and width of the 

turbine C are determined. A schematic view of the turbine and 

the generator device after its installation in a U-tube is shown in 

Fig.2.  
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Fig. 2 Schematic view of turbine system installed in a U-tube 

( Lee and Wu 2009� 

 

Experimental testing set-up 

The test was performed in the structural testing lab, department 

of MEE, NSYSU, where a strong wall and strong floor system 

was in-built and additionally, an MTS hydraulic actuator of 

capability of 12 cm stroke and 30 Hz frequency along with 

signal amplifiers and data aquisition system were applied to the 

test. 

    

Testing Parameters and Procedure 

Parameters selected for the experimental test are basically the 

excitation amplitude induced from the stroke of actuator, period 

of the excitation and the natural frequency of the fluid that is 

determined from the relationship of fluid contained in the tube 

and the dimensional parameters of the tube as introduced in 

section 3. According to the parameters to be examined and their 

interrelations to be observed, totally 128 sets of tests were 

carried out in this part of experiment. Before performing the 

proposed sequence of the tests, a pre-testing run is necessary to 

re-correct the accuracy of measurement system.  

  

3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

 

During the experimental test, the phenomenon to be 

investigated is analyzed through raw datum from data aquisition 

system. The phenomenon observed includes the velocity of flow, 

rotational speed of the turbine with and without the loading of 

power generator, the voltage, current and power rate generated 

by the generator. The parameters that may influence the results 

are set into various values, which include the solidity of turbine 

area, sloshing frequency of the fluid filled in the tube, the period 

and amplitude of excitation force.  

   

Velocity of Fluid in the Tube without Generator Loading 
Typical variation of the fluid flow in the U-tube during 

excitation is obtained and shown in Fig.3 and Fig.4, where due 

to sloshing motion, alternate velocity is observed. The 

maximum velocity of the flow can reach 2m/s. The sloshing 

flow is mostly in a stable vibrating pattern when the applied 

force to the U-tube system is a stable excitation. The influence 

of solidity of turbine area on the flow velocity is not positively 

related, but however, under same solidity of turbine area the 

rotational speed is positively related to the velocity of fluid 

flow.    
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Fig. 3 Velocity of flow (T=1.56, solidity=0.3, amp.=90mm, 

f=0.66Hz) 
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Fig. 4 Velocity of flow (T=1.61, solidity=0.3, amp.=90mm, 

f=0.66Hz) 

 

Turbine Speed with Loading of Generator 

 

Turbine of 0.3 solidity of turbine area: As shown in Fig.5 to 

Fig.8, where rotational speed of the turbine with loading of 

power generation is shown, when the solidity ratio of turbine 

area is 0.3, sloshing frequency of fluid is 0.64 and excitation 

period is 1.56 the maximum rotational speed of the turbine is 

110 rpm. For the same solidity ratio of turbine area, when the 

sloshing frequency of fluid is 0.66 and excitation period is 1.66 

the maximum rotational speed of the turbine is 89 rpm.  

    

U-tube with turbine 
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Fig. 5 Rotational speed of turbine under various fluid-frequency 

and excitation period (solidity=0.3, amp.=50mm)  
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Fig. 6 Rotational speed of turbine under various fluid-frequency 

and excitation period (solidity=0.3, amp.=70mm)  
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Fig. 7 Rotational speed of turbine under various fluid-frequency 

and excitation period (solidity=0.3, amp.=90mm)  
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Fig. 8 Rotational speed of turbine under various fluid-frequency 

and excitation period (solidity=0.3, amp.=110mm)  

 

Turbine of 0.3 solidity of turbine area: As shown in Fig.9 to 

Fig.12, where rotational speed of the turbine with loading of 

power generation is shown, when the solidity ratio of turbine 

area is 0.4, sloshing frequency of fluid is 0.66 and excitation 

period is 1.51 the maximum rotational speed of the turbine is 

165 rpm. For the same solidity ratio of turbine area, when the 

sloshing frequency of fluid is 0.66 and excitation period is 1.66 

the maximum rotational speed of the turbine is 98 rpm. 
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Fig. 9 Rotational speed of turbine under various fluid-frequency 

and excitation period (solidity=0.4�amplitude=50mm)  
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Fig. 10 Rotational speed of turbine under various 

fluid-frequency and excitation period (solidity=0.4�

amplitude=70mm)  
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Fig. 11 Rotational speed of turbine under various 

fluid-frequency and excitation period (solidity=0.4�

amplitude=90mm)  
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Fig. 12 Rotational speed of turbine under various 

fluid-frequency and excitation period (solidity=0.4�

amplitude=110mm)  

 

Discussion and Analysis of the Results 
It is noticed from the experimental results as were shown in the 

figures that the minimum speed of the turbine occurs when the 

amplitude of the excitation is 50mm, the fluid-frequency is 

0.66Hz and the excitation period is 1.66 seconds. The maximum 

speed of the turbine occurs when the amplitude of the excitation 

is 70mm, the fluid-frequency is 0.64Hz and the excitation 

period is 1.56 seconds. 

It is not necessary that the maximum speed occurs in the test 
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having the largest amplitude, but most testing cases have better 

performance for larger excitations for same testing model under 

same testing conditions. For larger solidity turbine system, the 

energy capture ability in terms of the rotational speed of the 

turbine is better. The performance of the system is strongly 

related to the relationship between the fluid-frequency and the 

period of applied excitation and the solidity ratio of the turbine.   

 

4. CONCLUSIONS 

 

In this study, a U-tube sloshing fluid power converting system 

was designed and tested in a structural laboratory with actuator 

excitation system. The testing parameters including the period 

and amplitude of excitation force, and the dimensional related 

parameters of the testing model such as the natural frequency of 

the designed model system, the solidity ratio of the turbine area. 

According to the experimental results, some conclusions are 

drawn as follows. 

1. Under the same testing conditions such as same stroke 

amplitude and excitation period, the model of 0.4 solidity 

ratio of turbine has better performance than the one of 0.3 

solidity ratio for the same design of natural frequency system.      

2. The best performance of the system evaluated from the 

testing results is when the amplitude is level 2, the fluid 

frequency is level 4, excitation period is level 4 and solidity 

ratio is level 3. 

3. Under the same testing conditions, model system of 0.4 

solidity ratio of turbine area has a better performance that may 

be further improved if a more stable rotation for the turbine is 

obtained.  
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Abstract 

 

A compact-sized falling needle rheometer with quick 

operation and automatic flow analysis has been 

developed for viscometry of human blood. The volume 

of a sample of blood only needs to be 4 mL and the 

measuring time is within 3 min. Measured flow 

properties of blood are evaluated as a flow curve 

showing the relationship between the shear stress and 

shear rate. Observed flow curves of the human bloods 

show three typical fluid regions, these are, the 

Non-newtonian fluid region for a low shear rate range, 

the transition region and the Newtonian fluid region for a 

high shear rate range. In normal male blood, the whole 

blood viscosity was 9.43mPa·s in the shear rate of 25 s
-1

, 

5.90mPa·s in the shear rate of 250 s
-1

, and 5.77mPa·s in 

the shear rate of 500 s
-1

(310K). The anticoagulated blood 

viscosity was 8.48mPa·s in the shear rate of 25 s
-1

, 

5.37mPa·s in the shear rate of 250 s
-1

, and 5.21mPa·s in 

the shear rate of 500 s
-1

(310K). These anticoagulated 

blood values were within the range of blood viscosity 

reported by other investigators. These show the shear rate 

dependency. More studies will be necessary to further 

explore these findings. 

 

1 Introduction 

 

The rheological properties of the blood is not only one of 

the important factors in the pathological diagnosis of the 

human body, but also basic data essential for analytical 

study of the change of fluid mechanics of the blood 

arising from the deterioration of the health condition. The 

rheological properties of blood are also important factors 

in pathological nexuses, but basic data of the viscosity of 

anticoagulated blood, especially non anticoagulated 

blood, are still lacking. In this context, the development 

of viscometry with high accuracy and quick operation, as 

well as the establishment of a data evaluation method by 

pathology are largely required. However, currently, there 

is little observed data of blood viscosity from 

measurement immediately after collection of a blood 

sample in comparison with the viscosity data of blood 

added with anticoagulant. [1-4] 

In research so far, it was found that the flow properties of 

human blood are available for preventive medicine for 

blood dyscrasia, clinical medicine, health care, functional 

foods, or the inspection of the effects of medicines. Also, 

it was reported that the viscosity of human blood 

influenced the concentration of fibrinogen in the plasma 

and the hematocrit value, and that the viscosity of human 

blood could offer important information for myocardial 

infarction and cerebral infarction, etc.  However, the 

measurement of the viscosity just after blood collection 

from a body is not so easy, and the accumulation of 

numerical data of the viscosity is not yet sufficient.  

Most of the measurements of blood viscosity were 

carried out using blood added with anticoagulant, and at 

present there is little measurement of blood without 

anticoagulant. Also, it is problematical that many 

different viscometers are applied to these purposes, and a 

standard method has not yet been determined; hence, the 

values differ according to the type of device. 

The difficulties of flow analysis of blood come not only 

from an aggregation-dispersion phenomenon of red 

corpuscle cells, but also its transformation property, 

many interaction forces between corpuscle cells and 

blood plasma. Therefore, the establishment of exact 

viscometry for fresh blood is desired for further 

discussion about the relationship between blood disease 

and its flow properties.  

In this paper, a compact-sized falling needle rheometer 

and a flow analysis method using this new device for 

fresh blood with anticoagulant have been developed, and 

the relationship between the apparent viscosity and 

physical properties of fresh blood has also been 

evaluated.  
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The theory of the presented viscometer is mainly based 

on the Stokes type of equation, and this is a kind of a 

falling body viscometer [5-9]. The viscosity of human 

blood can be measured with a small blood sample of 

about 3.5 cm
3
 (total capacity is 4 cm

3
) and with rapid 

operation within 2 min after taking a blood sample from 

the human body. The total scale of this compact-sized 

falling needle rheometer is downsized to about 1/30 the 

size of the previous apparatus [6]. A circular cylinder 

needle made of polypropylene is applied for the 

experiment, and its outer diameter and total length are 2 

mm and 20 mm, respectively. This needle is also 

minimized at 1/5 that of a previous needle [6]. The 

density of the falling needle is controlled by the mass of 

a sinker enclosed in the needle tube. Flow analysis of the 

sample fluid is carried out using the needle’s terminal 

velocity and the density difference between that of 

human blood and of a falling needle.  

As stated above, the compact-sized falling needle 

rheometer is applied to the viscosity measurement of 

fresh blood before its coagulation. This paper is 

concerned with the development of a new rheometer for 

the measurement of flow properties of human bloods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 Compact-Sized Falling Needle Rheometer with 

Automatic Operation 

 

A schematic photograph of the compact-sized falling 

needle rheometer with automatic operation for 

measurement of blood viscosity is shown in Fig. 1. The 

schematic diagram of falling needle rheometer is 

illustrated in Fig. 2. The experimental apparatus consists 

of vertical double cylindrical vessels (one is a fluid 

vessel and the other is an insulating vessel cover) made 

of acrylic material (Fig. 2). The cap and bottom of the 

inner fluid vessel are made of Teflon. The inner fluid 

vessel for a blood sample is covered with the insulating 

vessel cover. The temperature of the inner fluid vessel is 

controlled at 310.15 K using a constant temperature air 

circulation system. This system is controlled by Peltier 

effect within an accuracy of 0.5 K. This constant 

temperature air is circulated in the space between the 

fluid vessel in the insulating cover. The diameter of the 

inner fluid vessel is 8.0 mm, and the height of the vessel 

is 90 mm. The total volume of the inner fluid vessel is 

about 4cm
3
. A needle collector for the collection of the 

falling needles is connected to the bottom of the inner 

fluid vessel via a needle-fluid separator made of Teflon. 

The needle-fluid separator is a slender cylindrical tube, 

and its diameter is 2.2 mm, which is similar to the needle 

diameter (2 mm) shown in Fig. 2.  

When a sample fluid (human blood) is introduced into 

the fluid vessel, the sample fluid does not leak into the 

space of the needle collector because the pressure in the 

needle collector is controlled at atmospheric pressure. 

After the operation of the first needle dropping 

automatically using needle falling system, the needle 

stopped at the bottom of the fluid vessel shown in Fig. 2 

and is rapidly manually moved into the space in the 

needle collector by the guidance of a small magnet from 

outside the vessel. This movement of the falling needle 

from the bottom of the fluid vessel to the needle collector 

is important and indispensable for rapid measurement of 

fresh blood within 2 min. It was found in the preparatory 

experiment that the leakage of sample fluid into the 

needle collector from the fluid vessel is very little. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2 Schematic diagram of the compact-sized falling needle

rheometer for measurement of human blood viscosity

Fig. 1 Photograph of the compact-sized falling needle rheometer

for measurement of fresh blood viscosity

Fig. 2 Schematic diagram of the compact-sized falling needle

rheometer for measurement of human blood viscosity
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As each of the parts of the experimental apparatus such 

as the fluid vessel, the needle collector, the insulating 

vessel cover and a vessel stand shown in Fig.2 can be 

taken apart easily, the collection of falling needles after 

the experiment can be very rapid and easy. This 

experimental apparatus is considerably compact for 

measurement of the viscosity of human blood compared 

with previous apparatuses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The detail of the falling needle used in this experiment is 

also given in Fig. 2(a) and (b). This falling needle is a 

slender hollow cylindrical tube made of polypropylene. 

The diameter of the needle is 2 mm and its total length is 

20 mm.  The shape of both sides of each needle is 

hemispherical. Eight falling needles with different 

densities shown in Table 1 are used in this experiment. 

The density of each falling needle is controlled by the 

mass of a sinker (iron) enclosed inside the needle tube. 

This sinker is fixed at the bottom of the needle tube so 

that the center of gravity is at a lower position. The 

density is calculated by the volume and mass of each 

needle, and its uncertainty is estimated to be within ± 

0.5x10
-3

g·cm
-3

. Table 1 shows measured needle densities 

used in the experiment, they are determined in 

consideration of average blood density (1.000g·cm
-3

 to 

1.100 g·cm
-3

).  

In order to lead the falling needle to the center of the 

sample fluid, a needle inlet and needle launcher is 

equipped at the top of the fluid vessel. The needle 

launcher is a slender cylindrical tube as shown in Fig. 2. 

A pair of magnetic sensors is also installed at the middle 

part of the fluid vessel as shown in Fig. 2. The distance 

between magnetic sensors is 10 mm vertically. The 

passing time of each falling needle between magnetic 

sensors is automatically measured by a programmable 

controller manufactured by Sumitomo Metal Co., LTD. 

This magnetic sensor unit can be applied not only to clear 

liquids but also to opaque liquids. The programmable 

controller is connected to the personal computer via an 

amplification unit. It is possible to evaluate the falling 

velocity of each needle, and flow analysis such as a flow 

curve, apparent viscosity, and yield stress of the sample 

fluid can be measured automatically.  

 

3 Experimental Method 

 

Just after taking a blood sample from a vein, the blood is 

introduced into the fluid vessel shown in Fig. 2 and the 

top of the fluid vessel is covered with the Teflon cap in 

which the needle launcher is installed. This fluid vessel is 

equipped in the insulating vessel cover with two 

magnetic sensors. The vertical distance between the two 

magnetic sensors is 10 mm, and the fluid vessel is placed 

vertically on the vessel stand using a water level. 

Constant temperature air is circulated through the space 

between the fluid vessel and insulating vessel cover. The 

temperature of the fluid sample is kept at 310.15 K 

within an uncertainty of 0.5 K.  Eight needles with 

different densities as shown in Table 1 are dropped down 

vertically in the sample fluid automatically using 

mechanical operation. The flow analysis is carried out 

using the observed passing time (terminal velocity) of the 

falling needles, needle densities, and blood density. Eight 

falling needles with different densities are used for 

measurement of the viscosity. Densities of blood are 

measured by the portable density/specific gravity meter 

(Kyoto Electronic Manufacturing Co., Ltd.) within an 

uncertainty of 10
-4

g·cm
-3

. The calibration of the 

presented falling needle viscometer is carried out using a 

standard liquid for calibrating viscometers. EDTA-2Na 

manufactured by Wako Pure Chemicals Co. Ltd., is used 

as anticoagulant material for blood. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) Flow model and  (b) velocity distributions of the 

sample fluid in the fluid vessel of falling needle rheometer

Table 1   Densities of falling needles used for 

viscometry of human blood

1

2

3

4

5

6

7

8

Needle No.               Density (103 kg·m-3)
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4 Fluid Analysis using Compact-Sized Falling Needle 

Rheometer 

 

Figure 3a and 3b show the model for flow analysis and 

velocity distribution in the compact-sized falling needle 

rheometer. This model is based on the flow analysis 

around the falling circular cylinder (falling needle) in the 

static fluid introduced into the cylindrical vessel. In order 

to apply this model to the motion of a falling needle and 

the mass transfer, the following four conditions are 

assumed.  

 

(1)  Fluid is an incompressible liquid. 

(2)  Slipping between the falling needle surface  

and container wall is negligible. 

(3)  Flow in the cylindrical vessel is laminar flow. 

(4) The falling needle free-falls in the center of the 

vessel with a terminal velocity. 

 

These assumptions and the constitution equation of fluid 

are used for flow analysis. This flow model can be 

applied for many types of constitution equations shown 

in Fig. 4. In this work, the constitution equations of 

Newtonian and non-Newtonian fluids are applied for 

blood analysis. The flow model of a falling needle in a 

static fluid according to the above assumptions is given 

in Fig. 3a. This model shows that the falling needle falls 

at a terminal velocity (Ut) in the static fluid introduced 

into the cylindrical fluid vessel.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fluid vessel diameter is R, and k is the ratio of the 

needle diameter to fluid vessel diameter.  

The minute circular cylinder core shown in Fig. 3a is 

assumed as the fluid model for theoretical analysis. The 

inner diameter and outer diameter of this core are r and 

r+dr, and the total length is L. The shear stresses on the 

inside and outside surfaces of the minute circular 

cylinder core are  and  +d, respectively. The pressures 

at the top and bottom of the minute circular cylinder core 

are P1 and P2. When the falling needle falls at a terminal 

velocity in the static sample fluid, the momentums 

affected on four surfaces of the minute circular cylinder 

core shown in Fig. 3a are balanced with each other, and 

they are balanced while the needle is falling at the 

terminal velocity. Therefore, this force balance can be 

described by the following equation: 

 

 

 

 

When ΔP=P1－P2 is less than 0, Eq.1 is arranged as 

follows: 

 

 

 

Furthermore, while the needle falls at the terminal 

velocity in the sample fluid, the force balance of gravity, 

buoyancy, pressure and shear stress affected on the 

needle surfaces are given as 

 

 

 

In this equation, ρf and ρs are the fluid and needle density, 

respectively. The left-hand side first term of Eq.3 is the 

force of gravity and buoyancy, and the second term is the 

force of the pressure difference.  The right-hand side 

term is the shear stress. This balance can be simply 

described by  

 

 

 

Figure 3b illustrates the velocity distribution of the 

sample fluid due to falling of the needle. The amount of 

fluid (Q) to transfer between the falling needle surface 

and the container wall due to falling of the needle can be 

calculated by  

 

 

 

Figure 3b shows that the sample fluid around the falling 

needle is pulled downward with falling of the needle in 

the static sample fluid.  On the other hand, the fluid near 

the container wall rises with the falling needle.  The 

maximum velocity in the sample fluid is that on the 

needle surface.  The maximum velocity is equal to that 

of the falling needle velocity. On the other hand, the 

velocity on the container wall becomes zero according to 

the above assumptions. Therefore, the boundary 

conditions of the velocity distribution can be described 

by  

 

 

 

In order to obtain the relationship between the shear rate 

and shear stress for the sample fluid, the Eqs. 2, 4, 5, 6a, 

and 6b and a constitution equation of the sample fluid are 

used simultaneously for flow analysis [6].   
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The constitution equation for a Newtonian fluid based on 

the law of viscosity is given by 

 

 

 

where μ is the viscosity,  is the shear stress, and γ is the 

shear state. The viscosity of the fluid sample can be 

calculated by the following equation from combining Eqs. 
2, 4, 5, 6a, 6b, and 7. 

 

 

 

As R and k in Eq. 8 are fixed values according to the size 

of the fluid vessel and falling needle, they are arranged 

by the following equation using the geometric constant 

G: 

 

 

 

Therefore, the viscosity of a fluid can be simply 

described by 

 

 

 

The shear rate of the sample fluid on the falling needle 

surface can be obtained from Eqs. 7 and 9 as 

 

 

 

The shear rate distribution for the radius direction can 

also be calculated by this equation.The shear stress of the 

sample fluid on the falling needle surface can also be 

described by the following equation by substituting Eqs. 

8 and 11 for Eq. 7: 

 

 

 

Equations 11 and 12 become fundamental data for flow 

analysis of the sample fluid.  In this experiment, eight 

needles with different densities are used for the flow 

analysis. A flow curve of the sample fluid is obtained 

from the relationship the between shear stress and shear 

rate for eight needles [6]. 

 

5 Results and Discussion 

 

5.1 Accuracy of the Falling Needle Rheometer 

 

The accuracy and the reproducibility of the presented 

rheometer are ascertained by viscosity measurements of 

the standard liquid for calibration of viscometers 

manufactured by Nippon Grease Co., Ltd.(JS10 and 

JS20) and by Brookfield Co., Ltd.(NIST5 and NIST10). 

The standard liquids of JS10, JS20, NIST5 and NIST10 

were chosen after careful consideration of the blood 

viscosity range (3.0 mPa·s to 7.0 mPa·s, 20s
-1

<γ). Flow 

curves of standard liquid show in Fig. 5 and comparison 

of measured values with standard value are given in 

Table 2. Good uncertainty within 1.0 % and 

reproducibility within ±1.0 % are confirmed by 

comparison with reference data (Standard liquids ; JS10, 

JS20, NIST5, NIST10 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2 Flow Analysis of Human Blood 

 

Flow analysis of fresh human blood was carried out 

using a compact-sized falling needle rheometer. Each 

result was evaluated as a flow curve, an apparent 

viscosity and hematocrit values. These rheological 

properties were compared between different blood 

samples. 

In the experiment, fresh human brood of 20 cm
3
 was 

taken from human veins, about 4cm
3
 of whole blood was 

rapidly introduced into the fluid vessel without 

anticoagulant. The temperature of the fresh human blood 

was kept at 310.15 K using a constant temperature unit. 

The anticoagulant (EDTA-2Na) was added to the other 

blood (16 cm
3
) for the purpose of comparison experiment 

and examination of blood component. Blood with 

anticoagulant was kept at 278.15 K and sent to a medical 

center for the measurement of the hematocrit value.  

At first, the first needle was introduced into the needle 

launcher shown in Fig. 2, and the passing time of the 

needle between two magnetic sensors was measured by a 

programmable controller. After this operation, the falling 

needle stopped at the bottom of the fluid vessel and was 

rapidly moved into the space in the needle collector by 

the guidance of a small magnet from outside the vessel 

through manual operation. Next, the second needle was 
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Table 2 Comparison of measured viscosity of standard liquids for 

calibration of vicometers with standard values at 310.15K

Fig. 5   Flow curve of Standard liquids at 310.15K

JS10, JS20: Standard liquid for calibration of viscometers

NIST5,NIST10: Brookfield Viscosity Standards are certified

by methods traceable to the NIST

JS 10

JS 20

This work

Viscosity[mPa・s]

Standard values
Deviation[%]

4.987

9.006

4.982

8.963

0.11

0.48

Standard liquid

NIST 5

NIST 10

4.705

9.211

4.70

9.30

0.12

0.95
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also introduced into the needle launcher as soon as 

possible. When the final needle (eighth needles) was 

introduced into the needle launcher and the passing time 

was measured, the rheometric operation was finished. 

Densities of fresh human blood were measured by a 

portable density/gravity meter manufactured by Anton 

Paar., Ltd., within an uncertainty of 10
-4 

g·m
-3

 as soon as 

possible. Blood densities for males and females are listed 

in Table 3.  

The experimental treatment of the fresh human blood 

without anticoagulant was carried out within 120 s except 

for the time needed for taking the blood (about 60 s), that 

is, the total time needed for this operation for each person 

was finished within 3 min.  

The observed flow curve for male blood without 

anticoagulant was shown in Fig. 6-(a). This flow curve 

showed a linear relationship between the shear stress and 

shear rate in a high shear rate range (over 150 s
-1

). 

However, non-Newtonian behavior (just like as Casson 

behavior) was confirmed in a low shear rate range (0 to 

150 s
-1

).  

The observed flow curve of fresh blood showed the three 

typical fluid regions, that is, the non-Newtonian fluid 

region for the low shear rate range, and the transition 

region and Newtonian fluid region for the high shear rate 

range. Figure 6-(b) shows the flow curve of same 

person’s blood with anticoagulant and a similar tendency 

with Fig. 6-(a) as non-Newtonian fluid was obtained. 

Casson behavior in the low shear rate range tends to 

differ with and without anticoagulant.  

The observed flow curve for female blood with and 

without anticoagulant was shown in Fig.6-(c) and 

Fig.6-(d) under the same conditions. These flow curves 

also show a similar tendency with Fig.6-(a) and 

Fig.6-(b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 shows the relationship between the apparent 

viscosity and shear rate for human blood at 310.15 K, 

and the rheological parameters that were obtained are 

listed in Table 3. Figure 7 and Table 3 show a 

comparison between the flow properties of human blood 

with and without anticoagulant. Apparent human blood 

viscosity at low shear rate range shows higher value than 

that of high shear rate range. 
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Fig.6-a Flow curve of fresh human blood for male without anticoagulant at 310.15 K

Fig. 6-b Flow curve of fresh human blood for male with anticoagulant at 310.15 K

Fig. 6-c Flow curve of fresh human blood for female without anticoagulant at 310.15 K

Fig.6-d  Flow curve of fresh human blood for female with anticoagulant at 310.15 K

Table 3  Comparison of  apparent viscosity, hematocrit value and density of  

blood under the fixed shear rate ranges(<500s-1) at 310.15 K

Male blood IIMale blood  I      

Fresh blood

(mPa·s) (mPa·s)

Fresh blood

anticoagulant
+ Fresh blood

(mPa·s) (mPa·s)

Fresh blood

anticoagulant
+Shear rate*

(s-1)

47.8 46.7

1052.8 1052.01053.3 1053.4

Ht**

Density 
(103 kg·m-3)

25

50

100

150

250

500

9.43

7.93

6.78

6.20

5.90

5.77

8.48

7.29

6.38

5.77

5.37

5.21

9.61

7.97

6.98

6.51

5.92

5.60

9.28

7.65

6.67

6.06

5.80

5.22

*   Fixed shear rate ranges for all human blood measured in this work

**Hematocrit value: the volume percentage of red cells included in whole blood

Female blood ⅡFemale blood  Ⅰ

Fresh blood

(mPa·s) (mPa·s)

Fresh blood

anticoagulant
+ Fresh blood

(mPa·s) (mPa·s)

Fresh blood

anticoagulant
+Shear rate*

(s-1)

35.6 42.4

1042 1047.61043.2 1048.7

Ht**

Density 
(103 kg·m-3)

25

50

100

150

250

500

5.95

5.47

4.82

4.68

4.61

4.53

5.52

5.33

4.79

4.50

4.39

4.27

7.69

6.78

6.25

5.96

5.52

5.02

7.38

6.53

5.78

5.10

4.83

4.42
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In the case of the apparent viscosity with anticoagulant, 

the blood viscosity of human blood without anticoagulant 

was higher than that with anticoagulant. It is also found 

that blood viscosity and hematocrit value for male show 

a higher than those for female. Therefore fluid property 

of human blood was considered to be influenced by 

anticoagulant and blood component. 

Table 4 shows the anticoagulated blood viscosity in 

normal subject was measured using Wells-Brookfield 

cone-plate viscometer (Model LVT-C/P) by other 

investigators [10-12]. Figure 8 shows the relationship 

between the apparent viscosity and shear rate for human 

blood with anticoagulant observed by FNR and 

literatures showing Table 3 and 4. Human blood with 

anticoagulant measured by FNR was similar range with 

previous works in literatures and these values show little 

higher value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 shows the relationship between the apparent 

viscosity for human blood for 20 person and hematocrit 

values that are the percentage of red cells included in 

whole blood. A linear relationship with the hematocrit 

values was obtained. However, this linearity of apparent 

viscosity shows down with increasing of hematocrit 

value. It was found that the viscosity for blood was 

closely connected with the hematocrit values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 Conclusion 

 

A compact-sized falling needle rheometer with quick 

operation and automatic flow analysis has been 

developed for the viscometry of human blood with 

anticoagulant. The volume of a fresh blood sample only 

needs to be 4 cm
3
 and the measuring time is within 3 min 

after taking a blood sample from the vein. The measured 

flow properties of these bloods are evaluated as a flow 

curve, that is, the relationship between the shear stress (τ) 

and shear rate (γ). Observed flow curves of fresh human 

blood show the three typical fluid regions, that is, the 

non-Newtonian fluid region for the low shear rate range, 

and the transition region and Newtonian fluid region for 

the high shear rate range. Flow properties of blood such 

as the apparent viscosity (μ) are measured, and they are 

compared between blood with and without anticoagulant. 

It is found that the fresh human blood viscosity without 

anticoagulant shows a higher value than that without 

anticoagulant.  

Fig.8  Relationship between apparent viscosity and shear

rate for anticoagulated human bloods at 310 .15K
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hematocrit values of fresh human blood  at 310.15 K
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Table 4 Viscosity of normal human blood in various investigators

Hikoichi Fujinaga

(1984)

11.5

23

46

115

230

(Ht)

8.74±0.31

7.84±0.25

6.68±0.14

5.08±0.07

4.33±0.04

43.36±0.35%

7.34±0.27

6.55±0.18

5.64±0.12

4.32±0.05

3.72±0.04

37.64±0.37%

Males Females

(mPa·s)

Blood viscosityShear rate

(s-1)
Investigator

Ditzel, J.

(1968)

5.75

11.5

23

46

115

230

(Ht)

12.87±2.96

9.65±1.91

7.74±1.26

6.24±0.87

5.09±0.65

4.58±0.56

45.5±2.9%

10.96±1.91

8.78±1.22

7.13±0.87

5.87±0.59

4.81±0.43

4.36±0.36

42.3±2.2%

Males Females

Litwin, M.S.

(1970)

5.8

11.5

23

46

115

230

(Ht)

12.3±2.1

9.1±1.5

7.0±0.9

5.9±0.7

4.8±0.6

4.3±0.5

46.4%

Males Females

8.9±1.4

6.7±1.4

5.5±0.6

4.8±0.6

4.0±0.4

3.6±0.6

41.9%
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It is also found that blood viscosity and hematocrit value 

for male show a higher than those for female. The whole 

blood viscosity range measured by FNR were 5.95 mPa·s 

to 9.61 mPa·s in the shear rate of 25 s
-1

, 4.61 mPa·s to 

5.92 mPa·s in the shear rate of 250 s
-1

, and 4.53mPa·s to 

5.60 mPa·s in the shear rate of 500s
-1

(310K). The 

anticoagulated blood viscosity range measured by FNR 

were 5.52 mPa·s to 9.28 mPa·s in the shear rate of 25 s
-1

, 

4.39 mPa·s to 5.80 mPa·s in the shear rate of 250 s
-1

, and 

4.27 mPa·s to 5.22 mPa·s in the shear rate of 

500s
-1

(310K). Human blood viscosity measured by FNR 

was within the range of human blood viscosity measured 

by rotary viscometer. A linear relationship between the 

hematocrit value, which is the volume percentage of red 

corpuscles in the human blood, and the apparent 

viscosity is observed for male and female blood. It is 

found that the compact-sized falling needle rheometer 

presented in this work is very useful for rheometry 

studies of fresh human blood with and without 

anticoagulant. 

 

 

 

 

 

 

 

Nomenclature 

 

d needle diameter, m 

fe yield stress of a Casson fluid, Pa 

g gravitational acceleration, m·s
-2

 

G geometric needle constant, 1･m
-2

 

K fluid consistency, Pa·s
-n

 

k ratio of container to needle diameter  

kR needle radius, m 

L total needle length, m 

n fluid index  

P1,P2 pressure of the upper and lower end of aminute 

circular cylinder, Pa  

ΔP pressure difference (ΔP=P1－P2), Pa 

Q net flow rate of fluid pushed aside by the 

needle, m
3
·s

-1
 

r radius coordinate, m 

R container radius, m 

u velocity in the system length direction, m·s
-1

 

Ut terminal velocity of a falling needle, m·s
-1

 

γ shear rate, s
-1

 

μ Newton viscosity, Pa·s 

π circular constant  

ρf fluid density, kg·m
-3

 

ρs needle density, kg·m
-3

 

 shear stress, Pa 

y yield stress, Pa 
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ABSTRACT 

Decision making based upon the recommendations of 

multiple intelligent agents has become common in 

various applications. However, difficulty arises when the 

agents have quite different recommendations. Many 

methods have been proposed that attempt to resolve 

conflicting opinions multiple, heterogeneous agents in 

decision making.  However, all of these methods require 

that the agents negotiate until they arrive at a consensus 

opinion.  These do not provide for the cases in which the 

agents have contradictory opinions that cannot be 

compromised.  In certain cases, agent opinions will 

conflict due to the nature of the agents’ viewpoints.  By 

forcing compromise or neglecting selected conflicting 

opinions, valuable information may be lost that adversely 

affect the decision.  This paper proposes a method by 

which a consensus decision can be developed while not 

requiring that the individual agents abandon their 

opinions. 

Keywords: Multi-Agent Systems, Consensus 

Development, Fuzzy Linguistic Variables, Fuzzy 

Aggregation, Fuzzy Ranking 

1.   INTRODUCTION 

The use of multiple agents systems has become 

widespread for a variety of applications, including 

electronic business, communications, robot navigation, 

factory control, scheduling, human-computer interaction, 

and active networks providing customized packet 

processing.  However, a problem arises when 

autonomous heterogeneous agents provide contradictory 

opinions.  To address this, researchers have developed a 

number of methods for conflict resolution among agents 

[1-5].  The primary approach to conflict resolution is 

negotiation.  These negotiation methods assume that the 

agents have some common ground on which to adjust 

their opinions to produce a compromise.  This becomes 

problematic when the agents inherently have conflicting 

opinions due to their very nature.  As an example, 

consider agents used to route packets in a wide area 

network.  One agent may be concerned with producing 

the fastest transmission, while another agent has the goal 

of minimizing the cost of transmission.  Inherently, these 

agents will likely produce contradictory 

recommendations due the difference in their goals.  The 

opinions provided by both agents are valuable and must 

be considered in decision making regarding routing.  

Contradictory opinions cannot be discarded or 

compromised without losing essential information in the 

decision making process.  However, negotiation methods 

would compromise the opinions of both conflicting 

agents.  Therefore, alternative methods must be 

investigated to resolve conflicts without the loss of 

information. 

The conflict resolution approach presented in this 

research involves the use of fuzzy sets to represent agent 

opinions.  The fuzzy set representation allows the 

combination of disparate opinions without the loss of 

information.  It also accounts for imprecision of data and 

incomplete data used by the each of the agents in forming 

an opinion.  The conflict resolution and decision making 

approach assumes that agents with varying viewpoints 

will analyze the available data and provide a 

recommendation for each alternative.  Decision making is 

a two-step process in which the opinions of all agents on 

a particular alternative are aggregated, or combined, and 

the resulting recommendations for each alternative are 

ranked for use in decision making. 

Section II presents an overview of fuzzy set theory for 

those unfamiliar with it.  In Section III, a method of 

developing a consensus among agents with disparate 

views is presented.  Section IV provides a discussion of 

the effectiveness of the proposed approach and examples 

of successful implementations of the method presented 

here. 

2.   FUZZY INTELLIGENT AGENTS 

Fuzzy Set Theory 

In many real world situations, concepts cannot be clearly 

classified into one class, at the total exclusion of all 
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others.   For example, the concept of “hot” cannot be 

defined using mathematical terms due to its varying 

interpretations by different people.  Traditionally, 

membership of object x in a class, A, is expressed as a 

binary value using the membership function in Eq. (1). 

 





Ax

Ax
xA

set  ofelement  annot  is  if0

set  ofelement  an is  if1
)(  (1) 

The membership function can also be expressed as a 

functional mapping which maps a set A to 0 or 1 as 

shown in Eq. (2). 

 
}1,0{:)( AxA  (2) 

For example, if x is a temperature, then the membership 

function maps it to be either a member or not a member 

of the hot class.  A problem arises in defining the 

membership function because people have differing 

opinions as to what temperature is hot.  A person from 

the arctic may consider 30ºC to be a hot day, while 

someone from an equatorial region may not consider a 

day to be hot until it reaches 35ºC or higher.  Fuzzy logic 

was introduced by Lotfi Zadeh [6, 7] to address such 

disparate opinions.  A fuzzy set, or fuzzy class, is 

described by a membership function that defines a degree 

of membership of an object, x, in a set, A.  The 

membership function provides a mapping to any real 

number in the range 0 to 1, inclusive, as shown in Eq. (3). 

 
]1,0[:)( AxA  (3) 

The membership function may be shaped as a ramp, 

Gaussian, sigmoidal, or any other continuous function or 

the interval [0, 1].  The membership function for hot is 

shown in Figure 1.  This would be defined as in Eq. (4). 
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Figure 1.   Fuzzy membership function for hot 

 

For this membership function, a temperature of 25 has no 

membership (x value of 0.0) in hot, while 30 has a 0.5 

degree of membership, and 35 has full membership (x 

value of 1.0).  In a similar manner, linguistic variables 

such as hot, far, near, fast, and costly can also be 

expressed as fuzzy sets.  This allows the expression of 

membership to employ linguistic variable that are much 

more understandable to humans who are developing and 

evaluating the applications. 

Special Case Fuzzy Sets 

Researchers have found it convenient to limit 

membership functions to a specific shape to simplify their 

use in a particular application.  The most common 

membership functions are triangular and trapezoidal 

fuzzy sets. 

A triangular fuzzy set has a triangular-shape convex 

membership function and is denoted by (a, , ) and 

defined as where a is the center of the triangle and  and 

 define the left and right vertices, respectively, or the 

left and right spreads as shown in Figure 2.  A triangular 

fuzzy number membership function is defined as 
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

otherwise0

 if/||1

 if/||1

)( 



 axaxa

axaxa
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  (5) 

 

x


A
(x)

1

0
0

aa- a+  

Figure 2.   Triangular fuzzy number denoted by the tuple 

(a, , ) 

 

A trapezoidal fuzzy number (TFN) is a convex trapezoid 

denoted by the 4-tuple (a, b, c, d) where a, b, c, and d 

denote the critical points of the trapezoid as shown in 

Figure 3.  The membership function of a trapezoidal 

fuzzy number is defined in Eq. (6). 
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Figure 3.   Trapezoidal fuzzy number (TFN) denoted by 

the 4-tuple (a, b, c, d) 

 

Representing Fuzzy Opinions in Intelligent Agents 

It has become common to represent agent opions in a 

multi-criteria decision making system using fuzzy sets [8-

10]. For this research, agent opinions are assumed to be 

represented by trapezoidal fuzzy numbers (TFNs).  TFNs 

were chosen because they reduce the computational 

complexity of numerical calculations required for 

aggregation and ranking of agent opinions.  In addition, 

they provide membership functions that can express full 

membership (A (x) = 1) for all or any portion of the 

universe of discourse, A, as desired.  An agent’s 

recommendation for a particular alternative can be 

expressed using the linguistic variables: very unlikely, 

unlikely, possible, likely, and very likely.  These linguistic 

variable can be represented as TFNs as shown in Figure 

4.  Other sets of linguistic variables may also be used.  

For example, in a test case using multiple fuzzy agents 

for robot navigation (see Section IV), linguistic variables 

describing the direction of movement were used: left, left-

center, straight, right-center, right, back, etc. 

x


A
(x)

1

0
0

1.0

very

unlikely
unlikely possible very likelylikely

 

Figure 4.   Representing agent opinions as linguistic 

variables using TFNs 

3.   CONFLICT RESOLUTION 

In developing a consensus among intelligent agents, it is 

assumed in this research that a real time response is 

required.  In many multiple agent applications, it is 

infeasible to wait long periods of time for decisions to be 

made.  For example, the routing of data packets or access 

to critical information cannot wait for extensive 

computation.  Therefore, a restriction is placed on the 

decision making process that it provide a real time 

response and, as a result, have limited computational 

complexity. 

The conflict resolution and decision making approach 

presented in this paper assumes that agents with varying 

viewpoints will analyze the available data and provide a 

recommendation for each alternative.  Decision making is 

a two-step process: (1) agent opinions are aggregated for 

a particular alternative are aggregated, or combined, and 

(2) the resulting recommendations for each alternative are 

ranked for use in decision making. 

First, the recommendations of each agent for a particular 

alternative must then be combined into a single opinion 

on that alternative.  Using the fuzzy recommendations, 

the aggregate opinion will be expressed in terms of a 

fuzzy number.  Second, the aggregated recommendations 

for each alternative must be ordered so that the best one 

is selected based on the agent opinions.  The best 

alternative is the consensus of the agents.  The ordering 

of fuzzy numbers is not straight forward as with crisp 

numbers, such as 2, 5, and 8, due to the varying degrees 

of membership.  Aggregation and ranking approaches are 

presented below for determining the best alternative 

based on the consensus of agent opinions. 

Aggregation of Fuzzy Opinions 

A number of aggregation approaches have been proposed 

[8-13].  Some aggregation methods require that the fuzzy 

opinions have some intersection so that they are not 

totally out of agreement.  If the opinions do not have 

some agreement, the agents negotiate until they can 

arrive at a consensus.  However, the agents assumed in 

this research may purposely have disparate 

recommendations due their divergent viewpoints.  Other 

methods that have been proposed are computationally 

complex which violates the real-time response 

requirement.  Therefore, none of these methods are 

appropriate. 

Hsu and Chen [14] present an aggregation method using 

a similarity matrix that exhibits the similarities between 

the opinions of experts.  The matrix operations are 

significantly faster than other approaches that rely on 

complex equations.  However, Hsu and Chen require that 

all opinions for a particular option have a common 

intersection at some -level cut.  This research modifies 
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Hsu and Chen’s aggregation method to allow opinions 

that do not intersect. 

When at agent opinions for an alternative intersect at 

some -level cut, the similarity matrix approach is used 

to aggregate the intersecting opinions.  When there is no 

common intersection among agent opinions, weighted 

linear interpolation is used to aggregate the opinions for 

each alternative.  Each agent, i, is assigned a rating, ri.  

The most important agent is given a rating of 1 and the 

others are given ratings less than one in relation to their 

importance. 

The degree of importance normalizes the ratings and is 

defined in Eq. (7). 
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The aggregated fuzzy opinion for alternative k is formed 

as a TFN tuple (a*, b*, c*, d*) using the formulas in Eq. 

(8). 
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where 

n is the number of agents with opinions 
on alternative k 

wi  if the degree of importance of agent i 

(ai, bi, ci, di) is the TFN opinion of agent i for 
alternative k 

The resulting aggregated opinion, (a*, b*, c*, d*), can be 

defined as in Eq. (9). 
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where )(  is the fuzzy multiplication operator and 
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Ranking of Fuzzy Opinions for Decision Making 

Once the opinions of the agents have been aggregated to 

produce a consensus opinion for each alternative, the best 

alternative must be selected.  However, the opinions are 

expressed as fuzzy numbers and cannot be immediately 

compared.  Researchers have proposed a number of 

methods for ranking fuzzy numbers [15-19].  Many fail to 

distinguish between fuzzy numbers with identical modes 

and symmetric spreads.  While others cannot distinguish 

between fuzzy numbers with identical modes and 

symmetric spreads, thus, they favor numbers with larger 

spreads over smaller spreads.  This is counterintuitive, 

since larger spreads indicate more uncertainty in the 

opinion.  All but Nakamura’s [19] method lack a 

mechanism to adjust favoritism toward larger or smaller 

spreads. 

This research modifies Nakamura’s [19] fuzzy preference 

function so that it can differentiate between fuzzy 

numbers with identical modes and symmetric spreads, 

and uses it to rank fuzzy opinions.  Nakamura’s approach 

compares each pair of fuzzy opinions using a fuzzy 

preference function which accounts for the Hamming 

distance of each fuzzy number and the to the fuzzy 

minimum and the fuzzified best and worst states.  The 

pairwise comparisons are then used to rank the fuzzy 

opinions.  The new fuzzy preference function compares 

each fuzzy opinion to an “ideal” fuzzy number which 

represents the case where the opinion is “very likely.”  

This eliminates the problem Nakamura’s method suffers 

when comparing fuzzy numbers with identical modes and 

symmetric spreads.  Elimination of the pairwise 

comparisons significantly reduces the number of 

calculations required for Nakamura’s method to n 

calculations for n nodes using the new method presented 

in this research.  This research has shown that the order is 

reduced from O(n
2
) for Nakamura’s method to O(n) using 

the new method.  The new method also simplifies the 

ranking of the opinions.  Nakamura’s method only 

provides preferences for pairs of fuzzy numbers, 

therefore, the preference function for each pair of fuzzy 

numbers must be evaluated.  It is then necessary to 

evaluate all of the pairwise comparisons to provide a 

ranking.  Since, in the new method, the fuzzy opinions 

are compared with a “very likely” fuzzy number, they all 

already ranked in comparison to this value and the 

process of determining the ranking based on pairwise 

comparisons is eliminated.  The result of each fuzzy 

preference calculation for each node provides its ranking. 

The new fuzzy preference function comparing opinion Ai 

and the very likely mode, V, replaces the second fuzzy 

opinion with V and is defined in Eq. (10). 
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The notation  ̅ is the greatest upper set of A defined in Eq. 
(11). 
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A is the greatest lower set of A defined in Eq. (12). 
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Ai  V  is the extended minimum defined in Eq. (13). 
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and         is the Hamming distance between Ai and V, 
defined by Eq. (14). 
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The new fuzzy preference function can be simplified by 

showing that         when V is a TFN defined as (a, b, 

1, 1).  Therefore, if V is represented by (a, b, 1, 1), the 

revised new fuzzy preference function used to compare 

opinion Ai  with the very likely mode, V, is defined as 
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4.   CASE STUDIES 

An agent-based diagnostic system utilizing fuzzy 

linguistic variables and the conflict resolution method 

described in the previous section has been implemented 

and tested.  The diagnostic system was implemented for a 

manufacturing testbed consisting of two conveyors on 

which pallets are transported.  The workcell had two 

robots that interact with the system and seven stations to 

simulate manufacturing processes including assembly, 

material handling, and inspection.  The agents used in 

this diagnostic system were employed with expertise that 

considers recency of faults, frequently occurring faults, 

minimization of the resource cost to examine possible 

fault sources, mean-time-to-failure of components, and 

cyclic failures.  The agent-based diagnostic system 

increased diagnostic accuracy, while reducing by an 

average of 91% the time to make a successful diagnostic 

determination [20]. 

A navigation system for a Pioneer 2-DX mobile robot has 

been implemented using the conflict resolution method 

presented in this paper.  It uses autonomous agents that 

express their opinions using linguistic fuzzy numbers.  

This system reduced the total distance traveled by 18% 

over a similar system not using the conflict resolution 

method [21]. 

5.   CONCLUSIONS 

The conflict resolution method for multiple agent systems 

presented in this paper has been shown to perform well in 

several test applications.  The approach allows the 

inclusion of disparate agent opinions in the consensus.  

Additional work is in progress on developing a method 

that allows implementation of various negotiation 

approaches without sacrificing the ability to retain and 

utilize disparate information. 
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ABSTRACT 

GIS-based case studies together with the software system were 
developed for the integrated risk analysis for dangerous 
chemical installations. A software system was developed with 
case-base, data-mining methods such as analytical hierarchy 
process (AHP), grey correlation analysis, fuzzy logic, neural 
network etc., and geographical information system (GIS) 
platform. The strong capabilities of spatial data manipulation 
provided by GIS facilitate the construction of case base. The 
design and implementation of the system are presented. Risk 
analysis was performed based on the developed system. With 
index-based method and case-data analyzing, risk analysis study 
was focused more on the factors of emergency response. 
Research results shows that the effect of emergency response 
should not be ignored in risk analysis study.  

Keywords: Risk Analysis, Case Study, GIS platform, 
Emergency Response. 

 

 

1. INTRODUCTION 

Hazardous chemicals are referred to those chemical substances 
that are flammable, explosive, toxic, harmful, or corrosive. 
Hazardous chemical incidents may occur in the process of 
production, storage, transportation and use of hazardous 
chemicals, and may cause human casualty, financial loss, or 
environmental contamination. Risk analysis study has been 
given high attention for management of hazardous chemicals, 
preventing accidents, and reducing losses [1]. An integrated risk 
analysis should consider the inherent physical and chemical 
characteristics, the harm to health and environment, and the 
management and control status of those hazardous chemicals [2]. 

Cases are very useful data in risk analysis of hazardous 
chemicals. The main applications of cases include: estimating 
frequency of likely incidents, analyzing hazards of installations, 
providing support for case-based reasoning (CBR), and 

extracting indicator system. Case base creation and management 
in case-based systems have been recognized as the bottleneck 
that can determine whether a system will be successful or not [3]. 
In addition to providing support for CBR, cases themselves are 
also some typical samples and can be used in statistical analysis. 
With structured case data, an indicator system can be extracted 
from them by some data-mining methods such as analytical 
hierarchy process (AHP), grey correlation analysis, fuzzy logic, 
neural network etc. the indicator system are necessary basis in 
some indicator-oriented analysis methods of integrated risk 
analysis studies. 

To execute integrated risk assessment based on cases, the first 
step is to create and maintain case base of chemical incidents. 
Some case information is available from books, Internet, 
electronic document etc. These multi-source data have various 
formats, media and are mostly textual. In these data, some 
general attributes of cases are recorded but they have informal, 
inconsistent forms. On the other hand, the geographical 
properties that are very important for their applicability in risk 
assessment are hardly recorded in these data. Furthermore, in an 
integrated risk assessment for hazardous chemical installations, 
the vulnerability analysis is a necessary component. It runs 
spatiotemporal process simulation of chemical incidents. 
Coupling the simulation results (spatial dispersion of hazardous 
chemical substances along with time) with the spatial 
distribution of population, environment and considering the 
chemical toxicity, health and environment vulnerability can be 
evaluated. Thus, a system that can help collect and manage cases 
of historical chemical incidents, chemical substances, population 
and environment distribution is required. 
In this paper, a software system was developed with case-base, 
data-mining methods such as analytical hierarchy process (AHP), 
grey correlation analysis, fuzzy logic, neural network etc., and 
geographical information system (GIS) platform. Case studies 
are carried with the developed system and integrated risk 
analysis studies are performed. 
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2. GIS-BASED CASE-BASE SYSTEM 

2.1   System Analysis 

The system developed in this study include but not limited to the 
following functions. 

(1) Case creation and maintenance for case-base 

• Considering geographical properties 
Based with Geographical Information Systems (GIS), 

basic spatiotemporal information is included in this system, such 
as river, road, resident, etc., and is capable for capturing, editing, 
storing, integrating, managing, analyzing, sharing, and 
displaying geographically referenced information[4]. Thus, each 
chemical incident case has spatial position related information 
that often has high impact on risk analysis.  

• Case statistics, query, and collection 
Case statistics, query are basic functions of case base. 

When a case base is built up, it may provide basic analysis 
functions, such as counting cases by type, querying cases by 
input conditions, or exporting the query results for further 
analysis. Case collection is a flexible function for users, which is 
to some extent similar to Wikipedia. One may input any kinds of 
case information with using this system and the system will 
collect the information as materials for creating new cases or 
modifying existing ones.  

• Case presentation 
For analysis and data mining, case is organized and saved 

in structured or semi-structured form. In this case, the cases can 
be expressed with varying forms in addition to textual format. 
Especially, with the help of computer graphics, multimedia 
techniques and GIS, a case can be presented through graphical 
or animated approaches that will be largely helpful for data 
mining and knowledge discovery. 

(2) Chemical substances related data creation and maintenance 

Not only the case base construction needs chemical 
substances related data, but also the vulnerability analysis 
requires physical, chemical or environmental parameters of 
chemical substances. The inherent characteristics of chemical 
substances are very important data for risk analysis as well as 
the application of this system. 

(3) Model management 

Simulation and calculation models for major dangerous 
chemical accidents such as leakage, explosion, and fire, etc. are 
developed in this system. The model results provide prediction 
of the accidents evolution and the spatial-temporal distribution 
of possible damage effect, which provides strong support for 
risk analysis. More over, through model analysis, incident 
scenarios can be reconstructed and extra data for cases obtained. 
These model data help for case modification. 

4) Implementation of indicator-based risk analysis model 

Many different methods have been developed to assess the risk 
for hazard materials such as Analytic Hierarchy Process [5], 
Fuzzy Synthetic Evaluation[6], Mont Carlo Method[7], Grey 
System Theory[8], Artificial Neural Network[9], Fault Tree 
Analysis[10], Beyesian Theory[11], Markov Model[12], etc.. The 
system developed in this study also provides factor analysis 
tools for developing risk analysis models. With cases and data 
established in the system, together with the data-mining models, 
one can easily set up an indexes system and verify its 

effectiveness and application. Furthermore, with some statistical 
methods, the weight for indicators can be determined with case 
data, which behaviors more objective instead of subjective. 

2.2   System Design 

The system includes three layers, presentation layer, business 
layer and data access layer, as shown in Fig. 1. Presentation 
layer stands for the computer-user interface, which is composed 
of .net window form controls, custom control (User control), 
third-party control library and ArcGIS Engine controls (which is 
provided by ArcGIS, they are intrinsically some C# wrapped 
COM components). Action refers to action objects that relate to 
interface events. The components in Business logic layer 
implement the business functions of the system. The current 
mainly implemented function include case management, 
chemical material management, indicator system construction 
and analysis, indicator system based risk assessment. Data 
access layer (DAL) implemented the generally used reading and 
writing operations of database and files. 
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Fig. 1 The architecture of integrated risk analysis system for 
hazardous chemical installations 

 

2.3   Database Design 

For the integrated risk analysis, both the internal states and the 
external factors (such as ambient environment, rescue power etc.) 
should be considered. For hazardous chemical installations, the 
physical and chemical characteristics, e.g. the type, storage 
amount, materials of the container, are the internal factors 
determining the risk of the installation, and the terrain, 
residential situation, watershed, transportation, medical utilities, 
firefight power etc. are the external factors related to the risk of 
the installation. To make the case-base providing fundamental 
support for risk analysis, this study proposed a case structure, 
which perform as database in the system.  

The basic information of a chemical incident has one-to-many 
relationship with other relevant information. For example, the 
affected zones by a chemical incident may have one or more. A 
chemical incident often involve in more than one kind of 
chemical materials. Nearby chemical installations around the 
incident position may be affected by the incident and cause 
potential sub-incident, which should be considered into risk 
analysis. Thus, the above factors should be stored in database, as 
shown in Fig.2. 
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Fig.2 The E-R diagram of the system database 
 
 
 

3.  ILLUSTRATIVE APPLICATION: INTEGRATED 
RISK ANALYSIS 

3.1  Case Study and Indexes Design 

As commonly accepted, type and reserve are two of the most 
influential factors for risk of dangerous chemicals. For other 
factors besides inherent risk, the sub-accident risk and effect of 
emergency response are also very important and considered in 
this study. Cases study finds that the dangerous chemical 
accidents often cause sub-accidents, a typical example is the 
explosion accident of chemical plant in Jilin province, which 
caused large-scale water pollution in the Songhua River. In this 
study, we want to focus on whether and how the accident 
derivation and emergency rescue will affect risk level. Fig.3 
shows the most often existed factors from fifty cases studies. 
The horizontal axis shows the first ten factors that most often 
appear in cases influencing the incident consequence. The 
vertical axis refers to the proportion of appearance frequency of 
each factor in all the studied cases to the amount of cases. 

 

 
Fig.3 Influential factors from case study 

 

Based on the result of Fig. 3, with the aids of the case study 
system developed above, the indexes for risk analysis of 
dangerous chemicals is designed as Table 1.  

Detailed explanation of the indexes is as follows: 

 r1 : Inherent Risk, refers to the inherent risk of the hazards, 
in despite of where and when it is, considering only the hazards 
category and the reserves in this study. The category refers to 
three characters of hazards with explosion possibility, causticity, 
and toxicity.  

r2 : Derived accident. It is find from case study that the 
dangerous chemical accidents often cause sub-incident, such as 
water pollution and traffic break. 

r3 : Circumjacent condition, considering economy and 
population here, which related to consequence of property loss 
and people casualty respectively. 

r4 : Emergency response, considering only emergency 
rescue action of medicine treatment and fire fighting team. 

r2 to r4 are all geographical information related.  

Definitions of other indexes are provided in Table 1. The 
indexes listed in Tab.1 may not be perfect. Each of the factors 
may consist of some more sub-factors. The reason that we select 
such indexes is that the basic data are obtained from accident 
cases study and thus is limited by cases. Another reason is that 
we want to focus on whether and how the accident derivation 
and emergency rescue will affect risk level. Thus to some extent 
a “simple” indexes helps to give deeper insight. 

3.2   Weights of indexes 

The weights of indexes are calculated with the system 
developed in this study. With the established case-base 
and data-mining methods such as analytical hierarchy 
process (AHP), grey correlation analysis, fuzzy logic, etc., 
it is not difficult to set reasonable weights for the indexes, 
as shown in table 2, where Wi denotes the weight of factor 
i. 

3.3   Risk calculation 

To calculate the integrated risk, several variables are 
defined. A general meaning integrated risk is denoted 
with R, and r represents the risk caused by each of the 
sub-factors, as the indexes shown in table 1. V is used to 
represent the comment value. Thus the integrated risk R is 
calculated with eq. (1), 

i i
i

i i i
i

r if r has sub level factors
R

WV if r has no sub level factors

⎧ −
⎪

= ⎨
−⎪

⎩

∑

∑
,         (1) 

where i represents all the factors that should be considered, 
and 

ij ij
j

i
ij ij ij

j

r if r has sub level factors
r

W V if r has no sub level factors

⎧ −
⎪

= ⎨
−⎪

⎩

∑

∑
.     (2) 

If the indexes have more levels, the calculation can be 
performed continually as 

ijk ijk
k

ij
ijk ijk ijk

k

r if r has sub level factors
r

W V if r has no sub level factors

⎧ −
⎪

= ⎨
−⎪

⎩

∑

∑
,   (3) 

and so on. 
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Table 1. Indexes design for risk analysis 

Level-1 Level-2 Level-3 

Inherent risk 

Category (r11) 

Explosion possibility (r111)  

(r1) Causticity (r112) 

	
  	
   Toxicity (r113) 

	
  	
   Reserves (r12) 

Accident derivation 
Water area pollution (r21) 

  

(r2)   

	
  	
   Traffic break (r22)   

Circumjacent 
condition Economy (r31) 

  

 (r3)   

	
  	
   Population (r32)   

Emergency response Medical treatment (r41)   

(r4) Fire fighting team (r42)   

 

 

Table 2. Weights of indexes 

W1: 0.6205 W 2:  0.0569 W 3: 0.3226 W 4: 0.1813 

W 11 : 0.4137 W 12: 

0.2068 

W 21:  

0.0474 

W 22:  

0.0095 

W 31:  

0.0538 

W 32 

0.2688 

W 41: 

0.0604 

W 42: 

0.1209 W 111: 0.2356 W 112: 0.0403 W 113: 0.1378 

 

 

 

In this study, the specific integrated risk is denoted by Rt, 
which composes R1 and R2. R1 considers all the factors 
that will increase risk, and R2 considers the factors that 
will reduce risk. And, the integrated risk Rt is calculated 
as 

1 2tR R R= − ,                                (4) 

while  
3

1
1

i
i

R r
=

=∑ ， 2 4R r= ,                               (5) 

R1 and R2 follow eqs. (1)-(3). 

3.4   Results Analysis 

To test the method developed in this study, another 34 
typical accident cases are select. The accidents are 
divided into 4 levels according to the consequence 
seriousness of each accident, and are denoted with four 

different colors as red, orange, yellow and blue, as shown 
in table 3. The situation from each case is taken as basic 
data for risk analysis. That is, to assume the accident 
were not occurred and use the original conditions for risk 
analysis. Then, compare the result of risk analysis to the 
real accident consequence. The selected cases are 
numbered from 1 to 34 and the comparison is given in 
Fig.4. It can be found that the calculated risk values fit 
the level of the accident consequence level quite well. 
Cases with risk values more than 50 are mostly in red 
color, cases with risk values between about 35 to 50 
cover the accidents of color orange and yellow, and those 
less than 35 mostly blue. If we set the risk level standard 
as table 3, the calculated risk results agree with the 
accident cases rather well. 

In order to discuss the effect of emergency rescue action, 
the risk value to the selected cases is also calculated 
without considering of factors of emergency rescue action, 
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r4. The result is shown in Fig.5. It can be found in Fig.5 
that for all the cases, the risk values without r4 are quite 
larger. This implies the important effect of emergency 
rescue in reducing risk, which should not be ignored. It 
also shows that it is difficult to clarify the risk value 
without r4 to reasonable levels corresponding to the real 
accident consequence level, as shown in Fig.4 and table 3. 
This means if the effect of emergency rescue is ignored in 
the risk analysis, the results will to some extent lose 
reality. 

Table 3. Risk level of selected cases 

Accident level I II III IV 

Representative Color  red orange yellow blue 

Risk level I II & III IV 

Risk value ≥50 35~50 ≤35 

 

 
Fig.4 Risk analysis results of selected cases 

 
Fig.5 Risk analysis results of selected cases without 

factors of emergency rescue 

4   CONCLUSIONS 

Integrated risk analysis is very important work for 
effective prevention and control of chemical incidents. 
Scientific and practical risk analysis models provide 
strong support for the safety of chemical installations. 

In this paper, a system framework of integrated risk 

analysis for dangerous chemical substances and 
installations is proposed. The business logic and the 
architecture of the system are analyzed and software 
system was developed with geographical information 
system (GIS) platform. Illustrative application of 
integrated risk analysis applying this system are 
performed and the results prove well. The risk analysis 
results indicate that the factors of emergency rescue play 
a significant role in reducing risk, and should not be 
ignored in risk analysis. Comparison of risk analysis 
results with and without factors of emergyency rescue 
shows that if the effect of emergency rescue is ignored, 
the risk analysis results may to some extent lose reality. 
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ABSTRACT 
 

Information and communication technologies (ICT) have 
made great contribution to support emergency 
management in dealing with earthquake, tsunami, flood, 
hurricane and many other disasters which are prone to 
cause landscape-scale catastrophe. Various information 
systems have been built to support information sharing, 
situation awareness, planning, communication, 
coordination, response and recovery. Such systems are 
usually designed to match with jurisdiction structures 
and emergency plans of the governments. For instance, 
National Incident Management System (NIMS) in USA 
is one example of such systems for comprehensive, 
nationwide and systematic approach to incident 
management. National emergency response platform 

(NERP) system in China is another example of such 
systems with similar functions. Chinese NERP is 
designed mainly based on centralized architecture and 
work effectively on earthquake, flood, fire, and industrial 
accident which only deal with one or a few government 
agencies [1]. Since in China government agencies run 
from central government to local counties, system can 
run very effectively. However, such system is not 
working well in disasters which require coordination 
between different government agencies. One the other 
hand, NIMS in USA can work well with disaster 
happening in a city. However, it is difficult to handle the 
problem requiring cooperation between different local 
governments. It is evident that if government structure in 
peace time and optimized government structure in 
disaster time is matched, response will be effective. If 
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there are different, it will be another disaster from 
government. Although training for joint command and 
emergency plans are helpful, it might still not enough for 
handling unexpected events. Adaption of government 
structure and information flow from peace time to 
disaster time is a great challenge. In this study, we look 
into the problems in Chinese NERP system and try to 
resolve information flow based on hybrid centralized 
system. In this way, coordination between government 
agencies and between government and general public will 
be more effective. Quantitative analysis will be 
conducted based on time response analysis for mass 
evacuation scenario. 
 
With a centralized system, effective work relies on the 
ability to transmit accurate information to the centralized 
command and control center where information 
assessment and analysis are effectively conducted and 
public warning and various decisions can be made [2]. 
Decisions will then communicate back to local response 
agencies for execution. However, if disaster size becomes 
large such as Hurricane Katrina and Wenchuan 
earthquake, which are characterized as novel, unfamiliar, 
unprecedented and beyond the range of routine 
experience, the amount of information and corresponding 
communication tasks are astounding. Complicated and 
time critical situation presents great challenges for ICT 
system on processing large volume of information and 
supporting effective communication and coordination. In 
particular, problem becomes significant at the local level. 
As a matter of fact, in China, emergency management 
system at the local level is primarily used for collecting 
information and transmitting the information to higher 
level rather than organizing local response. They are 
waiting for decisions from the centralized command and 
control center. This is in part because of inadequate 
communication service as a result of inevitable damage 
by disaster. In this case, operational information system 
for organizing local response should be “light” enough to 
ensure rapid and adaptive implementation.  
 
A hybrid centralized and decentralized ICT system is 
designed with basic functions of matching request and 

providing services directly in order to realize organized 
local response agencies in dealing with landscape-scale 
disasters. The function design of such system 
concentrates on five aspects: rescue support, medical 
support, supply support, transportation support and 
volunteer support. Under each function module, only two 
kinds of service will be developed: requesting (I have a 
need) and providing (I have an offer). The system is 
managed by the local command or ad hoc general 
headquarter. The user of this system is supposed to 
include affected people, governmental agencies, private 
sectors (such as supermarkets and companies), military 
and NGOs. The requesting service is primarily open to 
affected people and frontline responders. And the 
providing service faces to private sectors, higher-level 
responders and general public. In real situation, the 
affected area is large and usually divided into several 
small districts. The request will be first settled within 
each district. If request cannot be met, it will be handed to 
the ad hoc general headquarter which should make rapid 
decision to satisfy the request or not. If the request still 
cannot be met, the request will be turned to higher levels 
or to general public. In terms of function design, the 
rescue support is used for connecting different recuing 
forces including firefighter, police and military people 
and meeting their demands for equipment and personnel. 
The medical support part is used for deploying medical 
teams to where they are needed. The supply support part 
is for counting up the need for food, water, shelter and 
many other necessities and arranging the logistics. The 
transportation support part aims at coordinating 
transportation needs. And finally, the volunteer support 
part is used for organizing various NGOs and private 
sectors which have goodwill to offer help. This system 
will be not only applied as an operational system 
supporting quick decision-making for local responders, 
but also supported national emergency response system to 
improve situation awareness.  
 
To quantify efficiency of developed hydride centralized 
and decentralized system, quantitative analysis is 
conducted to study the time response for mass evacuation 
scenarios. Various times are defined in Figure 1 based on 
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disaster evolution and system damage. When mass 
evacuation size increases and a number of districts are 
involved, required information processing and response 
times will be increased dramatically due to 
communication problems and delays. Quantitative 
analysis is conducted to compare the results from a 
centralized system, a decentralized system, and a hybrid 
system. Results are discussed. It is concluded that if the 
size is increased, hybrid system will be more effective 
and take advantages of centralized and decentralized 

system. In summary, developed hybrid information 
system aims at realizing two achievements. One is 
providing a specific platform to match the request and 
supply as quick as possible for local response. The other 
is quantified the deficiency and limitation of centralized 
NERP.  
 
Key words: Hybrid, Information System, and Local 
Emergency Response  

 
 

 
Figure 1.  Schematic of Time Response for Mass Evacuation Scenario 
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 ABSTRACT 

 An FPGA (Field-Programmable Gate Array) device is 

selected in order to shorten the development life cycle of a 

processor. Using the FPGA is disadvantageous than using 

custom LSI (Large-Scale Integrated circuit) in terms of 

power consumption and operating frequency. That is, 

circuit design in the FPGA is required to design methods 

for high-speed and low-power operations. Wave-pipeline is 

one of a circuit design technique for high-speed processing 

and low power consumption. However, the design method 

has the problem of consuming a large number of logic 

blocks. To solve this problem, a logic block for 

wave-pipelining is proposed. The logic block is developed 

using 0.18-micron C-MOS (Complementary 

Metal–Oxide–Semiconductor) technology. A 

wave-pipelined adder which is made with the logic blocks 

is evaluated in the chip area. As a result, it is shown that 

the area of the adder which use the logic blocks is less than 

that of the adder without the logic blocks.  

Keywords: FPGA, Wave-Pipeline, System LSI, Logic Bloc, 

Buffer, Timing.  

1. INTRODUCTION

In recent years, the development life cycle of electronic 

devices is very short. Consequently, a processor and a 

system LSI (Large-Scale Integrated circuit) on the devices 

are similarly affected. In order to solve the problem, an 

FPGA (Field Programmable Gate Array) is used. The use 

of the FPGA improves the development life cycle and 

production cost in the case of low-volume production.  

Evolution of semiconductor technology enables 

designing a large-scale circuit on the FPGA. The FPGA is 

used as the ASIC (Application Specific Integrated Circuit) 

of consumer devices as well as for prototyping of circuits. 

In recent years, a processor utilizing the reconfigurable 

features of the FPGA is realized. In spite of having such a 

feature, the designer of circuits in the FPGA needs circuit 

design techniques for high-speed processing and low 

power consumption. 

One of the design methods, wave-pipeline [1] -[3] 

technique is used in the FPGA. The feature of the 

technique is a pipeline operation without a pipeline register. 

Conventional pipeline needs a pipeline register. The 

register always operates with clock signals. Thus, using 

registers is a cause of the power consumption. In addition,��

the operation frequency of conventional pipeline circuits 

depends on the critical path. Therefore, they significantly 

increase the processing time of the entire circuits. 
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On the other hand, wave-pipeline technique makes 

pipeline operations by timing adjustment. Buffer insertion 

is one of the methods of timing adjustment. Using this 

method is available on the FPGA. However, 

wave-pipelined circuits in the conventional FPGA are not 

assumed and consume a large number of logic blocks. In 

this paper, in order to solve this problem, the authors 

propose a logic block for wave-pipelining.  

This paper is organized as follows. Section 2 presents 

the outlines of wave-pipeline. Then, Section 3 describes 

the logic block for wave-pipelining and evaluation of the 

logic bock is executed in Section 4.  In Section 5, the 

conclusions are made.  

2. WAVE-PIPELINE 

Wave-pipeline is one of a circuit design technique for 

high-speed processing and low power consumption. 

Because wave-pipeline can be used at the gate level, circuit 

design on the FPGA can be used. In [4], a wave-pipelined 

multiplier on an FPGA was described. An application that 

uses wave-pipelined circuits has been developed in [5]. 

Currently, many wave-pipelined circuits are implemented 

on FPGAs. 

It is to realize pipeline operations without using a 

pipeline register. Fig. 1 shows the overview of 

wave-pipeline and conventional pipeline. The important 

key words of wave-pipeline are DMAX-path and DMIN-path

as shown in Fig. 1 (a). A clock cycle that influences the 

throughput of circuits is expressed by the following 

equation. 

TCK > (DMAX - DMIN ) + TOV.               (1)

Here,

TCK: Clock cycle time, 

TOV: Overhead time. 

Input 

Register

Output 

Register
DMAX-pathDMIN-path

(a)

Input 

Register

Output 

Register

Pipeline

Registers

Critical Path

(b)

Fig. 1 Overview of Pipelines. (a) Wave-Pipeline (b) 

Conventional Pipeline. 

According to Eq. (1), DMAX = DMIN means the maximum 

speed of circuits at the gate level. Fig. 2 shows the diagram 

of wave-pipeline.    

To approximate DMAX - DMIN�� to 0, Adjustment of the 

delay time of DMAX and DMIN is needed. One of the 

methods of the adjustment is to insert buffers DMIN-path.

The methods can be used for the signal separation of 

multiplexing buffer. 

Time

TCK DMAX + TOV

Fig. 2. Diagram of Wave-Pipeline 
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3. LOGIC BLOCK FOR WAVE-PIPELINING 

   In designing of wave-pipelined circuits, the insertion of 

buffers is used for timing adjustment. When designing a 

custom LSI, the insertion of buffers means to consume the 

area for the buffers. On the other hand, the insertion of 

buffers on an FPGA means a large number of logic blocks 

is consumed. That is, it means that the buffer insertion 

consumes large amounts of resources on the FPGA. 

   To solve the problem of consuming large amounts of 

resources on an FPGA, a logic block for wave-pipelining is 

proposed in this paper. The logic block is developed using 

a standard cell library. The library uses 0.18-micron 

C-MOS technology. To clarify the domination of the logic 

block, the areas of the wave-pipelined circuit of the logic 

block and that of a conventional logic block are compared. 

  Fig. 3 shows the conventional logic block. The 

conventional logic block consists of a LUT (Look up 

Table) and a flip-flop. The LUT is shown in Fig. 4 and a 

three-input LUT [6]. The function of the LUT and the 

flip-flop is switched by a selector. On the other hand, the 

logic block for timing adjustment is composed of several 

buffers. Those area and delay time are shown in Table 1 

and Table 2, respectively. 

LUT

Clock

D       Q

Flip-flop

Selector

Fig. 3. Conventional Logic Block 

0/1

0/1

0/1

0/1

0/1

0/1

0/1

0/1

Fig. 4. Three-Input LUT 

Table 1. Delay Times of Logic Blocks 

Conventional Logic 

Block 
0.84 ns

Logic Block for Timing 

Adjustment 
0.85 ns

Table 2. Areas of Logic Blocks 

Conventional Logic 

Block 
997.4 m

2

Logic Block for Timing 

Adjustment 
148.5 m

2
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Fig. 5. 4-Bit Wave-Pipelined Adder (Only Using the 

Conventional Logic Block) 

Fig. 6. 4-Bit Wave-Pipelined Adder (Using the Logic 

Block for Timing Adjustment) 

4. EVALUATION 

For the evaluation of areas, two 4-bit wave-pipelined 

adders are designed. Fig. 5 is the 4-bit wave-pipelined 

adder which is made of only the conventional logic blocks. 

And, Fig. 6 is the 4-bit wave-pipelined adder which is 

made of the logic blocks for time adjustment. The white 

coloured boxes are the conventional logic Block. The grey 

boxes shows the logic block for timing adjustment.   

0
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120000

Fig. 5 Fig. 6
[

m
2
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Fig. 7 Evaluation Results of Area Dissipations 

Fig. 7 shows evaluation results of area dissipations. 

According to the results, using the logic blocks for timing 

adjustment makes a great decrease in the area of 4-bit 

wave-pipelined adder circuits. The area of Fig. 5 is 3.5 

times the area of Fig. 6.  

5. CONCLUSION 

Wave-pipeline technique on an FPGA made the 

problem that is to consume a large number of logic blocks. 

In this paper, the authors have developed the logic block 

for wave-pipeline aimed to solve this problem. The 

developed logic block have been performed the 

comparative evaluation of area measurements.  As a 

result, it has been shown that the use of the developed 

logic blocks enables reduced the area of wave-pipelined 

circuits.   

The future works are the establishment of optimization 

techniques of timing adjustment of wave-pipelined circuits 

utilizing the reconfigurable features.  
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ABSTRACT 

Case based reasoning (CBR) is a popular problem solving 
method. A case based reasoning cycle always contains four 
processes: retrieve, reuse, revise and retain (the four REs). This 
paper presents a multi-dimensional scenario-space (MDSS) 
method, which makes CBR more efficient. The four REs cycle 
using MDSS is also discussed in the paper.  

Keywords: Multi-dimensional Scenario-space, Case based 
reasoning, the four REs cycle. 

 

1. INTRODUCTION 

Case based reasoning, more commonly known as CBR, is a 
problem-solving paradigm, which is growing rapidly in the past 
several years. Case based reasoning is often used to utilize the 
specific knowledge of past experience so that problems can be 
solved by adapting solutions from similar cases which were 
successfully dealt with in the past. In addition, case based 
reasoning is also an approach to incremental, sustained learning 
since well solved cases are retained so that more cases can be 
available for future problems.  

A case based reasoning cycle always contains four processes, 
retrieve, reuse, revise, and retain, also known as “the four REs” 
[1]. For each process, some more steps should be taken 
according to the specific problem: 

The retrieve process is aimed at case matching. In this process, 
cases in the existing case library or case management system 
would be thoroughly searched in order to find some previous 
cases that can match for new problems. Since hardly two cases 
could be exactly same, retrieving may sometimes be pretty 
difficult in defining ‘similarity’. Similarity thresholds on some 
aspects of the case always have to be set in order to define 
‘sufficiently similarity’, which can make the searching process 
much easier. In this way, the retrieving process always ends with 
a set of cases instead of one “best match” case. After some cases 
being retrieved, the following process is the reusing process, 

which aimed at better using of knowledge and experiences from 
retrieved cases. If a “best match” case found, reusing would be 
pretty easy since the existing solution can be adopted directly. 
However, it is often the case that only part of the existing 
solution can be beneficial, and adaptations are essential. The 
revision process is mainly meant for learning from incorrect or 
even failed cases. In this process, errors should be found and 
corrected using some domain-specific methods according to the 
new problem itself. This process always requires through 
understanding of the cases and strong mathematical base are also 
required since adjustments can be quite complex. Last but not 
least, cases should always be retained after the former three 
processes; no matter the problem solving procedure is a success 
or a failure. By learning from successful solutions, the case 
library can be enlarged; when failures occur, the case may also 
be retained to prevent the decision maker from making the same 
mistakes. 

In applying case based reasoning in practice, some 
considerations need to be taken in advance, like how to evaluate 
the similarity between two cases, how a best match can be 
derived, how to make full use of an existing solution, etc. Some 
work has been done to deal with such problems. Lao, A. 
(2009)[2] proposed ontology-based similarity measurement to 
retrieve the similar sub-problems that overcomes the synonym 
problems on case retrieval. Chen, Y.-J. (2009)[3] developed a 
mechanism for ontology-based distributed case-based reasoning 
using characteristic of ontology and a proposed multistage 
algorithm, to effectively support knowledge retrieval within the 
virtual enterprise environment. Guo, Y. (2013)[4] proposed an 
intelligent case retrieval method by integrating ontology 
technology into case based reasoning system. 

This paper is aimed at developing a multi-dimensional scenario-
space method in case based reasoning to make it more efficient 
for reasoning. By applying this method, the existing case 
libraries can be transformed as a digitized database in which the 
relationships between cases as well as cases themselves can be 
formatted and quantified, and so that more convenient and 
compatible for reasoning. 
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2. MDSS METHOD 

2.1   Definition of MDSS 

When talking about a specific case, aspects, which are either 
common or specific, should be taken into consideration. Take 
corporation risk evaluation system as an example, the 
consultancy institutions always need to investigate the 
corporation’s capital and debt amount, business volume 
reputation, the number of employee etc., and then give a report 
based on the analysis. Since corporations in the same industry 
always have some characteristics in common, a case library may 
need to be established after some period of time for future 
reference, which may help improve the efficiency. However, the 
question lies that what factors should be recorded and how to 
properly and efficiently record them.  

In a Multi-Dimensional Scenario-Space (MDSS) system, a case 
may be defined as a point in a multi-dimensional space where 
the factors, say capital, debt, etc. are served as the coordinate 
axises. As for factors like the reputation of the company, which 
is a non-quantified evaluation, the ratings given by some rating 
agencies like Standard & Poor’s or Fitch may be concerned, 
while variables in the domain of 0 to 1 may be defined 
according to the rating in order to measure the reputation. As for 
other factors like the number of employees, the numbers may 
vary a great deal between corporations, which can make it 
difficult to define the coordinate unit. For example, the number 
of employees in corporations like Microsoft Corporation can be 
some 100,000, while for some newly established corporations, 
the number can be only about 100. In this situation, some 
modifications like logarithmic transformation may be essential. 

By applying the multi-dimensional scenario-space system in 
case based reasoning, a case can be presented as a point in the 
multi-dimensional space while the similarity between cases can 
be measured as the distance between them. In addition, two or 
more cases may be used together for more accurate matching. 
Take a two-dimensional system as an example. Every case can 
be defined as a point, say (Xj,Yj) for the jth case. Since any point 
can be represented as the weighted average of three points, 
which are not in a line, the new case can always be found a 
match, which is either a single case or a combination of two or 
more cases. 

It may be difficult for a high-dimensional scenario-space system, 
say a 10-dimensional space, in which at least 10 previous cases 
should be involved to ensure that new cases can be represented. 
However, as time going on, the capacity of the case library can 
be increasing so that cases can be more precisely represented. 

2.2   Retrieving with MDSS 

While by applying the multi-dimensional coordinate system, this 
can be relatively easier. Since the previous cases are all 
transformed into points in the system, the norms can surely be 
used. The Euclid Norm is used here due to its popularity. Case A, 
rather than case B is said to be more similar to case C can be 
represented if the Euclidean distance between A and C is smaller 
than the distance between B and C. 

In an N-dimensional space, the Euclidean distance can be 
written as: 

                          (1) 
Thus, A is more similar to C than B if  which 
means that cases which are closer to the new point can lead to 
better accuracy. 

When searching for cases that are ‘sufficiently similar’ to the 
new case, we may look for some threshold dm previous cases 
whose Euclidean distance from the new case is no greater than 
dm will be chosen. In choosing dm, some factors should be taken 
into consideration. To begin with, accuracy need to be ensured 
to some degree, which means that dm shouldn’t be too large. In 
addition, dm shouldn’t be too small, either. When dm is quite 
small, only a few cases can be found from the case library, 
which may limit the number of possible solutions, thus making 
the decision maker in a difficult situation. Taking above into 
consideration, the compromise between accuracy and number 
may always be made. For some industry, like the aviation 
industry, which have strong demand for accuracy or when the 
case library is large enough, accuracy can be put in first place in 
choosing the threshold. While for a small case library or in some 
situations which doesn’t care too much about the precision, like 
choosing the appropriate amount of food for family raised oxen 
and sheep, dm may be larger so that more reference can be found. 

2.3   Reusing with MDSS 

Since every case can be defined as a specific point in the space, 
some mathematical methods can be used in the multi-
dimensional scenario-space system. This paper presents a 
method of reusing existing cases with matrix operations, which 
is helpful for decision making 

For an n-dimensional coordinate system, N cases may be 
collected from the case library to form a  matrix. 
Assuming that enough cases can be derived from the case library, 
i.e. N>n, then choose n cases which are not corrected to each 
other in order to form a  matrix C whose rank is n. 
Therefore we may have  

                                 (2) 
Here we still take the corporation risk evaluating system as an 
example. For the n cases, the result of the evaluation, say risk 
level can be formed into a vector named as r. Therefore, the 
evaluation process can be defined as a function f which satisfies 
the following equation: 

                                   (3) 
Here f is defined as a liner function for simplifications, as for a 
n-dimensional space, the function can be regarded as a  
vector named as A. Thus, the equation can be written as 

                                       (4) 
Since the results have already been in the library, C and r are 
both known conditions and A can be derived as: 

                               (5) 
To make the equation above meaningful, C should not be any 
singular matrix while the assumption that the rank of C is n can 
satisfy this. 
For a new case, which can be represented as some 
coordinate , the result, say the risk level 
can be derived as follows: 

                        (6) 
Which is an explicit model for case based reasoning where C 
stands for the case library, A is for the method of reusing the 
cases while ‘Result’ is derived based on previous results which 
are named as r. 
 
 

3.  FUTURE RESEARCH 

3.1   Revising with MDSS 
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In case based reasoning, failures may always be met, multi-
dimensional scenario-space system is no exception. When a 
failure happens, mistakes made due to careless, like calculation 
errors, should first be corrected. Then, the whole decision 
making cycle should be examines and revised to prevent the 
decision makers from making the same mistake. 

As is stated in the previous session, case based reasoning can be 
defined as a function. However, the function cannot work well 
in all cases. According to equation (5), the function is derived 
based on r and C, which stand for the result and condition of the 
chosen cases. Some questions related to case choosing process 
should be asked: 

(1) Is the similarity evaluation method defined properly? 
(2) Are the cases chosen properly? 
(3) Is the accuracy level meeting the accuracy requirements? 

After that, the function itself should be examined. Here we 
present a linear function, while in reality, the situations may be 
much more complex so that the polynomials, hyperbolic 
functions or some other functions should be used. Since no 
function can be suitable for all cases, the revision process should 
always be accompanying the case based reasoning decision 
process. 

3.2   Retaining with MDSS 

The multi-dimensional scenario-space system is also very open 
since the dimension can always be enlarged, even when it 
becomes a complex giant system.  

For a three-dimensional corporation risk evaluating system, 
where the overall risk is originally defined with the capital 
amount, debt amount and reputation, when someday a new case 
showing that the potential risk is also strongly related to the 
number of employees, then it can be a fourth coordinate axis for 
the new four-dimensional coordinate system. For the existing 
cases, which have been defined as a point in the three-
dimensional space, can be transformed to the four-dimensional 
space simply by adding a coordinate. Cases that lack related 
information may be defined as 0 in the new coordinate axis, or 
be removed from the case library since accuracy can be more 
important in some situations. 

New cases should be always retained since cases in the long past 
may not be useful in the future since the world is changing day 
and day, no matter success or failures. Sometimes, new cases 
may indicate a new trend, which shows that some existing 
coordinating axises are of little use in the future. While by 
learning from the failures, mistakes can be avoided. What’ s 
more, in multi-dimensional scenario-space system, a failing case 
can also be represented as a point in the system, cases which are 
very close to the failures should be carefully used or even 
abandoned directly. 

 

4   CONCLUSIONS 

This paper presents a multi-dimensional scenario-space system 
in case based reasoning for decision-making support, in which 
cases can be transformed to a quantified database, which makes 
the process more efficient. In the retrieving process, the multi-
dimensional scenario-space system may help to define similarity 
and ‘sufficient similarity’; in the reusing process, this paper 
presents a new method using matrix calculation since the cases 
can be defined as points in the multi-dimensional coordinate 
system; in the revising process, the multi-dimensional scenario-

space system makes it more convenient for checking the errors 
and make some revision; while in the retain process, new cases 
can be kept for future reference as well as future revision which 
may start a new cycle. By applying the multi-dimensional 
scenario-space system in case based reasoning, the decision 
making process can be more efficient and more convenient. 
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Emergency platform system has been routinely used to 

response various natural and man-made disasters 

happened in China since 2008 including Sichuan 

Earthquake.  The emergency platform system is capable 

of providing CRITICAL services for general public and 

decision makers including 8 functions such as Crisis 

prediction and early warning, Risk analysis and damage 

monitoring, Intelligent operational planning, Training, 

Integrated emergency management, Command & control, 

Assessment of response, and Logistics. Events driven 

strategically emergency plans from scenario analysis are 

developed to form the base plans for disaster response. In 

China, major planning scenarios across 4 areas such as  

 

 

natural and man-made disasters, industrial accidents, 

health emergency, and social security are being            

developed. Target Capability List (TCL) is being created. 

Critical information and decision making elements should 

be acquired effectively at various key stages to guarantee 

the success of the operations. Critical information comes 

from four areas: disaster evolution and damage 

monitoring domain, social network domain, behaviors 

domain, and decision support domain. To support such 

system, emerging information technology such as cloud 

computing will be ideal tools for applications. In this 

abstract, feasibility of emergency-cloud emergency 

platform is discussed and key elements and framework 

design are provided. Figure 1(a) shows the general 

structure and functions of the emergency-cloud platform 

and Figure 1(b) is workflow of such system to support on-

demand service for emergency plan and decision making. 

        

Figure 1(a)  General structure and functions of the emergency-cloud platform and (b) workflow of such system to 

support on-demand service for emergency plan and decision making
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Newly developed emergency-cloud system is a service 

supported platform consistent with the rule of request-answer. 

It supports emergency information flow and resource 

management in two dimensions: function and application 

dimensions. The emergency-cloud system should be able to 

deal with traditional and unexpected events in both dimensions 

considering the life cycle of the disaster. In order to achieve the 

goal of emergency respond on real-time and online. 

Emergency-cloud merges emerging technologies such as cloud 

computing, the internet of things, high-performance computing 

and various decision models to response crisis in uniform and 

intelligent ways and to meet the demand in emergency 

management. These processes require the implementation of 

service in the emergency-cloud. The architecture of 

emergency-cloud is shown in Figure 2.  

The architecture of emergency-cloud includes various layers 

such as physical resource, cyber information collection, 

emergency-cloud computing platform, emergency-cloud 

services, emergency response sub-clouds, cloud interface and 

users. All the levels of emergency-cloud listed could provide 

technical support from bottom to up, and answer the calls from 

top to down to support real-time online decision making. 

Description of each layer can be summarized as follows 

Physical resource and information collection layer: Through 

the ways of information gathering and physical perception of 

the internet of things, real-time monitoring in the physical and 

cyber world could be accessed. The information collection 

layer stores massive heterogeneous data of the events as well 

as decision-supporting information in the dispersed state; the 

information collection layer could provide accessible support 

for the network management of resources along with the 

balanced configuration of emergency-cloud.  

 

Figure 2.  The architecture of Emergency-Cloud

Emergency-cloud computing platform layer: This layer 

includes resource pool and virtualization of cloud resource 

management and scheduling module. The emergency-

cloud resource pool could realize the collection and merge 

the big data using virtualization and semantic web. The 

emergency-cloud resource pool also uses the unified 

classification management to provide support for 

functional needs. The decision-support resources such as 

flexible and high-performance computing, spatial data 

management and storage, distributed paralleling storage, 

as well as cases and models for the applicable service of 

upper emergency-cloud could be provided by 

virtualization and scheduling technology. 

Emergency-cloud service layer: This layer transforms the 

emergency-cloud resources into emergency-cloud 

services by using the precise semantic service packaging 

technology, and managed and published the service by 

unified services registered facilities. Emergency-cloud 

service layer includes services for emergency applications 

which are transformed from the demand of specific 

emergency business decision, such as artificial social 

modeling, parallel simulation, plan management, scheme 

generation and service for emergency management such 

as SOA component management, service interface 

management, service registration, the process 

combination management. The services for system 

management include the cloud user management, resource 

management, task management, security management and 

etc. 

Emergency response sub-clouds layer: This layer includes 

static and dynamic sub-clouds. The static sub-cloud is 

responded to function and application dimensions. The 

dynamic sub-clouds establish to response the 

requirements of various incidents. By dynamically 

matches the contingency cloud services, which are based 

on precise semantics. The dynamic sub-clouds give 

requestor supporting by providing timely and efficient 

cloud services. 

Cloud interfaces and user layer: By standardized service
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access, cloud interface layer will provide service delivery 

interface to the emergency management platform of all 

levels of government or various areas of expertise. By 

terminal access the emergency-cloud services, different 

levels of users are able to perform emergency duties.  

In summary, the existing emergency response platform 

system is reviewed and the demand of new emergency 

platform was analyzed. Feasibility and framework design 

are discussed. 

 

REFERENCES 

1. Bohu Li, Lin Zhang, Shilong W ang (2010) Cloud 

manufacturing-new service-oriented networked 

manufacturing mode. Integrated Manufacturing 

Computer Systems, 1, 1-7. 

2. Kenji E. Kushida Jonathan Murray John Zysman 

(2011)Diffusing. the Cloud: Cloud Computing 

and Implications for Public Policy. Journal of 

Industry, Competition and Trade.September 209-

237. 

3. Victor A. Banuls, Murray Turoff, Starr Roxanne 

Hiltz(2012)Collaborative scenario modeling in 

emergency management through cross-impact, 

Technological Forecasting & Social Change 1579–

1602. 

 

 

140

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



                                          Can SideBySide be Adapted to use Generative Codes to Create 

                                          a more Creative Tool for the Physical Environment? 

 

 

                                                                                  Pauline de Souza 

                                          Department of Art and Design, School of Art and Digital Industries, 

                                          University of East London, United Kingdom, E16 2RD. 

 

 

 

 

 

 

 

 

                              Abstract  

 
SideBySide an ad-hoc multi-user interaction with handheld 
projectors developed by Ivan Poupyrev, Karl D.D. Wilis, Scott 
E. Hudson and Moshe Mahler sets out to track multiple 
independent projected images by using device mounted cameras 
and hybrid visible infrared light projectors. The infrared process 

uses invisible marker tracking based on a augmented marker 
system to locate potential visual images. The system was 
created to enable people to share content in their folder and 
overlap these images once they are projected. Individuals find 
images from other sources and place them in their folders. The 
images are not produced by the individual. 
 
My research, which is a work in process, looks at SideBySide 

from a different perspective. Using generative algorithmic 
system can provide a more creative visual processing and 
engagement that is more participatory than the present software 
used by SideBySide. This paper looks at how generative 
computer vision base detection techniques can be used in 
interactive media. Generative codes can produce augmented 
reality and one existing prototype is Konstruct which works on 
iphones. The Konstruct marker is placed in a physical space and 

the iphone is held up in front of it. Voice activation changes the 
size of the work and there is a paint brush that is controlled by 
movement of the head. A menu helps to control the colour 
palette and size of the paint brush. However, this approach is 
limited for professional creative people who need a more 
interactive device. Augmented reality offers a more immersive 
environment than QR codes. 
 

Keywords: SideBySide, Generative Codes, Augmented 

Reality Markers, Interactivity and ArTag. 
 
 

                                  Introduction. 
 
Augmented reality is a strategic system that interacts with our 
living environment on different levels but is full potential as a 

functional tool still needs to be explored. The development of 
SideBySide provides an opportunity to see how augmented 
reality can be directed into other directions. My research into 
this area is motivated by reconsidering how the handheld 

computing device of SideBySide can be used as a tool in a 
different way. It relates to my interest in generative codes, art 
and design involvement in the creative environment. It relates 
how creativity ideas are produced, shared and allow interactive 
participation. 

 
 
   Software used by the  SideBySide system depends on static 
images. It does this by combining infrared and visible imagery. 
These images which are loaded into red and green channels of 
an Open GL frame buffer. A separate monochrome image from 
the red and green channel is loaded into a blue channel using 
Open GL’s additive blending mode. Next the channels are 

combined in real time using the graphic processing unit (fig.1) 
 
 
Fig.1. SideBySide Software Ivan Poupyrev. 
 
 

 
 
 
    Generative codes enable images to change. They can be 
static or mobile. This flexibility provides a more creative 
practitioners. Some artists are already working with generative 
codes with designers while other artists are working 
independently. What are usually produced are images on a 
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computer interface that might allow some participation between 
the artist and user. Genomixer made in 2002-03 by Stanza is an 
example of an art work using generative code (fig.2). 
Genomixer is a human geonome sequence that uses the artist 
blood to create DNA profiles. The user can cross reference all 

the code genome sequences to make different variables of the 
artist. Even though it is possible for the user to have an 
interactive involvement the creative process is always pre-
determined by the artist and the user is more an objective user 
than one who engages with a creative process on a different 
level. Artist sometimes share files via p2p systems which allow 
other creative professional practitioners to work together on the 
computer. 

 

Fig. 2. Stanza, Genomixer in-touch 2002-03. 

 

 
 

 
 
   The software for Konstruct is different. The Konstruct app 
prototype designed by James Alliban shows the possibility of 

generative augmented reality codes. It has only been designed 
for iphones using 3Gs and 4Gs devices running on IOS4 or 
above. It requires the user to down oad an augmented marker 
(fig.3). 
 

Fig. 3. Konstruct James Alliban 2012. 
 

 
 

Konstruct provides a selection of shapes that the user can 
creative (fig.4). Unlike, SideBySide, it provides a colour palette 
settings. It offers a random scale and scatter settings, minimum 
and maximum setting including a frequency setting for the 
augmented image that appears in the physical environment. 

 

Fig.4. Konstruct. James Alliban 2012. 
 

 
 
Konstruct works in the exterior and interior environments 

9figs.5-6). However, the limited selecting abstract pre-
determinded shapes and noise sensitivity does not make it an 
ideal tool for professional creative practitioners. The problem 
with noise sensitivity relates to the accuracy of the augmented 
marker. The registration of the augmented reality marker 
detection process needs to be accurate and noise sensitivity 
errors are difficult to control. Also creative practitioners will 
need different files to enable them to create the types of work 

that they do. 
 

Fig.5. Konstruct, James Alliban 2012. 
 

 
 

Fig.6. Konstruct, James Alliban 2012. 
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   To change SideBySide into a tool that can use generative 
augmented reality codes another system is needed. This has to 
be a meta-programming system which allows generative 
augmented reality codes to write generative augmented reality 
codes. Various parsers support different schema languages and 

parsers that work with Java XML offers potential experiments 
for generative augmented reality code which can write 
generative augmented reality code. Digital assest exchange is 
essential and a validation tool makes it possible to write a 
detailed content specification for documents. Equally the 
Document Object Model provides a more interactive form, link 
and image elements that works in Java XML. The focus has to 
be on a parser that allows user/server/user/user-server/server-
user to send information over the network. This has to be 

adaptable and enable information to be sent back and forth. This 
is how professional creative practitioners exchange ideas, 
develop and create ideas. 
 
  Augmented reality markers move away from the two 
dimensional surface projection of SideBySide. They produce an 
image that is more formed in the physical environment. 
Network operating parsers and applications need augmented 

markers because they are important for the distribution of the 
augmented reality images. ArTag already exists and is a useful 
augmented marker as it does not have the same problem as 
ArToll Kit another augmented marker used by people who are 
interested in augmented reality images. ArTag’s detection 
process is based on a pixel edge approach. ArTool Kit depends 
on a marker vertification and identification process that uses a 
correlation system that causes high false positive and marker 

confusion rates.ArTag combines segmented edge pixels into 
quadrangle groups creating a homogenous form where the 
augmented marker’s interior can be sampled. ArTool Kit has a 
processing time which is influenced by the size of its library. In 
ArTool Kit’s augmented marker every feature vector must be 

correlated with every prototype vector in the library. ArTag’s 
identification marker does not use an image matching library 
system and the identification process is much faster than ArTool 
Kit. Another problem ArTool Kit has to deal with is lighting. 
Different lighting prevents ArTool Kit detection working 
correctly. The marker has to be modified to perform local 
thresholding, a single image requires different thresholds and 
multiple detection processes have to take place. ArTag’s 

augmented marker can cope with different lighting. 
 
  ArTag’s augmented marker has been produced to deal with 
error problems. It does this by using 36 binary symbols 946 
binary symbols can also be used) consisting of black and white 
cells formed into a grid. The identification process uses a 36 
sequence encoded as 10 bit sequence based at the four corners 
of the marker. What is left are 26 redundant sequence bits that 

detect error, ensure that correction takes place and provides 
opportunity for uniqueness that the identification process using 
the four corners of the marker allows. The ArTag’s augmented 
marker only uses one sequence in the decoding process. 
ArTag’s augmented maker’s time and spatical synching is more 
useful because the detection of the image including its framing 
is rendered simultaneously on each display which depends on 
good network communication. The spatical synching enables 

the master and local dimensions to be adaptable. The master 
dimensions are defined by the total width and height of pixels in 
the interior space of the marker. The local dimensions are based 
on the width and height of an individual display within the 
master dimension. ArTag’s augmented marker is not too dense 
which increases the distance where data can be collected (fig.7). 
 

Fig.7. ArTag Augmented Markers. 
 

 
 
 
The positive elements of ArTag’s augmented marker has been 
taken further by Martin Hirzer in his essay “Marker Detection 
for Augmented Reality Applications” (2008). The detection 
process of ArTag has been converted into a line detection 

process that still uses the pixel edge detection method. The line 
detection process does not process all the pixels in an image.  
The augmented marker grid consist of widely spaced horizontal 
and vertical scan lines. The error adaption in the ArTag’s 
marker is also used and this allows the line detection process to 
be flexible to create other scan lines. By using a gradient system 
all detected lines are extended into full length lines which are 
grouped into quadrangles. The grouping uses a RANSAC 

(Random Sample Consensus) system which allows the image to 
be divided into smaller sections and are processed 
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consecutively. Similar to ArTag’s augmented marker the line 
detection system has to be accurate when searching for the 
marker’s edge to ensure the marker’s corner points can be 
located. 
 

   Concluding that with a software system that can allow 
generative augmented reality codes to rewrite generative 
augmented reality codes, with the production of augmented 
markers that allows for multilayering and prevents misreading 
of augmented markers, that can use an adaptive random sample 
detection process SideBySide can be adapted to make a 
different tool for professional creative practitioners. This work 
is still in process. 

 
1. Martin Hirzer, Marker Detection for Augmented 

Reality Applications (Tug-Company Graphic) 2008. 
2. Ivan Popyrev et al, SideBySide (Disney Research 

Centre) 2011. 
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Abstract 
 

The principle aim of this investigation is to test 

two types of ceramic cutting insert and compare their 

ability to withstand the simulated load by shock. 

Design, construction and application of ceramic 

cutting tools are one of the most important research 

topics in the field of metal cutting and advanced 

ceramic materials. The ceramic tools are increasingly 

utilized in industries and their mechanical properties 

have superior performances. It is efforts to develop 

more cost-effective ceramic tool for machining 

processes. Our experiments are conducted on a special 

preparation for longitudinal turning. The preparation 

can test a different type of material, and is limited only 

by cutting speed. The main goals of the tests will be 

contribute to the wider usage of these cutting materials 

in interrupted machining at “Balanced method” or 

“Unbalanced method” and demonstrate the effect of 

the time delay between individual beats. The irregular 

beats will be generated in the different time delays, 

which will have a clear impact on the thermal beats 

and mechanical shocks. 

 

Keywords: Ceramic; Insert; Turning; Tool Wear; 

Machining. 
 

Introduction 
 

Surface roughness and dimensional accuracy play 

an important role in the performance of a machined 

component. In actual machining processes, however, 

the quality of the workpiece (either roughness or 

dimension) are greatly influenced by the cutting 

conditions, tool geometry, tool material, machining 

process, chip formation, workpiece material, tool wear 

and vibration during cutting [1], [2], [3] and [4]. The 

high-quality product with longer tool life may be 

achieved by proper selection of machining parameters 

and by direct monitoring of cutting process. 

The current production techniques are carefully 

designed and are based on a decades of experience, 

research and development. Nowadays is effort to use 

the cutting tool with maximum performance during its 

lifetime because the machining operations used at 

manufacturing may be affected on several parameters. 

The aim of this work is to test mechanical, thermal 

shocks and ability to withstand the simulated load of 

the ceramic cutting edge by these shocks. These 

shocks cause the damage, fracture or abrasion. The 

phenomenon can be studied not only at interrupted 

cutting but also at uninterrupted. The continuous 

cutting leads to fluctuate of the main cutting force. 

The choice of the right cutting tool is critical for the 

highest machining achievement. Vibration generated 

in machining induces the early termination of tool life. 

Current efforts in the cutting technology are 

concerned with the high speed machining of highly 

resistant material, developments in equipment and tool 

material are significant improvement. Ceramic also 

provide the only way to work economically the hard 

machinable alloys in the aerospace industry [5, 11]. In 

an increasing number of machining applications, the 

right insert for the job is very difficult to choose. The 

ceramic cutting insert starts to be a very popular for 

his high productive at milling and turning applications. 

Their application in metalworking has a lot of benefits 

as improved cutting performance, tool life, reduction 

in the costs and simplified changeover. 

 

Longitudinal Turning Test at Cyclic Stress 
 

The experiments are conducted on a special 

preparation at longitudinal turning which was 

constructed at Department of Machining and 

Assembly, Technical University of Ostrava. Special 

preparation for tests is clamped to the lathe chuck and 

it is supported by the modified point which is 

established in tail stock sleeve. The basic construction 

consists of special cylinders which are milled four 

mortises, see Figure 1.  

The preparation can test a different type of 

material, and is limited only by cutting speed. In 

general, the preparation was used only for testing by 

four slats variant but this process did not show 

mechanical, thermal shocks at unbalanced cutting 

process so we could not studied dependence of 

unbalanced and balanced method. For this reason, the 

main aim is to prove the impact of the time delays 

between shocks. 

If the tool is not in constant cutting process, we 

can talk about the interrupted cut. The cause of cyclic 

stress is the cutting phase which involves heating of 

cutting edge and its subsequent cooling at the finishing 

of the cut process. It is a variant of the four, three, two 

and one shock per one revolution. Usually, we are 

talking about cyclic stress. The measured number of 

shocks to tool wear determines the tool life or lifetime 

period of ceramic cutting insert. Nowadays, these tests 

are an essential part of the development of the new 
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tools, evaluating their lifetime period and cutting 

power. 

 
Figure 1. Scheme of Preparation for Slide Turning [6] 

 

A series of turning test were conducted without 

any coolant in TOS Trenčín, type SN 55 turning lathe. 

The experiments were carried out using the cutting 

conditions shown in Table 1. Each test was started 

with a new cutting insert and machining was stopped 

at a certain interval of time and was tested at a 

constant temperature of 20°C. 

 

Table 1. Experimental Conditions 

Revolution,  n  [rev] 520 360 

Cutting speed,  vc  [m/min] 425 294 

Feed,  f  [mm/rev] 0.20 

Axial depth of cut,  ap  [mm] 1 

 

At four and two slats method, we are talking talk 

about “Balanced method” and it is able to use a high 

revolution and the cutting speed. At the four slats 

method, inserts are exposed to four shocks per 

revolution and there is not such a large thermal and 

mechanical shocks as two slats method, where is 

cooling phase, between mesh and therefore creates the 

thermal shock. At three and one slats method, we are 

talking about “Unbalanced method”. It was necessary 

to change the cutting parameters, which was reduced 

revolution and cutting speed. When you try to 

maintain the same cutting parameters as “Balanced 

method”, was created a large tremble and vibration, 

could be a huge risk of machine damage. 

 

Work Material and Cutting Tool 
 

Greanleaf HSN-100 insert is the latest in 

engineered silicon nitride-based cutting tools. 

Advanced materials combined with unique processing 

techniques give HSN-100 superior toughness and high 

cutting speed capability. HSN-100 is well suited for 

the turning and milling of all classes of cast iron. It is 

an outstanding performer in ductile, malleable, 

nodular and other difficult to machine irons. [7] 

TaeguTec AB 2010 insert has wide range of high 

technology ceramics grades from excellent wear 

resistant high alumina grade to silicon carbide whisker 

reinforced ceramics grade. The ceramic grade has very 

good performance in the machining of hardened steel, 

cast iron and heat resistant super alloy. Shiny gold is 

colored ceramic with excellent wear resistance. 

Comparable to low CBN grade in machining of 

hardened steel. Hardened steel, Alloy steel, Tool steel, 

Case hardened steel. Coating improves tool life 50% 

than uncoated grade. [8] 

Cutting geometry for tool testing from cutting 

ceramics was chosen with regard to ISO 3685 standard 

- Tool Life Testing of Single Point Turning Tools 

(ISO 3685, 1990). All types of indexable cutting 

inserts, that we will be tested, have a normalize shape 

SNGN 120716 T02020 and will be attached to the tool 

holder CSRNR 25x25 M12-K. 

The material used in the experiment was medium 

carbon steel, type C45 (material No. 1.0503, DIN C45, 

AISI 1045). The chemical composition and 

mechanical properties are listed in Table 2 and 3. 

Carbon steel C45 was chosen on the basis that is a 

reference material for the class of machinability 14b. 

 

Table 2. Mechanical Properties in Normalized Condition 

Mechanical 

properties 

Proof stress 

Rp 0.2 [MPa] 

Tensile strength 

Rm [MPa] 

Elongation 

A5 [%] 

Hardness 

[HB] 

Elastic modulus  

E [GPa] 

C45 325 630 - 780 17 207 - 255 211 

 

Table 3. Chemical Composition (in weight %) 

C Si Mn Cr Mo Ni V W Others 

0.46 max. 0.40 0.65 max. 0.40 max. 0.10 max. 0.40 - - (Cr + Mo + Ni) = max. 0.63 

 

Experimental Results and Discussion 
 

The limit value of 6000 shocks was determined on 

the basis of previous testing experience in terms of 

time and material demands. [9, 12] 

The Table 4, Table 5, Table 6 and Table 7 shows 

the tool wear on tool face and tool flank. The photo of 

inserts was taken on Intracomicro microscope at 4x 

magnification. 

 
Figure 2. Preparation with Four Slats Clamped [10] 
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At four and two slats method, we are talking talk 

about “Balanced method” and we are able to use a 

high revolution and the cutting speed. At the four slats 

method, inserts are exposed to four shocks per 

revolution and there is not such a large thermal and 

mechanical shocks as two slats method, where is 

cooling phase, between mesh and therefore creates the 

thermal shock. 

At three and one slats method, we are talking 

about “Unbalanced method”. It was necessary to 

change the cutting parameters, which was reduced 

revolution and cutting speed. When you try to 

maintain the same cutting parameters as “Balanced 

method”, was created a large tremble and vibration, 

could be a huge risk of machine damage. 

 

Measured Data  

 
Table 4. Measured Values for Four Slats Variant 

n = 520 [rev], vc = 425 [m/min], ap = 1 [mm], f = 0.2 [mm/rev] 

4 slats Greenleaf HSN 100 Taegutec AB 2010  

No. 
l  

[mm] 

Ra  

[μm] 

Rz  

[μm] 

R  

[-] 

l 

 [mm] 

Ra  

[μm] 

Rz  

[μm] 

R  

[-] 

1 222 1.26 6.1 4440 294 1.6 6.6 5880 

2 234 1.24 5.9 4680 288 1.58 6.1 5760 

3 220 1.34 5.7 4400 292 1.62 6.2 5840 

4 220 1.28 5.8 4400 264 1.68 6.4 5280 

5 248 1.24 5.9 4960 276 1.65 5.9 5520 

Average 228.8 1.27 5.88 4576 282.8 1.63 6.24 5656 

Standard 

deviation, 
uA 

5.4626 0.0186 0.0663 110 5.6426 0.0178 0.1208 113 

Tool  

face 

  

Tool  

flank 

  
 

Table 5. Measured Values for Three Slats Variant 
n = 360 [rev], vc = 294 [m/min], ap = 1 [mm], f = 0.2 [mm/rev] 

3 slats Greenleaf HSN 100 Taegutec AB 2010 

No. 
l  

[mm] 

Ra  

[μm] 

Rz  

[μm] 

R  

[-] 

l 

[mm] 

Ra 

[μm] 

Rz  

[μm] 

R  

[-] 

1 400 1.29 6.2 6000 400 1.4 6.6 6000 

2 400 1.37 6.8 6000 400 1.28 6.2 6000 

3 400 1.34 6.4 6000 400 1.39 6.3 6000 

4 400 1.36 6.3 6000 400 1.36 6.4 6000 

5 400 1.42 6.9 6000 400 1.34 6.5 6000 

Average 400 1.36 6.52 6000 400 1.35 6.4 6000 

Standard 

deviation, 
uA 

0 0.0211 0.13928 0 0 0.0214 0.0707 0 

Tool  

face 

  

Tool  

flank 

  
 

 

Table 6. Measured Values for Two Slats Variant 
n = 520 [rev], vc = 425 [m/min], ap = 1 [mm], f = 0.2 [mm/rev] 

2 slats Greenleaf HSN 100 Taegutec AB 2010 

No. 
l  

[mm] 
Ra  

[μm] 
Rz  

[μm] 
R  
[-] 

l 
 [mm] 

Ra  
[μm] 

Rz  
[μm] 

R  
[-] 

1 198 1.24 6.2 1980 420 1.39 6.50 4200 

2 218 1.28 6.4 2180 525 1.4 6.80 5250 

3 298 1.3 6.3 2980 600 1.36 6.2 6000 

4 354 1.26 6.2 3540 592 1.38 6.4 5920 

5 268 1.27 6.1 2680 600 1.37 6.5 6000 

Average 267.2 1.27 6.24 2672 547.4 1.38 6.48 5474 

Standard 

deviation, 

uA 

28.0114 0.010 0.051 281 34.8247 0.0071 0.097 349 

Tool  

face 

  

Tool  

flank 

  
 

Table 7. Measured Values for One Slat Variant 
n = 360 [rev], vc = 294 [m/min], ap = 1 [mm], f = 0.2 [mm/rev] 

1 slat Greenleaf HSN 100 Taegutec AB 2010 

No. 
l 

[mm] 
Ra 

[μm] 
Rz 

[μm] 
R 
[-] 

l 
[mm] 

Ra 
[μm] 

Rz 
[μm] 

R 
[-] 

1 1200 1.42 6.7 6000 1200 1.58 6.70 6000 

2 1200 1.39 6.5 6000 1200 1.59 6.60 6000 

3 1200 1.4 6.6 6000 1200 1.60 6.50 6000 

4 1200 1.38 6.5 6000 1200 1.62 6.70 6000 

5 1200 1.37 6.6 6000 1200 1.60 6.60 6000 

Average 1200 1.39 6.58 6000 1200 1.60 6.62 6000 

Standard 

deviation, 

uA 

0 0.0086 0.0374 0 0 0.0066 0.0374 0 

Tool  

face 

  

Tool  

flank 
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Comparison for Different Number of Slats 
 

Figure 3 shows the comparison of two ceramic 

cutting inserts at “Balanced method” of machining. 

When we are compared two manufacturers at four 

slats method it can be seen that Greenleaf HSN 100 

withstood 4576 shocks and Taegutec AB 2010 

withstood 5656 shocks what is a higher number. 

Taegutec AB 2010 is more suitable for interrupted 

cutting under given cutting condition and at “Balanced 

method”. 

If we are comparing the same, but at two slats 

method, can be seen that Greanleaf HSN 100 

withstood only 2672 shocks and Taegutec AB 2010 

withstood 5474 shocks. This difference is more 

considerable. The two slats method has a longer 

cooling phase, between mesh and therefore creates the 

thermal shock. 

 

 
Figure 3. Total Number of Shocks at “Balanced 

Method” 

 

Figure 4 shows the comparison of two ceramic 

cutting inserts at “Unbalanced method” of machining. 

It was necessary to change the cutting parameters, 

which was reduced revolution and cutting speed. 

When we try to maintain the same cutting parameters 

as “Balanced method”, was created a large tremble 

and vibration, could be a huge risk of machine 

damage.  

During the “Unbalanced method”, the inserts 

withstood the maximal number of shocks and we 

could not to evaluate due to small revolution and 

cutting speed. This phenomenon is caused by 

relatively small cutting parameters for ceramic 

material. Unfortunately, the technical limitation of the 

machine have not allowed to test at higher cutting 

parameters. Thanks to the results showed below we 

can say the inserts are suitable for interrupted cutting 

at these parameters n = 360 [rev], vc = 294 [m/min], ap 

= 1 [mm], f = 0.2 [mm/rev]. Our next research 

question involves using the same cutting parameters as 

in previous case and for this reason we have to use a 

turning lathe with bigger foundation to avoid to 

trembling and vibration. 

 

 
Figure 4. Total Number of Shocks at “Unbalanced 

Method” 

 

 The value of average roughness (Ra) and ten-point 

mean roughness (Rz) for tested indexable cutting 

inserts is represented by Figure 5 and 6 and also 

presents the difference which is caused by different 

number of clamped slats. 

 During “Balanced method” can be said that 

Greenleaf HSN 100 reached the better results than 

Taegutec AB 2010 for both of tested parameters. This 

result is opposite than at testing of the maximal 

number of shock. 

 

 
Figure 5. Average Roughness and Ten-point Mean 

Roughness at “Balanced Method” 

 

 During “Unbalanced method” is not possible come 

to the conclusion because the measured values did not 

reached linear relationship as previous case. 

 

 
Figure 6. Average Roughness and Ten-point Mean 

Roughness at “Unbalanced Method” 
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Conclusion 

 

Nowadays, a higher production rate with required 

quality and low cost is the basic principle in the 

competitive manufacturing industry. However, 

prolonged tool life means lower wear rate that implies 

a better understanding of the tool wear mechanisms 

during cutting processes. 

The aim of this work is to test two ceramic cutting 

inserts at interrupted cutting by two methods 

“Unbalanced method” and “Unbalanced method”. 

During the “Unbalanced method” are created longer 

gaps between the shocks and is created cooling phase 

which is connected with thermal load.  

The experimental results based on the present 

conditions may be summarized as follows. 

 at “Balanced method” when we are compared 

two manufacturers at four slats method it can be 

seen that Greenleaf HSN 100 withstood 4576 

shocks and Taegutec AB 2010 withstood 5656 

shocks what is a higher number. Taegutec AB 

2010 is more suitable for interrupted cutting 

under given cutting condition. 

 at “Balanced method” when we are compared 

two manufacturers at two slats method, can be 

seen that Greanleaf HSN 100 withstood only 

2672 shocks and Taegutec AB 2010 withstood 

5474 shocks. This difference is more 

considerable. The two slats method has a longer 

cooling phase, between mesh and therefore 

creates the thermal shock. 

 during the “Unbalanced method”, the inserts 

withstood the maximal number of shocks and 

we could not to evaluate due to small revolution 

and cutting speed. This phenomenon is caused 

by relatively small cutting parameters for 

ceramic material. Unfortunately, the technical 

limitation of the machine have not allowed to 

test at higher cutting parameters. 

 

The results were not been testify about the 

influence of thermal and mechanical shocks enough. 

For this reason will be suitable to do testing for more 

type of inserts at different cutting speed and also 

different feed rates. This will be the main aim one’s 

effort to finish this problematic in future. In the next 

research will be suitable to cancel our limitation by the 

maximal number of shocks but it brings a high 

demands on the testing price. Generally, the price 

question is the most important factor of each research 

at this modern time. 
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ABSTRACT 

 
Increase in price of crude oil and natural gasses has led to 

use coal as a fuel for power generation. With coal as a 

fuel it is necessary to utilize it for reasonable power 

generation cost and acceptable emissions which extends 
application opportunities for wide implementation of 

supercritical (SC) steam cycle.SC technology provides not 

only stable and high quality electric power but also 

contribute to reduction of CO2 emissions and general 

adverse impact to the environment. 

 

In super critical cycle the  turbine inlet pressure and 

temperature are increased to achieve the higher efficiency. 

To allow these increases various design measures has to 

be considered. In steam turbines blade is a one of the 

important components. Blade converts kinetic energy in to 

mechanical (i.e. rotational) energy. So blade needs more 
rigorous design practice compared to those in sub- critical 

steam cycle where pressure and temperature at inlet are 

lower. 

 

In this paper purpose is to simulate two different types of 

blades with same supercritical parameters and discuss 

different results like distribution of turbulent intensity, 

distribution of total pressure, velocity variation between 

blades. 

 
Keywords: Steam Turbines(STs),Supercritical parameter, 
Cylindrical Profile, F3Dimensional Blade Profile, 

Turbulent intensity, Absolute velocity. 

 

1 .INTRODUCION 

Climate change concerns and the rising price of coal are 

driving the power generation market toward more 

efficient cycles than the conventional subcritical steam 

plant. Steam turbines (STs) need to operate at 
substantially higher pressures and temperatures in the 

supercritical (SC) and ultra-supercritical (USC) domain. 

The SC steam plant design is rapidly becoming the 

preferred option for many owners, given its cost-effective 

use of coal, an abundant domestic fossil fuel. 

Concurrently, there is an ongoing push to reduce stack 

emissions of all pollutants and to capture CO2. The future 

will, without a doubt, lead to the increased use of USC 

technologies. While the definition of SC conditions is 

straightforward, the meaning of USC is subject to 

interpretation. SC is a thermal cycle with a main steam 
temperature of less than 1,112 °F (600 °C) operating at 

pressures between 218 and 272 bars. 

 

The initial step in this development process is 

thermodynamic cycle optimization, followed by an effort 

to increase ST overall efficiency by improving the high 

pressure (HP) and intermediate pressure (IP) modules. 

Higher steam temperatures in particular as well as 

increased steam pressure, will significantly improve 

thermal cycle efficiency.  

 

The trend in advanced ST design is to achieve greater 
standardization in the number of modules and their sizes 

as a means of reducing cost and accelerating schedule. 

The thermodynamic performance of the ST, more than 
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any other power plant component, determines overall 

power plant efficiency. Future development of high 

efficiency advanced ST at advanced USC conditions is 

largely dependent on the parallel development of 

advanced materials and super-alloys capable of 

withstanding the extreme working environments both in 

terms of corrosion resistance and their creep rupture 

strength.  

 
Beside of material selection, the appropriate USC ST 

design and configuration is mainly determinate by unit 

output rating, L P ST back-pressure, number of reheats and 

other 

Special requirements (e.g. process steam extraction). 

 

The blades of an ST are the components that receive the 

most attention. Blades convert the heat energy of the 

steam to mechanical energy and new design of profile of 

blade is main issue in advanced ST design. Significant 

efforts are invested to optimize blade design, which has a 

direct and powerful effect on HP and IP modules 
efficiency.  

 

In conventional cylindrical profile of blades profile 

section of the blade profile along height is same. There is 

no twisted of profile, it is like straight cylinder so it is 

called as cylindrical profile. In F3Dimensional Blade 

profile section of blade profile twisted and also bowed, in 

this blade the shape of the blade is like a banana and 

bowed. It is customary to use a fully developed 3-d 

design, accounting for all blade profile losses, leakage 

losses, and other secondary effects. 
 

In the investigation, analysis is carried out on cylindrical 

and F3Dimensional blade by using CFD software. With 

the help of this analysis the pressure distribution between 

two blades is obtained. It also gives pattern of turbulence 

intensity which provides the idea about secondary losses 

between two blades. 

 

2 . MODELING AND THERMAL ANALYSIS OF 

STEAM TURBINE BLADES 

 
The purpose of the CFD pre-processor operations is to 

create and mesh that represents a section of the flow 

environment surrounding an individual blade.   

 

For modelling and meshing of the 3D blade G AM BIT 2.4  

modelling software was used and also we can give the 

boundary condition in this software. 

 

 
 

 
 
Fig 1: M odel of Fully 3D Design Blade and Conventional 

Cylindrical Design Blade 

 
A CFD pre-processor generated volume is meshed 

according to standard pre-processor meshing technique. 
We can mesh the volume without notification by means of 

the Tat/Hybrid or Stair step volume meshing techniques. 

According to various trial and experiments it is found that 

obstructed mesh does not provide the accurate solution of 

many CFD problems, so the most preferable mesh for 

complex geometries is only the structured mesh. It will 

give better results and converged solution with lesser 

processing time. 

 

After completing boundary condition in G AM BIT 2.4 , we 

can import all these boundary condition in the fluent 6.3 

as a mesh file.  

151

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



 

3. RESULTS 

 

Va ria tion  of Tu rb u len c e In ten sity 

 
The turbulence intensity is shown in figure on cross 

section plane at top and bottom. Distribution of turbulence 

intensity on different planes along the flow path is shown 

in figure. 
 

It is observed that turbulence intensity at the entire 

locations inlet to outlet increasing.  

 

In the 3Dimensional blade the turbulence intensity is at 

one point between two blades is between 1.83× 103 to 

1.9 7× 103 and in the cylindrical blade the turbulence 

intensity is between 2.26× 103 to 2.5 7× 103 .Where the 

condition of steam applied same in both blades. The 

turbulence intensity in cylindrical blade is more than 

3Dimensional blade. So the secondary losses in 

cylindrical blade are also more than 3Diimensional blade. 
 

 
 

Fig 2: V ariation of the Turbulence Intensity (% ) 

at the top plane 

 

In figure no.3 shows the variation of turbulence intensity 

at cross section area of bottom plane. Distribution of 

turbulence intensity on different planes along the flow 

path is also shown in figure. It is observed that the 

turbulence intensity is increasing along flow path. 

 

 

 
 

Fig 3: V ariation of the Turbulence Intensity (% ) 

at the Bottom plane 
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Va ria tion  of tota l p ressu re 

 
Distribution of total pressure along the blade path is 

shown in figure. The pressure variation along  both the 

blades are shown in the figure. The results of pressure 

variation are also different because the profile of both the 

blades is different. Therefore the secondary losses and 

profile losses are reduced in the 3Dimensional blade. 
 

 
 

Fig 4 : V ariation of  Total Pressure 

Va ria tion  of a b solu te v eloc ity 

 
The absolute velocity is shown in figure. It is observed 

that absolute velocity values decrease near outflow. 

 

 
 

Fig 5 : V ariation of Absolute V elocity 

 

4 . CONCLUSION 

 
From the result of these two blades performance, it can be 

decided that the fully 3Dimensional reaction blades are 

good. The secondary losses and profile losses are reduced 

in fully 3 dimensional reaction blades. Because of the 

blades are short, relatively large end wall losses occurs at 
the hub and the shroud. By modifying the conventional 

cylindrical design in to fully developed 3-D design and  

bending and twisting the blade at hub and tip, a stage 

efficiency can be improved by approximately 3% . 

 

If the integral shroud blades are used in place of riveted 

blades, it will be considered good improvement in design 

of steam turbine. Height of root is also increased in the 

153

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



last stage blade in L .P. turbine for reducing the centrifugal 

force on the blade.  
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Abstract 
 

The article deals with the comparison of the different 

properties welded and wrought Inconel 625. The 

benchmark and the object of solution was to determine 

the size of hardening surface layer in the process of 

machining Inconel 625. The main aim was to 

determine the appropriate method of comparison of 

the both materials and to confirm design trial with the 

practical tests. Based on the measured values were 

evaluated experimental tests and measures proposed to 

rectify the problem of strengthening. 

Keywords: Inconel; Machining; Turning; 

Machinability; Strengthening 
 

Introduction 
With the increasing share of oil extraction on the 

seabed, requirements increase for component life of 

drilling rigs. They operate in extreme conditions 

therefore require high technical and technological 

processing. The increasing depth, pressure, and the 

presence of salt indirectly affect from which the 

material will produce these components. Thanks to its 

positive properties is material Inconel one of the most 

widely used materials in the salty marine environment. 

Examples of use aren´t only machine parts for mining 

equipment, but also the cladding of submarine cables 

and their attachment to the seabed.  

Due to the technological demands of machining 

Inconel, required accuracy and the resulting quality of 

the machined part is not always easy to satisfy 

customer´s requirements. Inconel is very hard 

workable. By spill machining has material tendency to 

elastic deformation and so to intensive firming. 

Worsened machining of Inconel associated with 

extreme strengthening of surface of material strongly 

influences consumption of cutting tools, it overloads 

power of lathe and especially isn´t allow to use the 

advanced high-speed turning which is common with 

other steels. 

Material Inconel 625 is due to the high strength, 

excellent structure, excellent resistance to oxidation 

and corrosive environment of one of the most widely 

used materials for a wide range of extremely stressed 

components. However during processing of the 

material by conventional cutting operation occurs to 

the elastic deformation where the surface layer after 

machining is intensively strengthened. Hardening and 

its influence is generally manifested worse 

machinability and lower resulting quality of the 

machined surface. Worsened machinability welded 

Inconel associated with the extreme strengthening 

surface significantly affects the machining process. 

Due to the high consumption of cutting tools and 

higher demands on compliance with the guaranteed 

quality machined surfaces and overloading of the 

machine entered the company V-NASS request to 

review the process of machining Inconel 625 welded 

compared with wrought Inconel 625. [1] 

Work hardening 
The nickel alloys have an austenitic matrix, and like 

the austenitic stainless steels, works harden rapidly. 

The high pressures developed between the tool and 

workpiece during cutting or grinding produce a 

stressed layer of deformed metal on the surface of the 

work. The deformation causes a hardening effect that 

retards further machining. The stresses in this 

deformed layer not only affect the mechanical 

properties of the workpiece but also can caused 

distortion of parts that have small cross sections. One 

method of reducing work hardening during machining 

is to work harden the material prior to machining, by 

cold working. Cold-drawn, stress-relieved material is 

always preferred for machining, particular when the 

smoothest finish is desired. Hot-rolled material is next 

best while annealed material is least desirable in most 

applications. The best finish is produced on age-

hardenable alloys by machining them in the aged 

condition. Because the high strength and hardness of 

aged material prevent heavy cuts, rough machining is 

done before age hardening. Solution annealing usually 

improves machinability of age-hardenable alloys by 

dissolving hard phases. A second method of 

minimizing work hardening is employing careful 

machining practice. Sharp tools with positive rake 

angles, which cut metal instead of cut must be 

sufficient to prevent burnishing or glazing. Tools 

should not be allowed to rub the work, either because 

of improper clearance or by being allowed to dwell in 

the cut. [2] 

INCONEL alloy 625 
Inconel alloys are corrosion and oxidation resistant 

and therefore are well suited for usage in extreme 

environments. When heat is applied to Inconel it 

forms a protective oxide layer through passivation. 

Inconel retains strength over a wide temperature 

range, an advantage for high temperature applications. 
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Depending on the alloy, Inconel's high temperature 

strength is established either by solid solution 

strengthening or precipitation strengthening. [3] 

INCONEL nickel-chromium alloy 625 (W.Nr. 2.4856) 

is used for its high strength, excellent fabricability 

(including joining), and outstanding corrosion 

resistance. Service temperatures range from cryogenic 

to 1800°F (982°C). Strength of INCONEL alloy 625 is 

derived from the stiffening effect of molybdenum and 

niobium on its nickel-chromium matrix; thus 

precipitation-hardening treatments are not required. 

This combination of elements also is responsible for 

superior resistance to a wide range of corrosive 

environments of unusual severity as well as to high-

temperature effects such as oxidation and 

carburization. The properties of INCONEL alloy 625 

that make it an excellent choice for sea-water 

applications are freedom from local attack (pitting and 

crevice corrosion), high corrosion-fatigue strength, 

high tensile strength, and resistance to chloride-ion 

stress-corrosion cracking. High tensile, creep, and 

rupture strength; outstanding fatigue and thermal-

fatigue strength; oxidation resistance; and excellent 

weldability and brazeability are the properties of 

INCONEL alloy 625 that make it interesting to the 

aerospace field. The outstanding and versatile 

corrosion resistance of INCONEL alloy 625 under a 

wide range of temperatures and pressures is a primary 

reason for its wide acceptance in the chemical 

processing field. Because of its ease of fabrication, it 

is made into a variety of components for plant 

equipment. Its high strength enables it to be used, for 

example, in thinner-walled vessels or tubing than 

possible with other materials, thus improving heat 

transfer and saving weight. [4] 

Preparation of the samples 

For the comparison, the firming effect is important the 

design and preparation of the test samples on which 

measurements will be carried out. The experiment 

used two samples, one from welded and the second 

from wrought Inconel 625. For a sample, see fig. 1 

a layer of Inconel 625 welded on the surface of the 

base material. This layer of weld material has 

a specified thickness of 1/8" (3.2 mm) and is designed 

as a two-layer weld due to the prescribed 

concentration of Fe at the surface. For the second 

sample was used forged from Inconel 625. 

 

 
Fig. 1. Sample with welded Inconel 625 

 

Test samples were machined a side cutting tool during 

longitudinal turning to the desired diameter 80 mm 

and then subjected to prescribed tests for determining 

the intensity of reinforcement. Machining has taken 

place in predetermined conditions with cutting speed 

vc = 150 m.min-1, depth of cut ap = 1 mm and feed f by 

values given in the Table 1. 

 
Tab.1. Values for measuring displacements hardening surface 

layer 
Section [5mm] Feed f [mm] Section [5 mm] Feed f [mm] 

1 0.01 5 0.07 

2 0.02 6 0.10 

3 0.03 7 0.15 

4 0.05 8 0.20 

 

 
Fig. 2. Machining of test sample  

 

Determination of hardening intensity 
During machining leads to hardening of the surface 

layer of the workpiece and at this time when the tool is 

in the cut and separates chip from the machining 

material. At this phenomenon occurs due to the 

pressure of the tool on the workpiece for tamping 

surface layer behind the blade tool (tertiary 

deformation). In the train of this come hardened 

surface layer with very small thickness. This hardened 

layer has during subsequent machining negative effect 

on the tool head. It is exposed to higher loads where 

there is tool attends to wear out or change its geometry 
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due up edge formation. For the determination the 

intensity of hardening the surface layer of the weld 

and wrought Inconel 625 was selected method 

compared by Vickers. Measurements were performed 

on a machine AMH43 for automated hardness testing 

with different loads. For objective findings hardness 

surface layer was chosen load 50 g in which there was 

the least penetration (perforation) of the measuring 

indenter via a compacted layer. To eliminate errors 

that might occur during the measurement were 

performed on all three feeds scars. 

Results of the measured hardness values reinforced with layers wrought Inconel 

 Tab. 2. Measured values at 50 g load 

Distance [mm] Hardness HV Distance [mm] Hardness HV Distance [mm] Hardness HV 

2 569 17 525 32 434 

2.5 580 17.5 525 32.5 434 

3 574 18 520 33 435 

7 591 22 487 37 429 

7.5 585 22.5 492 37.5 431 

8 591 23 492 38 426 

12 564 27 476 40 426 

12.5 564 27.5 473 Min 426 

13 559 28 472 Max 591 

 

 
Graph 1. The measured values of hardness of reinforced layer by Vickers 

 
Results of the measured values of hardness of reinforced layers welded Inconel: 

 Tab. 3. Measured values at 50 g load 

Distance [mm] Hardness HV Distance [mm] Hardness HV Distance [mm] Hardness HV 

2 580 13 558 27.5 493 

2.5 580 17 513 28 491 

3 584 17.5 516 32 484 

7 587 18 513 32.5 485 

7.5 592 22 495 33 487 

8 587 22.5 497 37 487 

12 561 23 493 Min 484 

12.5 558 27 494 Max 592 
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Graph 2. The measured values of hardness reinforced layer by Vickers 

Evaluation of the measured values 

From the graphs can be seen that the values of 

hardness HV decreases proportionally with increasing 

feed. This effect was most noticeable between feeds 

0.02 mm and 0.15 mm. From this it is evident that the 

greatest hardening formed at lower feed rates and 

gradually decreased with increasing feed rate. The 

comparison of the two graphs shows that the 

difference in hardness of the weld and wrought 

Inconel 625 using low values feeds is negligible. In 

improving the feed value occurred anticipated decline 

and changes in hardness of machined surfaces of 

materials. Inconel 625 weld hardness remained 

constant and decreased with increasing feed already 

very slowly. The wrought Inconel 625 occurred due to 

increasing feed remain a significant decrease in the 

hardness of the machined surface see graph 3.

 
Graph 3. Comparison of hardness HV welded and wrought Inconel 625 

From the measured values of surface hardness of 

machined material showed that in the processing of 

low feed doesn´t show the difference of hardness 

surface layer welded or wrought Inconel 625. The 

difference occurred until the value of the displacement 

of 0.1 mm, the hardness of the surface layer welded 

Inconel 625 remained approximately constant. While 

the wrought Inconel occurred with increasing feed 

value to continue reducing the hardness. The 

difference between the hardness of the surface layers 

of welded and forged Inconel 625 was at machining 

feed rate 0.2 mm equal to 55 HV. 

 

Conclusion 
In machining Inconel 625 at low feed rates in 

completion comes substantial hardening of the surface 

layer.  This is undesirable if it must be so hardened 

surface layer re-machined. This phenomenon usually 

occurs at the surfaces with narrow tolerance 

dimension where the machine operator a few chips 

closer to the mean diameter tolerance. Working so 

hard coating material has led to a reduction in the life 

of cutting tools, inserts higher consumption, greater 

risk of failure to close tolerance dimensions and thus 

to degraded surface of the workpiece. The aim was to 

eliminate the formation of undesirable hardening 
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surface layer. The solution was the choice of 

appropriate cutting conditions, material removal 

strategies (more roughing chips with one finishing 

 chip). It was conditional rigidity machine-tool-

workpiece, higher precision of machine and with 

debugged CNC program. 
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ABSTRACT 
 
A new problem about the supply chain resource integration and 
optimization in mass customization (MC) by the fourth party 
logistics (4PL) is analyzed in this paper. On this basis, a 
dynamic and multi-objective optimization model and an 
algorithm are set up for the decision optimization of the supply 
chain resource integration in mass customization by 4PL. The 
optimization model and the algorithm can not only reflect the 
operating requirements for the special resource integration 
process in mass customization, but also reflect the thought of 
solving the key contradiction in mass customization and give 
consideration to the characters of 4PL operation in the supply 
chain. The application feasibility of the model and algorithm are 
validated is also pointed out in this paper. 
 
Keywords: Decision Analysis, Supply Chain Resource 
Integration, Optimization, Mass Customization, Fourth Party 
Logistics. 
 
 

1. INTRODUCTION  
 
How to deal with the contradiction between mass production 
effect and customized demand is the key problem on mass 
customization (MC) [1]. With the development of supply chain 
management, we can probe a new way to solve this problem 
through the excellent character of supply chain resource 
integration, allocation and optimization. However, the supply 
chain resource integration in mass customization has special 
characters, mainly reflected in the random information of 
customer orders and the outstanding collaborative benefit and 
risk conflictions which will cause many complicated 
contradictions in supply chain operation [2, 3]. Therefore, how 
to settle these problems is most important in implementing 
mass customization. 
 
In recent years, the successful operation of the fourth party 
logistics (4PL) has gradually demonstrated that it is an effective 
mode to integrate, allocate and optimize the complicated 
resources of supply chain reasonably, efficiently and flexibly 

                                                        
 * This research is supported by National Natural Science Foundation of 
China (71072148). 

[4]. Especially, 4PL have great superiorities in coordinating 
different kinds of supply chain co-operators’ benefits and risks 
in the operation. Therefore, 4PL is a better method to settle the 
problems of the random information of customer orders and the 
outstanding collaborative benefit and risk conflictions in MC 
and the effective way is to integrate the different resources of 
the supply chain and allocate the MC tasks to them. The 
implementation of this process needs mathematic optimization 
method. 
 
However, there are no effective quantitative methods to guide 
the integration practices and especially there are lack of 
analyses on quantitative integration process about the supply 
chain resource in MC by 4PL up to now which will inevitably 
limit the superiorities of 4PL application in mass customization.  

 
Based on our early relative achievements about the supply chain 
operation in MC and the supply chain resource integration in 
4PL mode, see Reference [2-4], this paper set up a dynamic and 
multi-objective optimization mathematic model about the 
decision optimization on supply chain resource integration in 
mass customization by 4PL from the view of systemically 
balancing and quantifying the supply chain.  
 
In order to solve the optimization problem, this paper also set 
up an algorithm for the decision optimization of the supply 
chain resource integration in mass customization by 4PL. The 
optimization model and the algorithm can not only reflect the 
operating requirements for the special resource integration 
process in mass customization, but also reflect the thought of 
solving the key contradiction in mass customization [2] and 
give consideration to the collaborative benefits and risks in the 
supply chain.  
 
 

2. ASSUMPTIONS 
 
We assume that the total production stages for MC is K and let 
k (k =1, 2, …, K) denote the index of each stage. We use t as an 
independent time variable and use tk denote the starting moment 
at the kth stage.  
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In the 4PL resource integration scheme, the core enterprise can 
select the suitable moment tk to implement supply chain 
resource integration and MC task allocation.  
 
Let Nk denote the total number of the cooperators (including the 
number of the core enterprise’s production/working groups 
taking part in the related production) at the kth stage. In 
following analysis, we use ‘nodes’ instead of ‘cooperators’. Let 
r (r = 1, 2, …, Nk) denote the index of the node at the kth stage. 
Let (kr) denote the index of each node. All these nodes will join 
in the supply chain resource integration and MC task allocation 
process by 4PL. 
 
Reference [3] pointed out that the key problem of MC to solve 
is to satisfy the different customized demands with the scale 
production efficiency. As for a manufacturing supply chain, it is 
to make the system’s comprehensive profits maximum on the 
premise of rationally realizing the production efficiency to 
different orders. Obviously, these constitute a contradictory 
body. To relieve these dominant contradictions in the dynamic 
scheduling and to show the effects of the scope economy in MC, 
we put forward the idea of the time threshold based on the 
elementary classification of the stochastic orders. The main idea 
of the time threshold is that the core enterprise should put 
forward a time horizon to wait dynamically for other orders’ 
coming by weighing all factors in the supply chain system 
when it has received any order in the scheduling. At the same 
time, to promote the customized service level maximally and 
realize the approximately full customization, we also given an 
idea of the secondary classification of orders based on the time 
threshold. The main contents of the secondary classification are 
as follows: Definition 1, the orders received by the enterprise 
during the time threshold whose parts will be made by the 
unique designing and machining technology are named Special 
Order (SO); Definition 2, the orders besides SO are named 
General Order (GO); Definition 3, the orders that should be 
given the highest priority to operate to fit the urgent delivery 
date of customer are named Rush Order (RO) which are not 
restricted by the time threshold. 
 
We can see that, on one hand, the idea of the secondary order 
classification contains completely the customized qualities of 
products, which can be reflected by the physical characters of 
products and be corresponding to the classification of GO and 
SO and also contains the customized delivery date of products 
which can be corresponding to the classification of RO; on the 
other hand, it contains completely the realization of the 
production efficiency in the supply chain scheduling in MC 
which can be reflected by the complexity of the production 
process, be corresponding to the classification of GO and SO 
and can be reflected by the same time production lot 
corresponding to the definition of the time threshold. So, to 
plan and optimize the supply chain resource integration and 
MC task allocation based on the order classification by the time 
threshold is a good idea to satisfy the different demands of the 
customer with the higher production efficiency. This is the key 
way to relieve the first dominant contradiction.   
 
The existence of the rush orders and special orders may make it 
more complicated and difficult to handle the supply chain 
resource integration and MC task allocation. But as a real 
meaning customized system, to greatly satisfy the customer 
demands is necessary. And only on this base can the excellent 
service brand be set up gradually and can the supply chain 
cooperative relationships develop and last greatly and long. At 
the same time, to reduce the rush orders and the special orders 

gradually will be the objective for the enterprises to get by 
reform and process reorganization. Here, we will introduce the 
idea of the time threshold and the order classification into the 
supply chain resource integration and MC task allocation 
process to determine the decision optimization adjustment 
moment. 
 
For the order information, let NO denote the total number of the 
orders received by the core enterprise during the time threshold 
T0. Let G denote the number of the production categories 
divided by the starting stages of the different sub-tasks of the 
orders at moment tk and let h (h =1, 2, …, G ) denote the index 
of each production category.  
 
Let Mg (g =1, 2, …, G) denote the total number of the order 
categories divided by the order classification described above in 
the hth production category at moment tk and let i (i =1, 2, …, 
Mg) denote the index of each order category. Let Nm (m =1, 
2, …, Mg) denote the number of the total orders in the ith order 
category at moment tk and let j (j =1, 2, …, Nm) denote the 
index of each order. Finally, let (hij) denote the index of each 
order after the above division.  
 
When the tasks of (hij) are produced by (kr), we assume the 
relations as follows: Let TD.hij denote the delivery date; let 
Tkr.hij(tk), CT.kr.hij(tk), Text.kr.hij(tk) and Cext.kr.hij(tk) denote 
respectively the production time and cost (not including the 
extra inventory time and cost), the extra inventory time and cost; 
let Texp.kr.hij(tk) and Cexp.kr.hij(tk) denote the expected production 
time and cost determined by the core enterprise; let CΔτ.kr.hij(tk) 
denote the extra inventory cost per unit time and define 
Cext.kr.hij(tk)=Text.kr.hij(tk) CΔτ.kr.hij(tk). Let TΔ.k+1,r.hij(tk) denote the 
acceptable absolute value of the difference between the actual 
production time and the expected production time for (kr) 
producing the tasks of (hij) when it is operated at stage (k+1, r). 
 
To set the constraints, let Adem.k.hij(tk) and Qsta.k.hij denote 
respectively the spare production capacity demand and the 
production quality demand of (hij) to the kth stage. Let 
Asup.kr.hij(tk) denote the spare production capacity supply of (kr) 
to (hij). Let Qkr.hij denote the production quality supply of (kr) 
to (hij). At the same time, let εkr.hij(tk) denote the profit 
preference of (kr) to (hij), let Ukr(tk) and Umin.kr(tk) denote 
respectively the profit preference satisfaction degree of (kr) and 
its minimum, let USC(tk) denote the overall satisfaction profit of 
the supply chain system and let φkr(tk) (0≤φkr(tk)≤1) denote the 
contribution factor of (kr) to USC(tk) (when all the nodes 
achieve their maximum satisfaction profit and all φkr(tk) equal 1, 
USC(tk) will be maximum ideally). Assume that the financial 
compensation is needed when the delivery date exceed the due 
date by accidents. So, let β denote the delayed delivery 
tolerance parameter and let βmax denote the maximum of β 
which will be jointly determined by the core enterprise and 
other cooperators. Assume that if (hij) is operated at (kr), then 
δkr.hij(tk)=1, otherwise δkr.hij(tk)=0.  
 
 

3. OPTIMIZATION MODLE 
 
We set up a 0-1 programming model as follows. 
 
The optimization objective functions are 
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Where 0≤β≤βmax<1; k = 1,…K; r=1,…, Nk; h =1, …G; i =1, …, 
Mg; j=1, …, Nm. 
 
In the model, Constraint (5) describes the spare production 
capacity demand relations. Constraint (6) reflects the delivery 
constraints of the customized production. Constraint (7) assures 
that each production stage of the same customized product at 
different stages will continues smoothly. Constraint (8) assures 
that all orders received during the time threshold must go 
through all the production stages. For the orders whose tasks 
may not participate in some stages in practice, we make them 
through the virtual stages to replace. Constraint (9) assures that 
each task will be completed by its corresponding cooperators 
and there will not be any duplicated production to one task. 
Constraint (10) assures that the supply chain’s collaborative 
relations are built on the satisfaction of the cooperators’ profit 
preferences reaching their acceptable levels. Otherwise, they 
may not accept the resource integration and task allocation. 
Constraint (11) assures the quality demand of MC. 
 
 

4. MEANING OF OPTIMIZATION 
 
Equation (1) addresses optimizing the production cost of MC 
and its outstanding feature is the introduction of the profit 
preference factor.  
 
Equation (2) addresses optimizing the punctual deliveries of the 
customized products. From system opinion, when the actual 

production time is closer to its expected value, the deliveries to 
the customers can be better guaranteed. In addition, the smaller 
the value of β, the higher the level of the punctual delivery 
service is.  
 
Equation (3) addresses optimizing the scale production. The 
value of Z3 is smaller the better. Because the division of Nm is 
based on the order classification ideas discussed above and the 
direct aim of the ideas is to alleviate the key contradiction in 
MC, which is also the goal of Equation (3). When the spare 
production capacity of (kr) is greater than Nm needed, the tasks 
of Nm can be completed by one or more cooperators at the same 
stage. Obviously, the scale production effect of the former is 
higher than latter. But, the same as analyzing the profit 
preference, the decision result will be determined by the profit 
situation of the subjective and objective collaborative 
production.  
 
Equation (4) addresses optimizing the supply chain’s overall 
profit on the premise that every cooperator can achieve its own 
satisfaction level. 
 
These four objective functions influence and restrict each other. 
The ultimate objective of the model is to reflect the levels of 
alleviating the dominant contradictions. It also illustrate that the 
supply chain resource integration and task allocation in MC by 
4PL is a typical multi-objective optimization problem. In 
alleviating two dominant contradictions, we must consider a 
comprehensive optimization solution for these multiple 
objectives at the same time. Therefore, we choose four aspects 
including the customized production cost, the production time, 
the scale production effect and the production capacity 
congestion as the optimizing goals which are closely related to 
the micro-level of the solution operation in order to realize the 
application of our alleviation ideas. 

 
 

5. OPTIMIZATION ALGORITHM 
 
The above 0-1 programming model is a typical NP-hard 
problem. Currently, there are not very effective solution 
methods for linear 0-1 programming problem, such as the 
knapsack problem. Especially, when the optimization objective 
is nonlinear, the solving difficulty is even greater. In general, 
the genetic algorithm and bionic approach are the primary 
methods to solve such problems.  
 
In this paper, we use an improved ant optimization algorithm to 
solve the optimization problem, for it has more advantages [5] 
has been widely used in combination optimizations, dynamic 
routing and scheduling problems [6]. Certainly, there is 
possibility to develop other algorithm to solve the problems in 
this paper, but till now, ant algorithm is the best one. For 
example, fish swarm algorithm is another bionic method, but it 
is more complex, need long time computation and is difficult to 
balance the parameter relations among much more points to be 
sought in the optimization network although it has more 
advantages in global search. Meanwhile, a major problem is 
that it is difficult to bring multi-attribute optimization 
objectives in solving the multi-objective optimization. So, it is 
difficult to comprehensively deal with the problems in this 
paper by fish swarm algorithm. 
 
However, as shown in the former text, there are much more new 
operating characters and complexities in the supply chain 
resource integration and task allocation in MC compared with 
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the general operation problems such as JSS and FSS. In order to 
make the algorithm rational and suitable, we must develop the 
general ant algorithm.  
 
Suppose that a supply chain network at the moment of resource 
integration and task allocation adjustment is composed of the 
source node, object node and cooperator nodes. The stage 
division of the network will be determined dynamically by the 
practical production circumstance of the several orders at the 
moment tD.  
 
In the running of algorithm, ants will move from the source 
node to the object node through the network and die then. As 
the ants can’t return, the pheromone [5] of different roads will 
be determined intelligently by the different cooperators’ 
production parameters. The structure of the algorithm is as 
follows. 
 
First, we consider the structure of the ants and the forbidden 
nodes. To realize the algorithm we adopt the special method to 
make ants. That is: we make two-step division to the ant 
classification. The first step is to classify the ants by the orders’ 
production classification. Each order class is corresponding 
with an ant classification; the second is to classify them by the 
beginning stage of the production in the same order 
classification, and the different beginning stages are 
corresponding with the different ant classes. Suppose at moment 
tD, the number of the order classes that should be made the 
resource integration and task allocation adjustment is n and the 
index of the different beginning stages in every classification is 
mi (i=1,2,…n). Then, the number of the ant class at moment tD is 

i
n
i m∑ =1  and every ant class is signified as 

Aij(i=1,2,…n;j=1,2,…mi). For each ant class, we set the 
forbidden nodes according to its allowable field. 
 
Then, the probability to select the different paths should be 
determined as follows. 
 
Firstly, we decide the attraction probability of the paths to ants. 
Given Mij* is the allowable field of Aij at tD. The set of 
cooperator r(r=1,2,…R) at stage k(k=1,2,…K) is signified by 
Mij.kr*. As one of the optimization objectives is to minimize the 

production cost, the quantity (signified by )1(
.krijπ ) of the 

remained pheromone by ant class Aij is in the inverse ratio of the 
production cost when they passing through Mij.kr*. Then the 
attraction probability of class (1) for cooperator r to Aij at stage 
k can be described as: 
 

)1(
.

R
1

)1(
.

)1(
A / krijrkrijP ππ ∑= =

                             (12) 

 
At the same time, let the expected production time limit 
(expected production delivery date) of Aij to kr is TE. 
Considering the dynamic character of the supply chain’s 
cooperative relationship, some cooperator should make a 
competitive bidding according to its own production process 
because of its probable cooperative relations with the other 
supply chain networks at the same time. Then let its competitive 
bidding delivery date be TS and let SE TTT −=Δ . We can 
learn that to realize the punctuality of the customized 
production and the connections of the different production 
stages, the smaller TΔ is, the better it is. Certainly, some times 
the quantity of TΔ has the relation with the production cost 
which should be weighed by the supply chain system. Let 

)2(
.krijπ  denote the pheromone quantity which is inversely 

proportional to TΔ that ant class Aij left when they pass through 
node kr. So the attraction probability of class (2) for cooperator 
r to Aij at stage k can be described as:  
 

)2(
.

R
1

)2(
.

)2(
A / krijrkrijP ππ ∑= =                              (13) 

 
Secondly, we decide the exclusion probability of the paths to 
ants. Scholar Navarro Varela et al. [7] has given the idea that the 
pheromone of the same ant class will attract each other and that 
of the different class will exclude. So, in order to solve the 
production congestion, we set the exclusion probability of the 
paths to ants. Let ψpq.kr denote the quantity of the remained 
pheromone by non-Aij ant class at kr, then the exclusion 
probability of it to Aij can be described as: 
 

krpqrkrpqP .
R

1.R / ψψ ∑= =  (p=i,q≠j;p≠i,q=j;p≠i,q≠j)      (14) 

 
Thirdly, we decide the probability of the ants to select paths. Let 
the probability of Aij to select path kr be: 
 

)1( R
)2(

A
)1(

A. PPPP krij −++= γβα                      (15) 

 
In Eq. (15), α,β,γ(0<α,β,γ<1;α+β+γ=1) are the parameters for 
the algorithm and they can reflect the expected weight relations 
between the attraction and exclusion probabilities. 
 
We also need to determine the update rule of the pheromone. 
Different from the traditional algorithm, the ants in this paper 
only have one-way motion character, so the algorithm should 
update the pheromone at every production node automatically. 
Here we use Φ to denote all the former π(1), π(2) and ψ to 
simplify the indications and the update rule is: 
 

)1,()()1()(
)1,()()1(

+Δ+−=−
+Δ+=+

ttΦtΦtΦ
ttΦtΦtΦ

ξξ
               (16) 

 
where Ф(t) and Ф(t+1) denote respectively the pheromone 
quantity remained at the node at the tth and the (t +1)th batch, 
ΔФ(t, t+1) denotes the pheromone quantity left at the (t +1)th 
batch and ξ(0<ξ<1) denotes the volatile coefficient of the 
pheromone. 
 
 

6. ALGORITHM STEPS 
 
In supply chain resource integration, when the adjustment 
moment comes, we operate the algorithm to adjust dynamically 
the assignments of the production tasks among the supply chain 
cooperators. Because there are many complex cooperative and 
competitive relations among the cooperators, it is difficult to 
find the exact optimization solution. In practice, we can weigh 
in several aspects (e.g., the production cost and production 
delivery date in this paper) and put forward an expected 
satisfaction level before scheduling. When the algorithm 
convergence makes every optimizing index reach its 
corresponding level, the algorithm can be over. The steps are: 
 
STEP 1. The core enterprise determine the resource integration 
and task allocation adjustment moment.  
 
STEP 2. When the algorithm begins, we judge the order 
classification according to the description and set up the ant 
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classification, then determine the allowable fields for them.  
 
STEP 3. Set the expected production delivery date TE, set the 
production cost of all kinds of MC production class 
corresponding with the different kinds of ant class Aij at 
different production stages. Determine the relations between TΔ 
and the remained pheromone of all kinds of ants by the way of 
sampling and analyzing the present data. 
 
STEP 4. Determine the expected satisfaction level of every 
optimization index such as the production cost and delivery 
date according to the historical experience and the data 
on-the-spot. 
 
STEP 5. Set and adjust the value of α, β, γ and ξ. 
 
STEP 6. Generate ant batch t (in the beginning, t=1) at source 
node and there are kinds of ant class in every batch. Let the 
number of the ants in every class be x times as much as the 
number of the corresponding kinds of orders (3<x<10 is quietly 
suitable for the small supply chain network). Make the ants 
move to the object node and die when they arrive. Update the 
pheromone at every node according to the rule and then let 
t=t+1. 
 
STEP 7. Account the ant number passing every node in every 
batch. Make the judgment of whether the ant number of 
selecting every node has become stable. We can judge the 
stable state by comparing the number of the ants selecting one 
node in this batch with the former batch to see if there is no 
obvious change, or by observing the number of the ants that 
always changes in a small scope during the recent several 
batches.  
 
Then, we give the assignment of MC tasks to different 
cooperators according to the number of the ants distributed at 
the different nodes, calculate the optimizing level of all kinds of 
indexes and judge if they have reached the satisfaction level. If 
yes, we can stop the algorithm and turn to step 8, otherwise turn 
to step 6. 
 
STEP 8. Output the algorithm result and make the resource 
integration and task allocation implementation according to it. 
 
Here, we should also pay attention to several issues.  
 
Firstly, if the move of the ants can’t reach the stable state even 
they have passed all batches, we should adjust the values of all 
kinds of parameters to a larger range, which means we should 
turn to step 5.  
 
Secondly, if every index can’t reach the satisfaction level even 
if the algorithm has run in a long time, we should revise the 
expected satisfaction level, which means we should turn to step 
4.  
 
Finally, when the algorithm reaches the stable state, the 
problems of production congestion at some nodes are 
disappeared, and even if the quantities of the attraction 
pheromone at these nodes are larger, the ant current through 
these nodes will not increase. It is owed to the role of the 
exclusion probability. 
 
 

7. VALIDATE RESULT 
 

We validate the reasonability and feasibility of the above model 
and ant algorithm in the optimization decision of the supply 
chain resources integration in MC by 4PL through a case study 
and simulation.  
 
 

8. CONCLUSIONS 
 
This paper explores a quantitative method about the supply 
chain resource integration in MC by 4PL mode and presents an 
integration optimization and MC task allocation model and an 
algorithm to reflect the mechanism of quantification. Obviously, 
there are many and complex dominant factors which play a 
decisive role in the integration decision optimization and it is 
need to give more deep, detailed and refined analyses to their 
operational characters and rules.  
 
The model and algorithm set up in this paper are based on the 
integration quantitative theories and methods in 4PL mode. 
They not only reflect the complicated characteristics of the 
supply chain resource integration in MC production process but 
also merge the solution methods of several important relations 
into the integration optimization process.  
 
The quantitative method of the resource integration 
optimization in MC by 4PL in this paper can reflect the 
complex diversity of the supply chain resources to be integrated 
in 4PL, can reflect the different resource demands for different 
MC customer and can reflect the resource integration demands 
for supply chain system and every resource individual. It can 
clearly describe the complex relationships between the subject 
and object in the supply chain resource integration in MC; 
easily balance the relationships among multi-objectives of 
integration from the angle of subjective and objective system 
strategy; easily solve the special problems (such as the 
congestion problem) in the actual operational level. In addition, 
the model and algorithm are also transition bridges from the 
integration optimization theories and methods to the practice.  
 
The integration mode of the supply chain resource in MC by 
4PL belongs to the frontier of supply chain management field. 
In future study, we should give more attention to the 
complicacy of the dominant factors. Especially in different 
production or service industries, it is most important to grasp 
this principle. Meanwhile, it need more depth analysis about the 
complex relations among various factors to guide the 
integration practice of 4PL with better integration strategy and 
to exploit more advantages in integrating supply chain 
resources in MC by 4PL. 
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Abstract— this document is a synthesis of those parameters, 

considerations, elements and systems that must be implemented 

if the objective is based on the inclusion of smart grids in the 

Colombian electrical system.   This paper defines the changes of 

the traditional figure of the electrical energetic chains that 

includes generators, transmission, distributors, retailers and 

users to introduce the new concept of ProUser1. This new term 

generates a change in the electrical chain and it will be become 

bidirectional and decentralized in operation.  

Keywords—Smart grid; descetralized system; bidirectional; 

ProUser;  

I.  INTRODUCTION 

This paper presents the explanations of those aspects that 
have to be considered when is talked about Smart grids and 
that also many times is being confused with the use of 
telemetric and automatic system. For that reason must be 
formally defined for Latin America and Specific for Colombia 
a structured definition. Also can give the line to follow for the 
interconnected system to overcome and introduce the smart 
grids successfully.  

In this document is related the following aspect: (2) a 
formal definition for Smart Grids focused on the purpose 
projected for Spain which introduce the term in the electric 
market chain. (3) The elements that have to be included in the 
electrical system to could reach the Smart grid definition. (4) 
After that is defined the possible Electrical Energetic Chain 
that satisfies the bidirectional orientation of the ProUsers with 
the system, the changes that will be produced in the electrical 
energetic chain if is desired to include smart grids in the 
Colombian system and the purpose of a distributed system 
market in energy consume but automatically controlled by 
telemetric systems. Finally, it is presented the road to follow if 
is desired a successful inclusion of smart grids in Colombia.  

This paper does not desire to generate controversy on the 
real meaning of the composed word “smarts grids”, the 
objective is to identify what is the real definition of the term, 
the elements that must be included to make reference about 
them and to emphasize that the surveys that have been doing in 
Colombia are just the first step that is defined in the fourth 
section of this paper.  

II. FORMAL DEFINITION FOR SMART GRIDS 

This section presents the formal definition based on the first 
applications of the term defined in Europe and after that are 
presented the objectives wanted to be reached. 

A. Definition 

An Smart Grid or a smart system to distribute energy is 
defined as the integration of elements that allow the 
optimization of the energy production and distribution using 
automatic system that are able to ensure economic energy, 
sustainability, lower losses, high levels of quality, reliability, 
security and flexibility, integrating distributed system 
generation to the energy chain that can be renewable and 
cheaper or wasted in the case of non – renewable energy that is 
produced  in the figures of cogeneration or self-generation. [2] 

The diagram box that is showed in Figure 1, represents the 
formal characteristic that must be included in a design of a 
smart grid and they are defined as follow: 

 

 
Figure 1.  Inclusion of the last propieties that must be considered in a smart 

distribute energy system.  

1) Reliability: As the actual definition, it is the probability 
that the system could be able to operate completely1 if one of 
its elements is not in operation due to a contingence or 
programmed event of maintenance.  The reliability must be 
defined and structured in a smart grid, for each one of its 
elements and project the availability of it in a defined period of 
time. The global system must be able to operate in a higher 
condition of contingence. It makes reference when more than 
two elements of the system go out from normal operation. 
(There must be a probability of operation higher that the 
criteria N-2 elements). 

 
2) Sustainability:  This term is the most ambitious because it 

mean completely autonomy. The energy of the generators 
must be controled efficiently and the centraliced system have 

Smart grid 

(1) Reliability 

(2) Sustainability 

(3) Security 

(4) Flexibility 

(5) high-Quality 

(6) Efficiently 

1 ProUser: It is the term that integrates the criteria used in EEUU and 
Europe to include the figure of Users that could generate with renewable 
energy in most of the cases.  

166

Proceedings of The 6th International Multi-Conference on Engineering and Technological Innovation (IMETI 2013)



to have in realtime the capacity of supply of all the generator 

(included: Conventional and distributed system generators that 

are available to conect to the network). 

 

3) Security: As the actual definition of security it must be 

focused on ensure the the continuity of the suminister of 

energy to the users that are connected to the electrical system.  

 

4) Flexibility: To be able the system to commute its 

elements to secure the energy suppy. [4]  
 

5) High-Quality: This make reference to be in rule with the 

current regulation of energy quality. The users of the system 

must be certified with the normative to avoid the inclusion of 

losses or quality problems int the network. [4,9] Also the 

distribution agent must be in rule with the respect normative 

that implies that all their system have to be in rule with the 

normative
2
. [4] 

 

6) Efficiently:Smart grids are focused also in production, 

transmittion and final use of the energy that is necesarry, 

reducing losses, mitigate the downtime operation of machines, 

optimize the system and develop culture and stregaties to save 

energy in all the energetic chain. Many efficient process are 

focused in tecnological changes due to the actual condition of 

their electric and mechanical equipments. [1] For example an 

air-cooling system for each one of the offices in a building, 

could be replaced by a core cooling system for all the 

building. In Colombia has started the implementation of the 

ISO 50001
3
 and have been introduced the RETIQ

4
 and 

RETILAP
5
 that contribute to inprove the eficience of the 

system. Smart grids will be measured also efficiently and they 

must be designed taking into acount this aspect.    

 

B. Objetive of smart grids 

According to the definition and the properties that were 
defined previously, many authors and entrepreneurs that are 
working in this topic consider eight objectives to include smart 
grids in all the electrical chains around the world. They also 
impact in the reduction of the pollutant emissions of C02 that 
many processes of the industry and the electric generation are 
causing and they are resumed as follow: 

 

1) To strengthen the grid implementing automation to 

obtain an optimal operation and reduce techinal losses and  

gain reliability, security and flexibility.  

2) To optimizate the interconetion with renewable energy 

systems to minimize the cost of the energy and improve 

sustainability.  

3) To developing decentraliced schemes to introduce the 

implementation of distributed generation. 

4) To produce new techological forms of energy storage, 

focused in alternative system generation in which the energy is 

not as stable as the conventional system and must be storaged 

before it use.  

5) To develop a change in the electrical market due to the 

inclusion of new figures of generation system And to 

encourage those users that produce and use efficiently the 

energy.  

6) To become the demand management of the energy in a 

real-time management. 

7) To include into the electrical market new figures of 

consumption, for example the electric vehicle. 

8) To reduce peaks of the daily demand respect the 

conventional energy generation. It is said that this peaks will 

be assumed by the introduction of the new figures of 

distributed system generators.  
 

III. ELEMENTS NEEDED FOR SMART GRIDS 

According to the orientation of the document it is noticed 
that Colombia is not going to be ready for this system during 
the following years but it could be reached if are implemented 
strategies that could benefit the progress of smart grids.  

The actual model of the energetic chain must be modified 
to could include successfully the smart grids. In this section 
will be defined those elements.  

A. ProUser 

In the new model is needed to be modified the term of user 
for many cases in which will be projected to include new types 
of distributed system generation or the case of the electric 
vehicle. This new element became the electrical system chain 
bidirectional due to it could supply and in other case consume 
energy from the interconnected system.  [3] 

This user must be regulated and controlled systematically 
and in real�time with the aim of detect how much energy it 
consume, in which periods register the highest consume of 
energy and define its sustainability in percentage values. 

The overcrowding of ProUser could be the solution to the 
reduction in the use of conventional energy system, in hours 
where the daily demand is the highest of the day. Gradually, 
the ProUser could become own sustainable during this periods 
of the day using its own energy generated.   

A ProUser is basically an integration of consume and 
production of energy based on the term distributed system as is 
shown in figure 2.  

 

1 Completely: This means that all the users or charged can receive the 
energy from the system. 

2 For Colombian case the normative NTC 5000 (Quality of the electric 

power) and the STD IEEE 519 
3 ISO 50001 is the standard energy management.  

4 RETIQ is the technical regulations for labeling  

5 RETILAP: is the technical regulation for lighting and street lighting 
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Figure 2.  Single line representation of a ProUser.  

 

B. Renewable Energy 

As is represented in represented in figure 2 and as is 
expressed in the definition of a Smart Grid, this type of energy 
in most of the cases has to be renewable. The use of renewable 
energy has to increase in Colombia and more modern systems 
than JEPIRACHI have to be developed and installed.  [3, 8] 

The table I and II, enumerate the range of wind and solar 
intensity respectively in many regions around Colombia 
according with the established in the UPME1. 

TABLE I.  WIND POTENTIAL IN COLOMBIA [2] 

Wind speed 

 (m/s) 

Place with wind potential  

(place  - department) 

igual o superior a 5 m/s 
durante todo el año 

Galerazamba-Guajira 

San Andres – Archipielago de San Andres 
Gacheneca - Boyacá 

Entre 4 a 5 m/s durante 
todo el año 

La religiosa - Huila 
Providencia – Archivielago de San andres 

Riohacha – La guajira 

Rangos entre 4 – 5 m/s 
existentes en algunas 

epocas del año 

Villa Carmen - Boyacá 
Obonuco – Nariño 

Cúcuta – Norte de Santander 
Ábrego – Norte de Santander 

Urrao – Antioquia 
Bogotá - Cundinamarca 
Barranquilla - Atlantico 

Soledad – Atlantico 
Santa Marta - Magdalena 

Achique - Tolima 

 

TABLE II.  SOLAR  POTENTIAL IN COLOMBIA [2] 

REGION Energy 

kWh/m2/year 

Caribe 4015 
Orinoquia 1643 
Amazonia 1551 

Andina 1643 
Pacifica 1278 

 

C. Automatic control system  

The control system must be changed due to the 
bidirectional action of the new term introduced as ProUser. The 
system has to be measured and controlled from a centralized 
point that allows the demand management in real-time and that 
will be able of act in the presence of faults or contingencies. [9] 

 

D. Telemetry system 

This terminology has created controversy in its 
implementation because is confused with smart grids and it is 
important to highlight that the telemetry it in this moment the 
form to control the user based on a control and communication 
system where measurement is stored directly from the system 
installed in the cabling. [3] 

The telemetry system used in this moment is in one 
direction due to the type of chain that is currently handled.  The 

telemetry system required must be directional and able to sense 
the flux direction according to the type of user the telemetry 
system would have been programmed in different manners. [3] 

 

IV. ELECTRICAL ENERGETIC CHAIN MODIFICATION 

This section finally defines a purpose to follow in order to 
get in operation a system based on a smart technology. Figure 
3, represent the unidirectional consume chain in the electric 
system. [6, 7] 

 
Figure 3.  Actual system direction (Unidirectional) of the chain of energy 

consume  

A. Scheme including smart grids 

The diagram showed in figure 4, is the objective when 
Smart grids started to be included in the national grid system. 
There is noticed the bidirectional lines orientation between 
electrical grid and those proUsers. The bidirectional lines 
orientation means that the figure ProUser could provide energy 
to the electrical grid according to the needs and requirement of 
the grid. This includes a bidirectional control and a new 
implementation of a new programming of telemetric system.  

 
Figure 4.  System purposed for smart grids acording.  (Bidirectional between 

Pro Users and Electrical grid) 

B. The road to reach the desired market  

According to this survey and in phase with the opinion of 
the researchers that have been working in this topic, it is still 
generating a question: What should be done to include 

successfully smart grids?” 

 
 The answers to this question are basically good 

management of investigations and the support of the state to 
obtain the inclusion of all the parameters presented in section 
II. [3] The following scheme responds to the possible road to 
follow and take the same line of implementation as is being 
doing in EEUU and EUROPE. This scheme is divided in five 
phases:  

1) The first phase: responds to the investigations and 
researches to obtain a technological improve and must be 
oriented and supported by the state. The state have to stimulate 
and promote the researches and development of these 

1 UPME: Mine and Energy planning unit in Colombia    1 UPME: Mine and Energy planning unit in Colombia  
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technologies due to they are not mature, they are just in test as 
this  is happing with the wind energy park ( Jepirachi). These 
phase implicate that the state must me more constant if it 
wanted to reach the projections that many researchers are 
proposing. The telemetry also has to be tasted in a bidirectional 
system.  

2) The Second Phase: implicate the successfully 
development of each one of the elements that need to be 
technological mature in the first phase and once finished they 
must be standardized with the aim of promote its production 
massively.  

 
Figure 5.  Scheme line to include the smart grids in the power system 

 
3) The third phase makes reference to the inclusion of the 

technologies developed and standardized into the power 
system as is the case of the electric vehicle.  

4) The fourth phase: will be reached until the inclusion of 
all the elements that integrates the smart grids and they have to 
be tested during their operation. This period could be called as 
a “taste period for smarts technologies” and after that there 
must be a regulation of all these elements and specify their 
restrictions and objectives in the chain.  

5) Finally, the fifth phase is the inclusion of the smart 
users or ProUsers that will be able to interact with the market 
and be self-sustaining.  

  

V. CONLUSIONS 

As an outcome of this survey was to focus the lector in 
which of the phase is Colombia and that the concept of Smart 
Grid could be understand for everyone with the aim of focus 
all the researches into the same line. Also it is important to 
take into account the participation of the state that will be the 
promoter of this implementation and will guide to integrate all 
the elements that are needed.  

It cannot be talked about smart grid if there only renewable 
system that is being applied because this is just one element of 
smart grids.  It cannot be confused telemetry with smart grid 
basically because the telemetry is just control and 
measurement and will be also just an element of smart grid. It 
cannot be consider a home automation that could include 
renewable energy as a Smart Grid. They are only a possible 
ProUser figure.  

All these elements that were mentioned are needed and 
must be developed and implemented successfully for that 
reason Colombia will be working in Smart Grid but this is the 
global line of investigation that integrates: Renewable 
systems, efficiency, URE, power system, control and 
automation and economy energy management.   

 

REFERENCES 

[1] A. Sinha,, S.Neogi, “Smart grid initiative for power distribution utility in 
India” IEEE press. India. 2011.  

[2] D. Diaz. “Esquema de incorporación de las Smart Grids en el sistema de 
potencia Colombiano. Universidad  Pontifica Bolibariana. Colombia. 
2011.  

[3] Energia y Sociedad. “Smart grids: redes eléctricas inteligentes”. España. 
Marzo de 2010.   

[4] E. Heiskanen,  K. Matschoss. “Exploring emerging customer needs for 
smart grid applications” Germany. IEEE Press. 2011.  

[5] G. Tang, “Smart grid management & visualization”, smart power 
management system. Graceroce International Corporation. Toronto, 
Canada. IEEE press. 2011.  

[6] J. Morales, A Gomez “La red inteligente: ahorro energético y 
telecomunicaciones. Convergencia con la red eléctrica y desarrollo 
sostenible” L&M Data Communications S.A. October 2006. 

[7] M. Hashmi,  K. Mäki “Survey of Smart Grid Concepts, Architectures, 
and Technological Demonstrations Worldwide”.  IEEE . Finland. 2011.  

[8] Observatorio Industrial del Sector de la Electrónica, Tencologías de la 
Información y Telecomunicaciones. “Smart Grids y la evolución de la 
red eléctrica. Centros tecnologicos de españa”. Madrid España. 
Diciembre de 2011.  

[9] W. Mendoza, S Fujji “Smart grids tecnologia y tendencias: integración 
con sistemas SCADA/EMS/DMS,” Decimo tercer encuentro regional 
iberoamericano de CIGRE. Operación y control de sistemas. 2009. 

 

Phase1 
• Research and development of applied technologies. 

Phase2 
• Develop of standards of each one of the researches 

and developments.  

Phase3 
• Market inclusion of the new technologies (the 

electric vehicle) 

Phase4 

• Develop of  rules that promote the market 
regulation and each one of the elements of power 
system chain after the inclussion of all of them.  

Phase5 

• Formally integration of the  ProUser in the power 
system based on a new model market.  
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