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EXECUTIVE SUMMARY   

 

This project presents a model for addressing several objectives envisioned by the metal casting 
industries through the integration of research and educational components. The published 
technology roadmap and 2020 vision of the metalcasting industry has been used to correlate the 
significance of the project objectives to the industry and its potential areas of opportunity.  This 
project was designed to be relevant, supportive and directly related to the technology barriers and 
research needs addressed in these documents. These objectives are in direct response to the 
concern of the industry that there is no technology that allows for the continuous monitoring of 
sand molds and that there is a lack of robust sensors and controls suitable for the casting 
industry.  The consistency problems have been approached by the industry in an open loop 
approach where a foundry will do its best on the front end to try to control all variables; this 
however has not been successful in eliminating all sources of variations.  As most other 
industries have discovered there is a need for continuous monitoring of the process so that a 
feedback can be given to the operator to take corrective actions as she/he realizes that 
something is changing in the process.  This closed loop method cannot be used without the 
availability of instrumentation for monitoring the intermediate processes in the casting process: 
namely, mold making, pattern making and metal filling.  Our project aims at developing the 
technologies for the systematic monitoring of these processes listed above. 

Project deliverables included technologies for real time characterization of sand molds, lost 
foam patterns and monitoring of the mold filling process. The technologies developed will 
enable better control over the casting process. It is expected to reduce scrap and variance in the 
casting quality. A strong educational component has also been integrated into the research 
deliverables resulting in an increased number of graduates entering the metal-casting industry 
with improved understanding of sensor technology and its impact on improving casting quality.  
This research/educational integration included additional funds from the National Science 
Foundation to establish a Research Experiences for Undergraduates (REU) Site with an express 
focus on cross-cutting research in metal casting sensor technologies. The REU Site operated 
from 2005-2008 and included ten (10) students per year, from all over the nation, for an 
intensive summer experience addressing novel metal casting research concepts. 

Prototyping and industrial testing were prepared in four (4) key technologies in expectation of 
potential commercialization; (1) Foam Quality Control (via imaging of surface defects), (2) Metal 
Fill Monitoring, (3) Lost Foam Sand Compaction, and (4) Non-Destructive Greensand Mold 
Inspection. Each of these key technologies has been tested at industrial sites with varying levels 
of success and industrial adoption. Although prototypes were developed and tested, as in every 
technology development exercise there are refinements and continued validation required to 
transition research from the laboratory into product developments available in the marketplace. 
The commercialization efforts of this project were severely constrained by a shrinking national 
casting market and reduced allocations from initial project forecasts. Despite these hurdles there 
have been significant progress towards commercialization including one patent pending and 
another provisional patent awaiting final patent application submission. The Center for 
Manufacturing Research and Tennessee Tech University is fully invested in the continued 
commercialization of these results and has invested in support of a full-time graduate student 
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and allocation of R&D Engineer resources to continue commercialization efforts beyond the 
current scope of the project. Several activities are currently under development and will be 
executed by the graduate student and other staff with the Center for Manufacturing Research 
(CMR) including but not limited to the following: 

1. Dissemination through CMR website – Highlights of the technologies discussed in this 
section will be highlighted on the CMR website with appropriate contact information for 
those interested in partnership and commercialization. 

2. Focused Identification of Commercialization Partners – Throughout this section, 
potential commercialization partners have been suggested such as Vulcan Engineering, 
Disamatic, Walford Technologies, and other for-profit foundry partners. In the first 
quarter of CY 2011, the graduate student will catalog various commercialization 
channels including the partners listed above but also small business and AFS Divisions. 
This will be followed up with emails, phone calls and letters to gauge potential interest in 
the key technologies. 

3. Licensing Technologies – As patents are awarded, TTU and CMR will aggressively seek 
partners that would be interested in licensing these technologies.  It is in the best 
interests of the university to license technologies to offset legal and other costs in 
support of the patentable technology.  

4. Small Business Partners – Continued identification of small business partners and the 
potential of creating a spin-off small business to submit SBIR proposals in support of 
commercialization.  
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1. BACKGROUND 

 

OVERVIEW OF PROJECT OBJECTIVES 

 

The published technology roadmap and 2020 vision of the metalcasting industry has 
been used to correlate the significance of the project objectives to the industry and its potential 
areas of opportunity.  This project was designed to be relevant, supportive and directly related to the 
technology barriers and research needs addressed in these documents. From Exhibit 4-2 of the 
Technology Roadmap, major technology barriers in manufacturing addressed by the project are 
summarized in Table 1.1. 

TABLE 1.1: MAJOR TECHNOLOGY BARRIERS IN MANUFACTURING ADDRESSED BY THE PROJECT 

Sensors and 
Control: 

Lack of continuous monitoring of sand in molds. 

Quality & 
Consistency: 

Gaps in the knowledge about conditions that cause the different types of 
casting defects   inhibit the ability of casters to modify and control 
casting processes to eliminate defects. 

Lack of consistency in the casting quality has prevented them from 
being treated as forgings or weldments. 

Modeling: No consistent data for mold filling. 

Energy: Lack of robust sensors and controls suitable for hostile environment. 

Cross-cutting: Lack of educated workforce. 

 

Moreover, the project is also aligned with R& D technology needs in Materials Technology and 
Environmental Technology with high priority including:  

 developing creative and innovative techniques for NDE/testing, 

 improving or optimizing existing processes to reduce or prevent the production of wastes, and  

 Improving process control. 

 

The main objectives of the project can be summarized in the following points: 

1- The development of robust sensing technology for the quantification of the quality of 
foam patterns. 
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2- The development of a robust sensing technology for the monitoring of metal fills in lost 
foam (LF) casting. 

3- The development of a robust sensing technology for the characterization of green sand 
molds. 

4- The integration of research and education in a manner that positively enhances the 
image of the casting industry as it supports the previous research objectives. 

 

These objectives have direct connection to each of the technology barriers outlined in Table 1.1.  
They are in direct response to the concern of the industry that there is no technology that allows 
for the continuous monitoring of sand molds and that there is a lack of robust sensors and 
controls suitable for the casting industry.  The consistency problems have been approached by 
the industry in an open loop approach where a foundry will do its best on the front end to try to 
control all variables; this however has not been successful in eliminating all sources of 
variations.  As most other industries have discovered there is a need for continuous monitoring 
of the process so that a feedback can be given to the operator to take corrective actions as 
she/he realizes that something is changing in the process.  This closed loop method cannot be 
used without the availability of instrumentation for monitoring the intermediate processes in 
the casting process: namely, mold making, pattern making and metal filling.  Our project aims at 
developing the technologies for the systematic monitoring of these processes listed above. 

 

The importance of each of these particular processes that were selected for this project is 
further explained below: 

 

A. Although lost foam casting has a small share of the overall casting industry, it offers 
potential energy saving advantages in the post processing of casting and is particularly useful in 
the production of complex castings.  The casting quality depends to a large extent on the quality 
of the foam pattern.  No uniformly available technique has been widely accepted for the 
quantification of foam quality.  Although a recent technique based on surface permeability has 
reached the production stage, its robustness and applicability has yet to be proven.  Moreover, 
this technique is relatively slow with a single local measurement of the foam quality requiring 
one minute.  This would limit its applicability as an online tool in large-scale production.  The 
research project investigated several promising techniques that are to be used for foam 
quantification.  The main objective of these techniques is online applicability.  These techniques 
will be further explained below. 

B. In LF casting several factors other than foam quality affect the quality of the casting 
including the coating permeability, sand compaction and metal temperature.  All these factors 
affect the metal fill profile in lost foam casting.  The importance of monitoring the metal fill as a 
tool for understanding problems in the casting has prompted several foundries with research 
capabilities to install multi-million dollar Real-Time X-Ray machines.  These can be used to 
monitor the metal fill under special conditions and are not suitable for the foundry floor.  It has 
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however been a very useful tool in understanding the casting process.  Our objective in this 
research is to design a low cost system that can be used to monitor the metal fill under normal 
casting conditions.  The reduced cost would allow foundries to install such systems on all 
pouring stations.  This in turn would provide the operator with a feedback on how consistent the 
casting process is and the discovery of changes in the process that are detrimental to the casting 
quality.  Needless to say that this would be a great tool for reducing casting scrap and increasing 
productivity of a foundry.  It is also important to point out that having a tool for monitoring the 
metal fill can lead to the ability to utilize feedback control to change the fill profile in processes 
such as counter-gravity or pressure assisted pours.  Since the proposed technology is an enabling 
technology that would allow better control over the casting process in general, by providing feedback 
information that can be used for process control, it is expected to have an indirect impact by allowing 
improvements in difficult casting processes such as thin wall iron castings.   

C. Green sand still represents over 90% of the casting industry and hence the potential for 
improvement in the casting process has dramatic energy savings potential as compared to LF 
and Die Casting.  The potential for economical and energy saving impact from the development 
of continuous monitoring technology for sand molds stems from several sources.  The first is the 
potential for reducing the casting scrap by eliminating bad molds (i.e. molds with potential for 
producing faults are not poured, thus saving the re-melting energy).  The second is increasing 
productivity of foundries using automatic molding machines.  As an example, foundries tend to 
develop ad hoc strategies for skipping the pouring of some molds that would act as buffers 
against cracking.  These foundries do not inspect the individual molds prior to pouring.  One 
such foundry pours 2 out of each 3 molds that are produced.  This is a 33% of productivity 
reduction as well as a 33% of energy used for making sand molds that are wasted.  Sand molding 
is the 2nd energy consumer in casting operations after melting.  Developing a technology for 
checking mold integrity prior to molding would allow foundries to optimize their casting 
practice and thus would have a high potential impact from the productivity and energy.  
Although mold integrity is one of the parameters that are essential, other parameters such as 
moisture distribution or compaction distribution contribute to many of the casting defects.  
Foundries do not have a way of checking such distributions.  This project aims at developing 
tools that can be used by foundries for quality control of sand molds.  This would allow 
foundries to develop quality control programs to discover and correct molding problems more 
efficiently.   

D. It is well recognized that the metal-casting industry is perceived as a low-tech industry.  This is 
affecting the industry’s ability to recruit highly qualified engineers and technicians who are capable of 
developing and accepting high tech solutions to improve productivity and promote solutions leading to 
energy savings.  The integrated educational component used in this research project would help in 
addressing these issues by providing a better-trained workforce with better understanding of the 
benefits of multidisciplinary research and technology.  

FACTORS AFFECTING PERFORMANCE OF PROJECT 

The project in our opinion has achieved its main technical objectives despite several negative factors 
that has transpired during the period of performance of the project that were not under control of the 
performing project team.  These factors are summarized as follows: 
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 The project funding was received in February 2004 with a plan to finish the project within 3 
years.  However, funding allocation was not awarded according to the original schedule.  This 
resulted in difficulty maintaining the original progress plan and retaining graduate students 
and other key personnel on the project.  This also resulted in a very high turnover rate of 
project personnel and the need for continuous retraining of students that joined the project 
team. 

 General Motors, one of the main partners on the Lost Foam part of the project made a decision 
to close their casting and development center and distributed the personnel over multiple 
plants.  This shifted the focus of these personnel from long-term research and development to 
daily operational problems and reduced our ability to interact with these personnel. 

 General Motors also made a decision to limit their research focus on lost foam casting and to 
pursue other types of casting for future products.   

 The economic down turn in the casting industry has negatively affected many of the project 
cost-share partners.  Several partners have filed bankruptcy and others made business 
decisions to abandon the casting industry.  This has affected the contributions of these cost 
share industrial partners. 

 DOE has made a decision not to fund the project to its original budget.  The reduction in the 
funding amount came to be approximately 20% from the original budget and hence 
prioritization of the tasks had to me made.  Some of the tasks originally planned were not 
completed as originally planned.  

SUMMARY OF PROJECT ACHIEVEMENTS 

 
The following publications were produced through support from the DOE project funds: 
 

JOURNAL PAPERS 

 
1. M.A. Abdelrahman, A. Gupta, and W.A. Deabes, “A Feature based solution to Forward 

Problem in Electrical Capacitance Tomography of Conductive Materials,” IEEE 
Transactions of Instrumentation and Measurement, in press. 

2. W. A. Deabes and M. Abdelrahman, “A nonlinear fuzzy assisted image reconstruction 
algorithm for electrical capacitance tomography,” ISA Transactions, Volume 49, Issue 1, 
Pages 1-188, Jan. 2010. 

3. Wael Deabes, M. Abdelrahman, and PK Rajan, “ A New Wide Frequency Band Capacitance 
Transducer with Application to Measuring Metal Fill Time”, Sensors & Transducers 
Journal, Vol. 100, Issue 1, pp. 72-84, Jan. 2009.  

4. Zack Minchi, Mike Baswell, M. Abdelrahman, and Fred Vondra, “Optimizing Measurement 
Accuracy of Hydrogen Gas Porosity in Aluminum Castings under Varying Barometric 
Pressures,” Transaction of AFS, Spring 2009.   

5. Mike Baswell, Mohamed Abdelrahman, and Wael Deabes, “An Impedance Measurement 
Device for Non-destructive Greensand Mold Inspection,” Transaction of AFS, Spring 2008. 
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6. Wael Deabes and M. Abdelrahman, “Electrical Capacitive Tomography Sensor for 
Estimating Metal Fill Profile in Lost Foam Casting,” Transaction of AFS, Spring 2008.   

7. W. Deabes and M. Abdelrahman, “Image Processing for Characterization of Surface 
Properties for Foam Structures,” Transaction of AFS, Spring 2007.  

8. M. Baswell and M. Abdelrahman, “A New Instrument for Measurement of Greensand 
Properties,” Transaction of AFS, Spring 2007.  

9. Jenison Arulanantham, M. Abdelrahman, Ralph Dinwiddie, Graham Walford, and Fred 
Vondra, “Monitoring of Metal Fill in Lost Foam Casting,” Transactions of Instrumentation 
Society of America, October 2006.  

10. M. Abdelrahman, S. Pardue, “Addressing the Image and Human Resource Issues of 
Casting Industry through Multidisciplinary Research Experience for 
Undergraduates,” Transaction of AFS, Spring 2007.  

11. Madura Josh, M. Abdelrahman, Jerry Barendreght and Mike Renfro “Innovative Methods 
for Measurement of Foam Quality,” Transactions of AFS, April 2005. 

12. Naren Shaam and Sally Pardue, “Vibration Based Method for Characterization of Foam 
Fusion,” Transactions of American Foundry Society, April 2005. 

13. M. Abdelrahman, Apar V. aidyanathan and Mike Baswell, “Feasibility Study for 
Capacitance Based Characterization of Sand Molds,” Transactions of AFS, April 2005. 

 

REFEREED CONFERENCES 

14.  “A Feature based solution to Forward Problem in Electrical Capacitance Tomography,” 
in Proceedings of the American Control Conference, Baltimore, June 2010. 

15. “Solution of the Forward Problem of Electric Capacitance Tomography of Conductive 
Materials,”  in Proceedings of The 13th World Multi-Conference on   Systemics, Cybernetics 
and Informatics: WMSCI 2009 (M. Abdelrahman with  Wael Deabes) 

16. “Reconfigurable Wireless Stand-alone Platform for Electrical Capacitance 
Tomography,” in Proceedings of the 2009 IEEE Symposium on Computational Intelligence 
in Control and Automation, March 30 – April 2, 2009, Sheraton Music City Hotel, 
Nashville, TN. (M. Abdelrahman with  Wael Deabes, Omar Elkeelany and Mohamed 
Abdallah) 

17. “A Novel PID Controller for a Counter Gravity Casting Machine,” in Proceedings of 
the 2009 World Congress on Electronics and Electrical Engineering, WCEEENG’09, April 6-
9, 2009, Cairo, Egypt. (M. Abdelrahman with  Landon Longnecker, Wael Deabes) 

18. “Analysis, Design and Application of a Capacitance Measurement Circuit with Wide 
Operating Frequency Range,” in Proceedings of the 2008 IEEE Multi-conference on 
Systems and Control, September 3-5, 2008, Hilton Palacio del Rio in San Antonio, Texas, 
USA. (M. Abdelrahman with  Wael Deabes and Conard Murray) 

19. “A Fuzzy-Based Reconstruction Algorithm for Estimating Metal Fill Profile in Lost Foam 
Casting,” in Proceedings of the 2008 American Control Conference, 11-13 June, Seattle, 
Washington, USA.  (M. Abdelrahman with  Wael Deabes and P.K. Rajan) 

20. “Modeling and Control of a Counter-Gravity Casting Machine,” in proceedings of 2008 
American Control Conference, 11-13 June, Seattle, Washington, USA. (M. Abdelrahman 
with  Ameer Khedr, Charles Carnal and Wael Deabes) 

http://www.afsinc.org/
http://www.afsinc.org/
https://css.paperplaza.net/conferences/scripts/abstract.pl?ConfID=33&Number=112
https://css.paperplaza.net/conferences/scripts/abstract.pl?ConfID=33&Number=112
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21. “An Iterative Reconstruction Algorithm for Electrical Capacitive Tomography 
Using Fuzzy System,” in Proceedings of the12th World Multi-Conference on Systemics, 
Cybernetics and Informatics, June 29th - July 2nd, 2008 – Orlando, Florida, USA.  (M. 
Abdelrahman with  Wael Deabes) 

22. “Metal Fill Profile Detection in Lost Foam Casting Process Using Capacitive Sensors,” in 
Proceedings of IEEE SoutheastCon 2008, 3-6 April, Huntsville, AL, USA. (M. Abdelrahman 
with  Wael Deabes and Conard Murray) 

23. “Reliable Metal Fill Monitoring System Using Wireless Sensor 
Networks,” in the Proceedings of the Information Technology, New Generation, Las 
Vegas, April 2008. (M. Abdelrahman with  Phaneeth Junga,  Clayton Thurmer, Wael 
Deabes) 

24. “Algorithms for Reliable Data Transmission for Metal Fill Monitoring Using Wireless 
Sensor Networks,” in Proceedings of the SoutheastCon conference, Huntsville, AL, April 3-
5, 2008.  (M. Abdelrahman with  Phaneeth Kumar Reddy Junga, Clayton Thurman and 
Wael A Deabe) 

25. “An REU Experience on the Industrial Applications of Sensing, Modeling And Control,” in 
Proceedings of the ASEE-SE Regional Conference, April 2008, Memphis, TN. (M. 
Abdelrahman with  Sally Pardue) 

26. “Dielectric Model of Anisotropic Mixtures Using Clifford Algebra,” in Proceedings 
of Science in Engineering Society conference,  Penn. State University, College Park, PA, 
2006 (M. Abdelrahman with  Mike Baswell). 

27. “A Feature based solution to Forward Problem in Electrical Capacitance 
Tomography,”  in Proceedings of 41st  IEEE SSST 2009 Conference, Tullahooma, Tennessee, 
March 2009. (M. Abdelrahman with  Ankush Gupta) 

28. “A Confidence Prediction System for Metal Fill Visualization Using Electrical Capacitance 
Tomography,” in Proceedings of 41st   IEEE SSST 2009 Conference, Tullahooma, Tennessee, 
March 2009. (M. Abdelrahman with  Anthony Smith) 

29. “A Confidence Prediction System for Metal Fill Visualization Using Electrical Capacitance 
Tomography,” in Proceedings of 41st  IEEE SSST 2009 Conference, Tullahoma, Tennessee, 
TN, March 2009. 

30. “A Wide Frequency Range Circuit for Measuring Mutual Capacitance with Application to 
Monitoring of Metal Fill Profile,” in Proceedings of 40th IEEE SSST 2008 Conference, 
Cookeville, TN, March 2008. (M. Abdelrahman with Conard Muray, PK Rajan, Justin 
Russel, Wael  Deabes) 

31. “Metal Profile Detection in Lost Foam Casting Process Using Capacitive Sensors,” in 
Proceedings of 40th IEEE SSST 2008 Conference, Cookeville, TN, March 2008. (M. 
Abdelrahman with  Wael Deabes) 

32. “Design and implementation of a control system for a counter gravity casting machine,” 
in Proceedings of IEEE SSST 2007 Conference, Mercer University, Macon, Georgia, March 
2007. (M. Abdelrahman with Wael Deabes, Erik Whitman and Malik Davis). 

33. “Characterization Of Capacitive Sensors And Monitoring Of Metal Fill In Lost Foam 
Casting,” in Proceedings of IEEE SSST 2007 Conference, Mercer University, Macon, 
Georgia, March 2007. (M. Abdelrahman with  Darpan Patil and Wael Deabes). 

34. “An Image Processing Approach for Surface Characterization of the Foam Patterns” in 
Proceedings of IEEE SSST 2007 Conference, Mercer University, Macon, Georgia, March 
2007. (M. Abdelrahman with Wael Deabes). 
  



23 

 

PATENT APPLICATIONS 

 
M. Abdelrahman and M. Baswell.  APPARATUS AND METHOD FOR MONITORING AND 
EVALUATING GREENSAND MOLDS. Patent Application: 20100078145. 

 

ORGANIZATION OF THE REPORT 

 

The report is organized as follows:  Chapter 1 gives an overview of project objectives, 
motivation, factors affecting performance of the project and a summary of technical project 
achievements.  Chapters 2-3 focus on lost foam pattern and mold making processes by 
illustrating technologies that quantify foam characteristics and mold compaction that influence 
as-cast quality. Chapters 4-5 detail innovative technologies for characterizing green sand 
properties and a non-destructive methodology for correlating green sand mold integrity to the 
corresponding as-cast quality. Chapters 6-7 represents metal fill monitoring and visualization as 
a real-time measure of fill time and characteristics. The final chapter discusses 
commercialization efforts both within the course of the project as well as plans for future 
commercialization. 
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2. FOAM QUALITY CONTROL 

 

INTRODUCTION 

 

The uniformity of the EPS foam pattern quality is directly impacted by the uniformity of the bead 
pack during the filling of the mold cavity with beads and the uniformity of the thermal heat 
energy throughout the cavity during the autoclave step of the molding process. The uniformity in 
the pattern quality has been identified with casting quality.  Foam quality is affected by the 
following process parameters during the bead filling of the cavity; bead fill time, canister 
pressure, gun blowing air pressure, cavity pressure during filling, cavity backpressure, and bead 
flow through bead supply line to gun.  During the autoclave step the following process 
parameters affect the foam quality; purge time, autoclave time, and autoclave pressure and 
cooling down foam after autoclave.  Below we present a brief overview of currently available 
techniques for foam quality quantification. 

 

One method uses the permeability of foam to measure the variation in the foam quality 
throughout the foam pattern.  Researchers from the University of Alabama, Birmingham, 
developed this method.   It applies vacuum to one side of the foam through a probe and 
measuring the airflow rate through the foam with a constant pressure drop across the foam.  The 
probe draws air through a ¼ to ½ inch cross-sectional area on one surface of the foam.  Airflow 
through this area takes the path of least resistance from both surfaces and the inside of the foam.  
Low flow rates are an indication of high quality foams and high flow rates are indication of low 
quality foam.  This method is nondestructive and has been used successfully to identify areas of 
low quality in simple flat plates and complex foam engine slices.  However, it has some practical 
limitations. With only one probe, it takes a considerable amount of time to determine the 
variation in the quality variation in even a simple flat plate.  Also, care must be taken with each 
measurement to get consistence values of the airflow rates.  All this put aside, this method has 
shown promise as a useful tool for determining areas of low quality foam and as a tool to 
validate and verify process changes made to improve the foam quality. 

A second method used for the evaluation foam quality variation is the blue oil uptake method. 
This is a destructive method in which the foam pattern is soaked with blue oil and the degree of 
blue coloration is a function of the foam quality distribution. This method is very slow.  It might 
require several hours for the oil to penetrate the foam pattern. This method has only been used 
so far as a qualitative measure of foam distribution. 

Techniques such as 2D X- ray scan systems have been used to measure foam quality variations 
by Penumadu et al (Penumadu et al, 2003). These techniques help in determining density 
variations in foam patterns. However, the interpretation of the X-ray scans is a difficult task.  The 
use of X-ray systems requires special precautions and training in radiation and protection issues. 
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The intent of this report is to investigate three methods to measure the quality of molded foam 
patterns.  Two of the methods require saturation of the foam with water so the variation in the 
pattern quality can be quantified, while the third method uses a ceramic coating of the pattern to 
characterize surface quality of foam patterns. 

The first method requires the saturation of the foam with water, which enhances the capacitive 
measurement system performance.  The capacitance between two electrodes depends on the 
distance between the electrodes, their area and the dielectric medium between them.  For 
example, Figure 2.1 shows the working of a parallel plate capacitor.  The electrodes are two 
parallel plates of equal area that are separated by a constant distance.  The material between the 
plates is a homogeneous dielectric material.  Equation 2.1 describes the relationship between 
the capacitance for such a simple geometry and the capacitor parameters.  In general 
geometries, calculation of the capacitance is more complex, but it remains affected by the same 
parameters discussed above.  The EPS foam by itself has a very low dielectric constant since the 
majority of the space is filled with air.  Thus, changes in the foam quality are hard to detect 
directly using capacitive measurements.  However, when the foam is saturated with water, the 
dielectric constant increases considerably because water has a high relative permittivity that is 
two orders of magnitude higher than that of air.  Thus, changes in the foam quality can now be 
readily detected by capacitive measurements. 

 

Plate area A+

-

    d

 

FIGURE 2.1: A SCHEMATIC MODEL OF A PARALLEL PLATE CAPACITIVE SENSOR. 

 

C = 0 rd /A         EQUATION 2.1 

where:  

C = capacitance in Farads, 

0 = permittivity of free space (C2/N.m), 

r = relative permittivity, 

d = distance between the parallel plates (m), 

A = area of the plate (m2). 
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The second method introduced in this report takes a different approach.  The foam is saturated, 
as described earlier, with water where an organic coloring material has been added.  Colored 
water fills the voids around and between the beads.  Although the water quickly evaporates from 
the foam, the color remains covering parts of the bead walls within the voids.  When such foam is 
placed against a white light source, the color variation can be distinctly seen.  The degree of 
coloration is proportional to the void space among the beads.    To determine the color 
saturation in the foam and provide the quantitative measure of the foam quality, experiments 
utilizing different foam patterns with different quality level are carried out and digital imaging 
and image processing techniques are used.  

The third method consists of two steps. The first step is to detect all the defects on the pattern 
surface, whereas the second is to classify and analyze these defects based on the area. This 
technique has the ability to identify different areas and calculates the ratio of defects area to the 
total surface area of the pattern. The foam patterns must be coated by a high viscosity ceramic 
coating. The analysis procedure is performed by transferring the original image to the green 
plane in the gray scale, and the effect of the illumination variations is removed by using the 
bottom-hat technique. After removing the illumination’s effect, the segmentation process using a 
threshold technique is applied to detect the different objects in the image. The final step is the 
feature extraction and the quantitative analysis, which classifies all the defects according to the 
minimum and the maximum defects size into four groups, and then calculates the percentage 
ratio between the area of each group and the total surface area of the foam pattern. Results from 
experiments carried out on different patterns using the proposed technique are reported. 

All the methods described are non-destructive methods and can be used as quality control 
techniques to judge and control the variations in the foam quality among different foam 
patterns.  

TECHNOLOGY DEVELOPMENT 

 

The current section introduces more details on the development of the first two techniques, 
namely capacitive and image-based methods including: principles of operation, support and 
equipment development, and experimental procedure.  The third technique will be treated 
separately. 

TEST PATTERNS  

 

The tests reported here were carried out on 6″ x 8″ flat foam plates and complex 5″ x 7″patterns 
known as the window patterns (Figure 2.2).  For the foam plates, the patterns were categorized 
according to their thickness and foam quality, which was provided by the manufacturer.  The 
thickness of the patterns varied from 4mm to 24 mm.  For the window patterns, the foam quality 
depended on the steaming time during the molding process.  The manufacturer qualitatively 
organized the patterns into of low, normal and high fusion patterns. The manufacturer provided 
no quantitative data. 
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FIGURE 2.2: IMAGE OF A “WINDOW” FOAM PATTERN. 

 

CAPACITIVE SENSORS FOR FOAM QUALITY PROFILING 

For the experiments reported here, three different designs of capacitive sensors were used. The 
first design was a parallel plate sensor having plates with large areas equal to that of the entire 
foam pattern.  These sensors were used to measure the average capacitance over the entire foam 
pattern. 

The second type of sensor was also a parallel plate sensor. The size of these parallel plates was 
matched to the specific areas of the foam pattern to measure.  These sensors were used to 
acquire the capacitive measurements at specific locations within the foam pattern and hence the 
spatial distribution of the foam quality.  The capacitance measurements are very small values in 
pico-farads and hence proper electrical grounding and shielding methods were applied to 
reduce the effect of stray capacitance. 

The third type of sensor was a single sided (fringing field) capacitive sensor that operates 
similar to the parallel plate sensor, but with the electrodes of the capacitor on the same side 
(Mamishev et al, 1998; 2002). The transition of parallel plate to fringing field sensor is shown in 
Figure 2.3.  A fringing field sensor can be visualized as a parallel plate capacitor whose 
electrodes open up to provide one-sided access to the material under test. The capacitance of 
this sensor depends upon the dielectric materials and volume through which the electric field 
penetrates.  This is an interesting property that could be exploited in this research, as explained 
below. 

 

 

FIGURE 2.3: ELECTROSTATIC FIELD LINES FOR TRANSITION FROM PARALLEL PLATE TO FRINGING 
FIELD SENSOR 
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A single sided capacitive sensor is simpler to use in obtaining measurements, as compared to a 
parallel plate sensor, since the measurements are taken from only one side of the foam pattern.  
Thus, it can be adapted to complex foam shapes in an easier manner.  Moreover, the degree of 
penetration of the electric field through the dielectric medium depends upon the distance 
between the two electrodes.  If the distance between the probes is increased, the penetration of 
the field into the dielectric medium increases.  This property can be used to measure the 
distribution of the foam quality in the vertical direction of thick pieces of foam patterns.  An 
electric field simulation of the single sided capacitive sensor designed for the experiments is 
shown in Figure 2.4.   

                                                 

FIGURE 2.4: THE FIGURE SHOWS THE ELECTROSTATIC FIELD MODEL FOR FRINGING FIELD SENSOR. 

 

IMAGE ANALYSIS FOR FOAM QUALITY PROFILING 

 

The second method used for measuring foam quality is a capacitive-based method, where the 
size of the electrodes determines the area of the foam that is profiled.  As the size of the 
electrodes is reduced, the resolution increases but at the same time the effect of environmental 
parameters, such as stray capacitance, increases.  If a high-resolution profile of the foam quality 
distribution is desired, then image analysis is better suited for the job.  As mentioned in the 
introduction section of this paper, organic color is added to the water.  After the foam is 
saturated with colored water, the foam is allowed to dry for two hours.  This is enough time for 
the water to evaporate, leaving the color inside the foam.  The color resides on the walls of the 
bead within the voids of the foam.  When the foam is fixed against a white light source, the color 
variation can be distinctly seen.  A digital image is obtained for the pattern and analysis of the 
image is performed using digital image processing software.  

For the benefit of the reader who is not familiar with different systems for describing color 
images, a brief introduction to the subject is provided.  Any image can be described in color 
spaces.  RGB (Red, Green, Blue) is the fundamental color space.  It consists of the three primary 
colors and is represented by the 3 dimensions of a cube.  Another alternative and equivalent 
color space is the HSV (hue, saturation and value).  The hue component in both color spaces is an 
angular measurement (Figure 2.5).  A hue value of 0 indicates the color red; the color green is at 

 

Probe 1 

Probe 2 
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a value corresponding to 120°, and the color blue is at a value corresponding to 240.  The 
saturation component describes the color intensity.  A saturation value of 0 (in the middle of a 
hexagon) means that the color is "colorless”(white or gray).  A maximum saturation value means 
that the color is at maximum "colorfulness" for that hue angle and brightness value.  The third 
component, namely the value, describes brightness or luminance.  In both color spaces (RGB and 
HSV), a value of 0 represents black (Baxes, 1994).  Similar to coordinate systems such as 
Cartesian or Spherical, different image processing applications are better handled with one color 
system than another.  For this application it was found that the HSV color system was a better 
choice. 

After obtaining a digital image of the pattern, the image analysis consists of three steps:  

1 Image segmentation, 
2 Feature extraction, and  
3 Object classification.  

 

FIGURE 2.5: THE HSV COLOR SPACE 

 

The first step is to simplify the image reducing it to its basic component elements without 
discarding the important image features (See Figure 2.6).  The next step is to measure the 
individual features of the image.  Many features like brightness, contrast, grayscale and texture 
can be used to describe an object in the image.  For the foam pattern, the feature of interest is the 
color saturation.  The intensity of the color saturation is evaluated over the foam pattern and is 
used to create the foam quality space profile.  The last step is the object classification.  This deals 
with the classification of the measurements based on the extracted features.  The algorithm used 
to analyze the foam digital images is summarized in the flow chart shown in Figure 2.7.  It was 
implemented using the image processing toolbox of Matlab 6.5 (Mathworks, 2002). 

Contour maps showing areas of equal color saturation was selected as a method for presenting 
image analysis results since it is an easy way to visualize how the color saturation and hence 
foam quality space is distributed across the pattern. 
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FIGURE 2.6: AN IMAGE IS SEGMENTED TO FACILITATE IMAGE PROCESSING. 
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FIGURE 2.7: FLOW CHART FOR IMAGE ANALYSIS OF THE FOAM PATTERN 

 

SUMMARY OF EXPERIMENTAL PROCEDURE 

 

The two methods described previously require the saturation of foam with water prior to the 
measurements.  Hence, the first part of the procedure is shared between both methods.  
However, for the image analysis based method, organic color is added to the water prior to the 
saturation.  A chamber is filled with 3 gallons of water.  Four tablespoons of soap is added to the 
water.  The foam pattern is first weighed and then placed into the basket in the chamber.  Then 
the basket containing the foam is dipped into the water.  The foam is kept in water for 2 minutes 
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while the pressure of the water saturates the foam.  The foam is then pulled out and the surface 
is dried with a paper towel.  Finally the foam is weighed to determine the mass of the absorbed 
water. 

For the capacitance-based testing, just after saturation, foam is placed within the parallel plate 
electrodes or the single sided electrodes are brought to one side of the foam.  Care is taken to 
apply the same pressure over the foam in order to reduce the effect of air gap between the 
electrodes and the foam surface.  The capacitance sensor is connected to an RLC meter that 
displays the capacitance reading.  The measurement is done at 1 KHz frequency using 1V 
sinusoidal signal.  The capacitance reading is noted.  If it is desired to obtain the distribution of 
the foam quality across the pattern, then the process is repeated with the electrodes moved to a 
new point.  

For the procedure-utilizing image processing, five tablespoons of water-soluble organic dye is 
added to 4 gallons of water prior to the saturation of the foam. After saturation, the foam is kept 
aside for 2 hours to dry.  After the water has evaporated, the foam pattern is placed against a 
white light source.  Care is taken to place the foam such that the camera is perpendicular to the 
section of the foam of interest.  The image of the foam is then analyzed as described in Figure 
2.7.  In the results reported in this paper a 3.2 Mpixel digital camera is used.  The camera accepts 
remote control commands directly from the PC.  The white light source and the pattern are 
placed within a dark box to eliminate the effect of ambient lighting conditions.  Manual settings 
of the camera are used to provide consistency in comparing various patterns.  A contour map for 
the color saturation is produced from the image-based method.  If it is desirable to obtain a more 
coarse profile of the foam quality distribution, the averaging can be done on larger areas of the 
foam image.   

 

EXPERIMENTAL RESULTS 

The experimental results section contains results from both methods.  Most of the results 
presented below are for the 6” X 8” foam plates.  Few results are also presented for the window 
pattern (See Figure 2.7).  Foam patterns with complex structure offer new sets of challenges and 
will be considered in future work.  A sub-section in the results section compares results obtained 
from the two methods when used on the same pattern.  It aims at illustrating how the two 
methods are interrelated. 

 

AVERAGE CAPACITANCE OF SATURATED FOAM PATTERNS 

After the saturation of foam with water, the capacitance of the foam pattern was measured.  The 
results shown below are for the 24 mm and 8 mm thickness patterns, the capacitance values in 
picofarads are plotted against foam quality of the foam in Figure 2.8 and  

Figure 2.9, respectively. The level of foam quality in this report will be represented by a foam 
quality index value, which corresponds to the amount of water a foam pattern absorbs.  Low and 
high index values correspond, respectively to high and low foam quality. 
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For the 24 mm patterns, 25 patterns were tested with same steaming time.  Even then, it can be 
seen that the foam quality varies significantly.  The capacitance values represented by the dots 
follow a linear relationship with the foam quality index as is clearly observed from Figure 2.8. 

For the 8 mm type, 9 patterns were tested.  Three of them were high fused, 3 low fused and 3 
medium fused.  The lowest foam quality patterns absorbed the most water and hence the 
capacitance reading was very high.  The graph in 

Figure 2.9 shows only the points for medium and high foam quality patterns.  The high foam 
quality patterns group themselves in the low capacitance range while the medium foam quality 
ones cluster at higher capacitance values. 

 

CAPACITANCE PROFILE OF THE FOAM PATTERN 

Testing was carried out using the 6” X 8” foam plates.  For evaluating the foam quality at 
different areas of the foam pattern, the pattern was cut into 9 equal parts of 2 inches x 2 inches 
squares using a hot wire tool.  These foam sections were saturated with water and then the 
capacitance was measured with the help of the small parallel plate capacitive sensor.  The 
results shown below are for the 8 mm thickness patterns.  The first pattern was low quality 
foam.  The second pattern tested was high quality foam. For both patterns, it is observed that the 
foam quality over the foam pattern is not uniform.  The graphs in Figure 2.10 and Figure 2.11 
show the change in capacitance with the change in foam quality.  The capacitance value 
correlates fairly well with the foam quality distribution within each of the patterns.    

 

FIGURE 2.8: RESULTS FOR 24 MM PATTERNS MEASURED WITH LARGE PARALLEL PLATE ELECTRODES 
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FIGURE 2.9:  RESULTS FOR 8 MM PATTERNS MEASURED WITH LARGE PARALLEL PLATE ELECTRODES 

 

 

FIGURE 2.10: CHANGE OF CAPACITANCE WITH FOAM QUALITY ACROSS THE FOAM PATTERN FOR LOW 
FUSED PLATES. 
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FIGURE 2.11: CHANGE OF CAPACITANCE WITH FOAM QUALITY ACROSS THE FOAM PATTERN FOR HIGH 
FUSED PLATES. 

 

CAPACITANCE RESULTS FOR THE WINDOW PATTERN 

 

The window patterns were tested using the fringing field capacitive sensor.  A sensor with two 
probes that are separated by 1” is used for these measurements.  The measurements were taken 
at a single point at the top left area of the window pattern (See Figure 2.2).  Ten test samples 
were taken and tested repeatedly.  The samples had different bead types, foam quality and 
densities.  The samples with low foam quality gave a very high reading and hence are not 
included in Figure 2.12 for better visualization of the results. 

In Figure 2.12, the capacitance is plotted against the amount of water absorbed in grams in each 
of the window patterns.  The amount of water absorbed is used herein as a representative 
indicator of the foam quality within the pattern.  It can be observed from the figure that the 
fringing field sensor exhibits a linear behavior over the tested range. 
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FIGURE 2.12: CAPACITANCE CHANGE AS A RESULT OF CHANGE IN ABSORBED WATER FOR WINDOW 
PATTERNS 

 

COLOR SATURATION PROFILE OF FOAM PATTERNS 

 

Five foam patterns of 8mm thickness and different fusion levels were considered for testing. The 
patterns were labeled B, C, F, G and H for increasing foam quality.   Red organic dye is added to 
the water in the chamber for coloring of the foam patterns.  The procedure described earlier is 
followed. Figure 2.13a shows the image of the C type foam pattern.  The contour map is the 
result of the image processing and analysis.  For each contour, the value of the color saturation is 
given.  The maximum color saturation is 0.7 for the C type tested.  Similarly, Figure 2.b shows the 
F type foam image and the color saturation contour plot.  The maximum color saturation for the 
F type tested is 0.35. 

The foam pattern was divided into 9 equal sections as shown in Figure 2.14.  The color 
saturation of segments within each section was averaged.  The results for the average of the 
color saturation against the section number are illustrated in Figure 2.15.  It can be observed 
that the range of variation for the low foam quality patterns (B and C) is more than that of 
medium and high foam quality patterns (F, G and H).  

 

R2 = 0.901

0

1

2

3

4

5

6

7

8

3 4 5 6 7 8 9

water absorbed (grams)

C
a
p
a
c
it
a
n
c
e
 (

p
F

)



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.13A:  THE IMAGE OF PATTERN C AND THE CORRESPONDING CONTOUR MAP SHOWING THE 
DISTRIBUTION OF COLOR SATURATION LEVELS ACROSS THE FOAM. 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.13B: THE IMAGE OF PATTERN F AND THE CORRESPONDING CONTOUR MAP SHOWING THE 
DISTRIBUTION OF COLOR SATURATION LEVELS ACROSS THE FOAM. 
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FIGURE 2.14:  DIVISION OF THE FOAM PATTERN INTO 9 SECTIONS TO OBTAIN A DISCRETE FOAM 
QUALITY DISTRIBUTION. 

 

As a way of validating the color saturation as a measure of the foam quality, the color saturation 
is averaged for five different foam patterns with different foam quality (B, C, F, G and H), and the 
results are compared with the water absorbed by each pattern. Table 2.1 summarizes the results 
of such comparison performed on five patterns with different foam quality.  Figure 2.16 presents 
the same results in a visual form.  The amount of water absorbed decreases as the foam quality 
increases.  As expected, the average color saturation systematically increases with the amount of 
colored water absorbed.  

Further investigation of the resolution of the color saturation profile is carried out by 
investigating the variation of saturation profile over a given foam pattern. This allows us to 
study changes in color saturation for small changes in the foam quality.  As done earlier, a foam 
pattern is divided into 9 different sections (See Figure 2.14) and the color saturation of the 9 
parts before the amount of water absorbed in each section of the foam was measured.   Figure 
2.17 shows the variation in the color saturation level for a low foam quality pattern (B) versus 
the foam quality for each of the 9 sections of the foam plate.  It can be seen that the correlation is 
relatively high, further supporting the premise that this method could be used as a quantitative 
measure of the foam quality profile. 
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FIGURE 2.15: THE GRAPH SHOWS THE COLOR SATURATION VARIATION OVER 5 DIFFERENT FOAM 
PATTERNS. 

 

 

TABLE 2.1: VARIATION IN COLOR SATURATION AND THE WATER ABSORBED BY THE PATTERNS 

 Pattern  Water absorbed 
(grams) 

Average color saturation 

B 8.7 0.4582 

C 8.01 0.3651 

F 3.32 0.1542 

G 3.1 0.1124 

H 3.01 0.1028 
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FIGURE 2.16: VARIATION OF COLOR SATURATION WITH RESPECT TO THE WATER ABSORBED BY FIVE 
DIFFERENT FOAM PATTERNS WITH DIFFERENT FUSION LEVELS (B, C, F, G, H). 

 

CORRELATION BETWEEN CAPACITIVE AND IMAGE BASED METHODS 

 

The two methods described above depend on the amount of water that saturates the foam, 
which in turn depends on the foam quality within a pattern.  The image analysis can provide a 
detailed view of the distribution of the foam quality across the pattern.  The capacitive 
measurement can provide an average value of the foam quality in the pattern area covered by 
the electrodes.  Using the single sided electrodes and varying the distance between the 
electrodes can provide information regarding the foam quality at different depths from the 
pattern surface.  Using probes with large enough separation provides an average of the foam 
quality within the whole thickness of the pattern.  It is thus expected that the two methods when 
used properly should give comparatively similar results.  A comparison of the results obtained 
from the two methods is described herein to provide further validation for both techniques.  As 
described before, the foam patterns are divided into 9 equal parts.  For each part of the foam, the 
average value of the color saturation is considered.  Also, the capacitance measurements were 
taken for these 9 parts. The capacitance measurements were carried out using a single sided 
capacitive sensor with a 1” separation between the electrodes.  The color saturation and 
capacitance values for the different sections are plotted against each other for two 8 mm plates.  
The results are presented in Figure 2.18 and Figure 2.19. 
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FIGURE 2.17: VARIATION OF COLOR SATURATION AGAINST THE FOAM QUALITY INDEX FOR PATTERN B. 

 

   

FIGURE 2.18: CORRELATION BETWEEN THE CAPACITIVE AND IMAGE ANALYSIS METHODS FOR 
PATTERN C. 
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FIGURE 2.19: CORRELATION BETWEEN THE CAPACITIVE AND IMAGE ANALYSIS METHODS FOR 
PATTERN F 

 

The color saturation values and the capacitance readings follow an expected trend of increasing 
values of capacitance as the color saturation increases within each section of the foam.  This 
supports our understanding that the two methods can be interchanged with the capacitive 
measurement providing a more discrete look at the foam quality distribution than the image 
analysis of the color saturation. 

ESTIMATION OF FOAM SURFACE PROPERTIES USING SURFACE DEFECTS 
ANALYSIS 

 

Figure 2.20 shows the image of a flat foam pattern surface. The gaps between the beads on the 
foam pattern surface, indicated by small circles, have different sizes and distributions depending 
on the concentration of the surface beads in this part of the pattern. As shown in this image, the 
distribution of the defects between the beads differs among the regions on the surface. For 
example, the number of defects in region 1 is small compared with the number of defects in 
region 2. This means that the interconnections between the surface foam beads in region 1 are 
stronger than the interconnection between the surface beads in region 2. Therefore, region 1 has 
higher quality surface in this foam pattern than region 2. 
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The presented technique focuses on providing a quantitative measure for the surface properties 
of lost foam patterns using image processing techniques. This method is based on using the 
number and the size of the foam pattern surface defects as the quality descriptor.  

 

 

FIGURE 2.20: PICTURE OF THE FOAM SURFACE DEFECTS. 

 

IMAGE PROCESSING ALGORITHM FOR CHARACTERIZATION OF FOAM SURFACE PROPERTIES 

 

Image processing techniques play an important role in many industrial applications. Several 
techniques and algorithms have been developed to handle demanding tasks of these 
applications. The foam surface defects method is based on using these techniques. 

The algorithm developed in this work addresses the problem of surface defects detection and 
measurement at the surface of the foam patterns rarely studied before. The automatic computer 
vision technique, applied for the first time to this particular problem, achieved very satisfying 
results and yielded a high rate of detection as well as good accuracy of measurements. In the 
following, we present the details of the developed surface characterization algorithm and 
illustrate its efficiency on real images of the foam patterns. 

 

A. MULTILEVEL THRESHOLDING SEGMENTATION 

Segmentation is an essential ingredient in a wide range of image processing tasks and a building 
block of many visualization environments. One of the powerful segmentation techniques is a 
multilevel thresholding. This technique is a process that segments a gray-level image into 
several distinct regions. This process is often designed using the gray level histogram of the 
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image. The multilevel thresholding technique determines more than one threshold for the given 
image and segments the image into certain brightness regions, which correspond to one 
background and several objects. A number of algorithms have also been introduced for 
multilevel thresholding (Otsu 1979, Sezgin 2000, Lee 1990). An algorithm that uses a variant of 
the classification by clustering method is used to compute the optimal values to threshold the 
image into a number of classes. Otsu (Otsu 1979) suggested minimizing the weighted sum of 
within-class variances of the foreground and background pixels to establish an optimum 
threshold. This method gives satisfactory results when the numbers of pixels in each class are 
close to each other. The Otsu method still remains one of the most referenced thresholding 
methods. Some limitations of the Otsu method are discussed in Lee and Park (Lee 1990).  

B. TOP-HAT TRANSFORMATION 

The uneven illumination makes images thresholding difficult. The top-hat and bottom-hat 
transformations can be used to compensate for non-uniform background illumination. The 
isolation of gray value objects that are convex can be accomplished with the top-hat or bottom-
hat transform as developed by Meyer (Meyer 1978). Depending upon whether we are dealing 
with light objects on a dark background or dark objects on a light background, the transform is 
defined as: 

Light objects  

B)(AA)TopHat(A,B         EQUATION 2.2 

Dark objects 

ABABABottomHat )(),(       EQUATION 2.3 

where, A is an image, and the structuring element B is chosen to be larger than the objects in 
question and, if possible, to have a convex shape. The detection and analysis of the foam surface 
defects consists of a number of stages as shown in Figure 2.21. 

The main two stages in this procedure are: 

1. Surface defects detection: This stage consists of three steps: 
 

 Green plane extraction: Any image can be described in the fundamental color space RGB 
(Red, green, and blue). The three primary colors are represented by a cube of three 
dimensions in this space. The defects more visible in the green plane than the others 
planes. 
 

 Removing of illumination variations: It is difficult to distribute the light on the pattern 
surface uniformly. The illumination problem influences the segmentation process 
significantly, and makes it difficult to accomplish and attains inaccurate results. Therefore, 
removal of illumination effect is crucial before the segmentation process. The effect of 
illumination can be removed by using the bottom-hat filter5, which is defined as the 
difference between the original image and the closing of the same image by disk structure 
element. The structure element size specifies the resolution, which determines the size of 
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the detected defects on the pattern surface. The result after applying the bottom-hat 
technique is shown in Figure 2.22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.21: THE FOAM SURFACE DEFECTS ALGORITHM. 
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FIGURE 2.22: THE IMAGE AFTER USING BOTTOM-HAT FILTER TO REMOVE ILLUMINATION EFFECT. 

 

 Image segmentation: Figure 2.22 shows how difficult it is to distinguish different types of 
objects. The defects objects are mixed with other objects like the lines and the circles of 
the stamps on the pattern surface. The threshold segmentation technique is used to 
identify the defects objects. Thresholding is a well-known technique for image 
segmentation. This algorithm uses a variant of the classification by clustering method to 
compute the optimal values to threshold the image into a number of classes. The 
clustering method is based on an iterated measurement of a histogram. After finding the 
best values, the histogram is segmented into n groups. These groups are based on the fact 
that each point in a group is closer to the bar center of its own group than the other 
groups. Starting from a random sort, a clustering algorithm is iterated until a stable and 
reliable result is found. Once the optimal threshold range is determined, it will be applied 
on the image to show the defects on the pattern surface with different color intensity. 
Figure 2.23 shows the result after applying the multi-threshold process using the optimal 
threshold range. 
 

2. Defects Classification and Analysis: The binary image in Figure 2.23 still contains some 
noise and small size components and needs some further cleaning. Morphological processing 
is used towards the filtering of small size features and the segmentation of the image. A 
closing with a structuring element in the horizontal direction followed by an opening with the 
same structuring element is applied. 

Defects features selection and extraction is the pre-processing step of the defects 
analysis. Obviously, this is a critical step in the entire scenario of defects detection process. 
Though there are various features available, the aim is to identify the best defects feature and 
thus extract relevant information from the image. Experimental results show that the object 
area is sufficient to identify defects objects in the images. An interactive system was 
developed to choose different features and resolve uncertain defects. Defects analysis comes 
as the last step in this algorithm. All objects are divided into groups based on the defects size. 
Different defects analysis can be done, for instance, determination of the total number of 
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defects, estimation of the area of all defects, and calculation of the percentage of defects size 
to the entire area of the pattern. The final result after detecting all the foam surface defects is 
shown in Figure 2.24. 

 

 

FIGURE 2.23: THE RESULT AFTER APPLYING MULTI-THRESHOLD SEGMENTATION. 

 

 

 
 

FIGURE 2.24: THE FINAL RESULT SHOWS ALL THE DEFECTS ON THE FOAM SURFACE. 
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EXPERIMENTAL PROCEDURE 

The experimental process is comprised of the foam pattern preparation and acquiring the 

image for the foam pattern surface. A LabVIEW (National Instruments 2009) implementation 

of the image processing algorithm, which is described in the previous section, is developed to 

classify and analyze the foam surface defects. This is explained in more details in the next 

section. 

PATTERN PREPARATION 

Preparation of the foam pattern is required before taking images and aims to make defects 

more detectable. Foam pattern preparation can be done by filling all the defects gaps by dark 

color coating. The preparation of the pattern prior to taking the image is described hereafter: 

1. Immerse the foam pattern in the ceramic coating. Ensure that the entire surface is covered 

completely by the coating. The preferred coating properties are: 

 Dark color, for better contrast. 

 High viscosity (Viscosity of the used coating was 3095 cP measured using spindle No.3 

at 20 rpm for 60 sec, and temperature 68F). 

 Low permeability coating is preferred. 

2. Allow five minutes for the coating to dry off the pattern surface. 

3. Remove excess coating from the pattern surface using a clean dry piece of fabric, which 

ensures that the dark coating will fill all the surface defects. 

4. Let the pattern dry for 10 minutes or use a heat source to dry the foam pattern faster. 

5. Immerse the pattern in water. 

 

IMAGE ACQUISITION 

The main problem in the image acquiring process is the illumination distribution on the pattern. 
Getting uniform distribution is very difficult especially on curved surface patterns. So, as stated 
before, the best solution for this problem is to use a software filter instead of trying to get a 
faultless image by using expensive and complicated hardware arrangements. White light sources 
were placed around the pattern, and a digital camera (3.2 Mpixel) was used for acquiring the 
images. The camera accepted remote control commands from the PC. The distance between the 
camera and the pattern was 4 inches, and the camera settings used were given in Table 2.2. The 
image processing algorithm took care of variations in the illumination level.  

TABLE 2.2: THE SETTINGS OF THE CAMERA 

Shutter Speed 1/30 sec 

Aperture Setting f/4 

White balance Incandescent 
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RESULTS AND DISCUSSION 

 

Different fusion levels of the foam patterns were considered for testing. Also, the experiments 
are done on the flat and the curved surface patterns to show that the proposed method is able to 
identify and analyze the surface defects on all types of flat and complex patterns. Following the 
procedure described earlier, Figure 2.25 shows the image of a high fusion flat pattern after using 
a dark color ceramic coating. The results were obtained after applying the proposed technique 
for surface defects detecting. The defects analysis results are given in Table 2.3. The defects 
percentage area is 2.283 % of the total area of the pattern.  

The result of a low fusion pattern is shown in Figure 2.26. The percentage defects area for a low 
fusion pattern is 4.21%, which is larger than the high fusion pattern. Table 2.4 shows the defects 
analysis of the low fusion patterns. Another test is done on curved patterns. Figure 2.27 shows 
the result of the surface defects detection for a curved surface pattern. The summary of the 
defects analysis is presented in Table 2.5.  

  

         

 

FIGURE 2.25: A HIGH FUSION FLAT FOAM PATTERN AFTER COATING AND THE RESULT AFTER 
DETECTING THE SURFACE DEFECTS. 
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TABLE 2.3: THE ANALYSIS OF THE HIGH FUSION PATTERN DEFECTS 

Defects number  2839 

Defects Area 8214 pixel 

Defects percentage area 2.283% 

Max. defect area 54 pixel 

 

 

         

FIGURE 2.26: A LOW FUSION FLAT FOAM PATTERN AFTER COATING AND AFTER DETECTING THE 
SURFACE DEFECTS. 

 
TABLE 2.4: THE ANALYSIS OF THE LOW FUSION PATTERN DEFECTS 

Defects number 2195 

Defects Area 15164 pixel 

Defects percentage area 4.21% 

Max. defect area 56 pixel 
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FIGURE 2.27: A CURVED FOAM PATTERN AFTER COATING AND THE RESULT AFTER DETECTING THE 
SURFACE DEFECTS. 

 
TABLE 2.5: THE ANALYSIS OF THE CURVED PATTERN DEFECTS 

Defects number 2195 

Defects Area 15164 pixel 

Defects percentage area 4.21% 

Max. defect area 56 pixel 

 
 

CORRELATION BETWEEN THE PERM-METER METHOD AND THE SURFACE DEFECTS METHOD 

 

The perm-meter method has been developed by the University of Alabama for evaluation of 
foam quality. It relies on measuring the amount of airflow through the foam pattern under 
constant pressure. The amount of airflow is lower as the fusion level increases. The surface 
defects results were compared with the data collected by the perm-meter method on the same 
patterns to identify the correlation between the two methods. Two low and high fusion flat 
patterns were divided into 15 equal sections. The perm-meter test is applied on each section, 
then the whole pattern is prepared as explained in the pattern preparation section, and an image 
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for each section is taken for applying the image processing algorithm. We hypothesized that the 
two methods would give comparable results. 

As expected the correlation shows the perm-meter data is affected by the surface defects. The 
perm-meter readings and the surface defects percentage values for different sections are plotted 
for the low and high fusion patterns. The results are shown in Figure 2.28and Figure 2.29. The 
correlation coefficient between the data from the two methods is 0.938 for the low fusion 
pattern and 0.828 for the high fusion pattern. Although the correlation is relatively high, the 
perm-meter method is a measure of both surface and subsurface defects in the foam patterns, 
while the presented image processing method is used for detecting surface defects only.  Thus 
both techniques can be used cooperatively for characterizing foam patterns. 

 

 

 

FIGURE 2.28: THE CORRELATION BETWEEN THE PERM-METER TEST AND THE SURFACE DEFECTS TEST 
FOR THE LOW FUSION FOAM PATTERN. 
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FIGURE 2.29: THE CORRELATION BETWEEN THE PERM-METER TEST AND THE SURFACE DEFECTS TEST 
FOR THE HIGH FUSION FOAM PATTERN. 

 

SOFTWARE PACKAGE 

 

Software package was developed to support the third method for characterization of the surface 
of foam.  The software is developed in LabVIEW and supports a foundry operation by allowing 
the analysis of multiple patterns, multiple areas within a pattern, storage of images and database 
query support.  A software user manual is provided in Appendix A. 

 

CONCLUSIONS  

 

Three methods for quantitative analysis of foam quality were presented.  The two methods are 
based on capacitive measurements and image analysis of foam patterns saturated with water 
and colored water, respectively.  The two methods show that there are quantifiable differences 
in the foam patterns with different foam quality.  

Capacitance measurement technique is a quick method to characterize the foam quality.  The 
design of the capacitive sensor is an important aspect in this method.  Changing the size of the 
sensors will change the resolution of the measurement.  Large sensors are used for finding the 
average foam quality over the foam pattern.  By using small size sensors the foam quality profile 
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of the foam pattern can be evaluated. Using single sided capacitive sensors makes it easier to 
take the measurement.  Single sided electrodes can be easier to adapt for use on more complex 
foam shapes as well. They also provide a technique by which the foam quality distribution along 
the thickness of the foam can be characterized. 

Color imaging and image analysis method is based on saturation the foam with colored water, 
taking a digital image of that foam when illuminated from one side using white light.  Through 
image analysis, the color saturation distribution that is proportional to the foam quality 
distribution can be obtained.  This method can be easily automated and is superior to other 
available methods when a detailed distribution of the foam quality is desired. 

 The tests performed on the foam patterns using both methods confirm that these methods can 
be used as a quality control technique for the EPS foam.  The results show that both the methods 
correlate well with the foam quality.  Hence, it can be concluded that these methods are 
promising techniques that can provide quantitative evaluation of the quality of the foam.   

Further work would address suitability of these techniques for characterizing complex foam 
patterns and techniques for enhancing the repeatability and resolution of each technique.  
Further work would also consider how these techniques would correlate with other techniques 
available for foam quantification. 

Software was developed in support of the third method developed for characterization of the 
foam surface quality.  The foam surface defects method for characterizing surface quality of the 
lost foam patterns has proven to have many advantages. Thus, this research contributed toward 
the determination of the foam surface quality, one of the most important factors affecting the 
lost foam casting process. The developed method is inexpensive and nondestructive and thus is 
applicable to the foundry floor.  The time required for performing the test is relatively short. The 
procedure is divided into two stages.  The first stage is detecting all the defects on the pattern 
surface, and the second stage is the defects analysis, which makes classification for the defects 
based on the size. Also this technique has the possibility to identify different defects sizes and 
calculates the ratio of defects size to the pattern size.  The tests were performed on the flat 
patterns and curved patterns. The technique gives good results for detecting the surface foam 
defects in both patterns. Another test is performed on the foam patterns using a perm-meter 
device to verify the results obtained by the surface defects method. The results show that both 
the methods correlate well with each other. Hence it can be concluded that the surface defects 
detection method is a promising technique that can provide a quantitative standard for the 
quality of the foam surface.   
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3. LOST FOAM SAND COMPACTION 

 

INTRODUCTION 

LOST FOAM CASTING 

Lost Foam Casting (LFC), also known as Expendable Pattern Casting, is a cost effective and 
environmentally friendly alternative to traditional casting methods that has been adopted by 
foundries worldwide. LFC enables metal casters to produce complex parts by making foam 
patterns having the same geometry as the desired finished parts (Whelan, 2004). It offers 
reduced/eliminated machining, weight reduction using zero draft, improved casting accuracy, 
complex internal coring of passages, extended tool life and high design flexibility. These features 
allow component integration that is difficult or impossible in conventional casting (Lessiter, 
2000). LFC provides above mentioned advantages without binders, cores, sand preparation and 
other foundry operations. 

IMPORTANCE OF SAND COMPACTION IN LFC PROCESS 

Proper compaction of dry sand is an essential element of a successful lost foam system. The sand 
must be totally compacted in all areas of the flask to correctly position and support the foam 
cluster for dimensionally stable casting to be produced consistently. Vibration is utilized to 
fluidize and compact the sand inside the flask. The sand needs to fill all undercuts and cavities of 
the pattern. The mold should be sturdy and stable in all dimensions to withstand the static 
pressure of the metal during the pouring operation. The compact sand provides necessary 
mechanical support to the pattern as molten metal is poured into the mold (Whelan, 2004).  Too 
much compaction of sand can cause parts of the foam pattern to distort or even get crushed. This 
is due to the fact that, as acceleration increases, the amount of force that sand grains exerts on 
relative weak foam pattern increases. Insufficient compaction can lead to a defective final 
product due to inadequate support of the foam part or lack of sand flow into small cavities in the 
foam part (Whelan, 2004).  

 The open loop control of the sand compaction in LFC leaves it vulnerable when the 
process experiences a malfunction. Drift in the amount of compaction can be caused by sand 
temperature, humidity, amount of sand recycling and wear in the machinery used to vibrate the 
sand. A closed loop compaction of sand can eliminate the above mentioned vulnerabilities by 
placing a sand compaction sensor in the sand with foam pattern. This provides an additional 
benefit of reduction in vibration time.  As precise compaction of sand is very important, a sensor 
giving an online measurement of the compaction is very useful. An explanation with more detail 
regarding the importance of sand compaction is discussed later in the report.  

PROBLEM STATEMENT 

The objective of this work is to develop a low cost sensor that can be used to monitor the 
effectiveness of sand compaction online. Response of such a sensor for various patterns, 



56 

 

including dome shaped patterns, will be determined. Using experimentally obtained response, 
sand compaction recipes with optimum frequency and acceleration can be developed. The 
sensor can then be used as an indicator to determine when corrective action needs to be taken.    

PROPOSED SOLUTION 

This work describes a method of online monitoring for sand compaction using a comparison of 
capacitance measurements from different channels in a sensor which differ in the difficulty in 
resisting sand filling. The differential nature of the sensor’s measurements is intended to reduce 
the variation in the sensor’s evaluation of compaction effectiveness due to environmental 
factors. An electronic circuit is designed to represent the change in capacitance in each of the 
sensor channels with an equivalent voltage change. An Arduino microcontroller is used to collect 
the data and a LabVIEW program is designed to retrieve the data from microcontroller and store 
it on computer. The system is simulated in ANSYS to obtain the ideal response of the sensor to 
sand compaction and results are compared to the experimental results. Numerous experiments 
are conducted to gauge the repeatability of the sensor. Experiments conducted prove that the 
sensor can be used to detect catastrophic failure. Tests are conducted to confirm the response of 
the sensor to different compaction recipes at an industrial facility.      

LITERATURE REVIEW 

This chapter provides a detailed description of Lost Foam Casting (LFC) process. This chapter 
also discusses the sand compaction process in detail. The overall LFC, its advantages, 
disadvantages and importance of sand compaction in LFC is discussed below. Details about sand 
compaction are provided as well as an overview of previous work done in the field of sand 
compaction, instrumentation used to determine compaction of sand and modern 
instrumentation that use capacitance and miniature pressure sensors to measure compaction of 
sand in LFC.  

OVERVIEW OF LFC PROCESS 

 As shown in Figure 3.1 (Penumadu, 2003), the LFC process consists of various steps. The 
first step is to form a foam pattern having the geometry of desired finished metal part. These 
patterns are coated with refractory, and then dried. Then these patterns are placed in a flask, 
backed with compacted unbonded sand and liquid metal poured onto the pattern to replace the 
foam (Littleton, 1996).  

The LFC uses Expanded Polystyrene (EPS), Expanded Polymethyl Methacrylate (EPMMA), 
blended EPS and EPMMA and copolymers of the two compounds to form patterns that are 
consumed as each casting is produced. The foam patterns are made with the same precision that 
is needed in the cast part. The pattern sections are glued together typically using hot glue. 
Multiple patterns can be glued to form pattern clusters.  

 The pattern clusters are coated with a thin layer of refractory which is usually water 
based slurry that can be applied by dipping, spraying, or pouring over the pattern. Care should 
be taken to obtain a uniform layer of coating on each cluster. The coating must be completely 
dried. The dried coated cluster is then ready to be placed in the flask and backed up with sand. 
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Filling the flask with sand and compaction of sand must be accomplished carefully so that the 
sand fills all internal pattern cavities and packs tightly around the cluster to provide support 
(Littleton, 1996).  

 Sand compaction is usually achieved using a vibrating table. Compaction is achieved 
during filling of the sand to help the sand flow into internal pattern cavities. After this process 
metal is poured into the cluster. Pouring consistency holds an importance in order to avoid the 
‘pour to pour’ variations. After metal pouring is complete the cluster is allowed to solidify in the 
flask (Littleton, 1996). After the solidification process the pattern is removed from the flask and 
is cleaned. The patterns are then separated from the cluster and are ready to use. 

 

 

 

FIGURE 3.1: OVERVIEW OF LFC PROCESS (PENUMADU, 2003) 

  

BENEFITS AND LIMITATIONS OF LFC 

 The LFC is an attractive technique to the metal casters because of its significant low cost 
and environmental advantages. The process has some important advantages over other casting 
processes such as sand casting, plaster casting, etc. This process enables the metal casters to 
produce complex parts that are often not possible using other methods. The process provides 
flexibility to consolidate two or more parts into a component, reduce machining and minimize 
assembly operations. It also allows foundries to reduce solid waste and emission (Bates, 1995).  
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 The process allows the manufacturing of complex designs with more consistent wall 
thicknesses that were difficult or impossible in conventional castings (Lessiter, 2000). As LFC 
requires less drift (0-2’) than traditional methods such as sand casting, the castings produced by 
LFC requires reduced machining and hence the machine stock can be reduced (EERE). Today’s 
LFC process offers reduced/eliminated machining, weight-reduction using aero draft, improved 
casting accuracy, complex internal coring of passages, extended tool life and high design 
flexibility. LFC is an environmental friendly process as it does all above mentioned things 
without binders, cores, sand preparation and other foundry operations (Lessiter, 2000). In 
addition to the above mentioned advantages, the non destructive nature of the process allows 
for continuous reuse of the casting sand with minimal, if any, waste (Whelan, 2004).  

 Some of the disadvantages include longer time to develop new castings and accurate 
control of the process needed to develop the cast without any defects (Patil, 2006). A successful 
LFC process requires a strictly controlled environment (Patil, 2006). One of the main problems 
with the LFC process is the formation of casting defects. For example: 

 Internal casting defects and cold shuts, caused by the merging of the liquid metal 
streams or the trapping of home products. 

 Folds and misruns, due to large temperature drop in the metal resulting in the 
retardation of the filling velocity and in an inferior quality casting. 

 Incomplete pattern filing, due to slow escape of gases from the pyrolytic zone. 

 Imperfect pattern generation, due to imperfect fusion and contraction of beads in EPS 
foam resulting in an improper surface finish. 

 Pattern distortion, caused by structurally distorted weak foam pattern. Also, pyrolysis 
occurs in the foam ignition, where the gas, given off by the heated foam, causes the break 
up of solid foam (Gupta, 2009). 

IMPORTANCE OF SAND COMPACTION IN LFC PROCESS 

 One of the important factors in making consistently reliable castings using the LFC 
process is engineering the filling process of flask with sand (Creed, 1989). During the mold filling 
process, the EPS pattern must be fully incased by a boundary material in order to prevent the 
uncontrolled flow of the advancing molten metal. This is achieved by consistent coating of the 
pattern and by sand compaction. Compaction of sand is key in controlling the casting distortion 
and is instrumental in the efficiency rating of the LFC process (Whelan, 2004). The granular 
nature of the sand particles allows filling of narrow and complex pattern cavities, while the 
permeability of the sand medium allows controlled transfer of liquid and gaseous pyrolysis by-
products from the mold (Whelan, 2004).  

 Sand fill and compaction have two main objectives. The first is to cause sand flow into 
pattern cavities, the second is to compact the sand to produce a rigid mass with sufficient 
stiffness and density to resist metal and gas pressures developed during pouring (EERE). The 
compaction is conducted to increase the sand density. Sand must continuously migrate from 
upper regions of the flask into pattern cavities as densification occurs. Sand fill and compaction 
must be achieved without pattern distortion. Understanding, controlling and maintaining the 
reproducible sand fill and compaction is essential if dimensionally accurate castings with a good 
surface finish are to be produced (EERE).   
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 Time duration of sand fill and compaction is controlled by the time required to fill 
internal pattern cavities. The fast fill cycles with high table accelerations can be used to minimize 
the fill and compaction time which ensures maximum number of flasks that can be poured in an 
hour (OIT,2000). But the sand fill and compaction time must be decided carefully as extra 
compaction can cause corresponding foam part to distort or even get crushed; insufficient 
compaction can lead to a defective final product due to inadequate support of the foam part or 
lack of sand flow in the cavities of foam part (Whelan, 2004).  

 

SAND COMPACTION PROCESS 

  

The ability of enclosing the foam pattern in molding sand is critical to ensure the dimensional 
accuracy, high casting quality and low production cost (Hopf, 2003). Sand compaction process 
includes filling of mold container with sand and compaction of the sand assisted by vibration. 
The sand needs to fill all undercuts and cavities of the pattern. The mold should be sturdy and 
stable everywhere to withstand the static pressure of the metal during the pouring operation. 
The vibration mechanism also assists to compact and densify the sand (Hopf, 2003).  

SAND FILLING 

 Filling the flask with the sand is the first step in sand compaction. Sand fill around the 
foam can be accomplished in several ways, two of which are described in this section.  

FILL TUBES 

 Fill tubes developed to overcome damage to the foam caused due to free-falling sand 
filling techniques, are designed based on mold cluster configuration. Fill tubes are placed to fill 
evenly around the foam and are arranged so that they could be withdrawn as the filling and 
compacting process proceeds (Creed, 1989). This greater uniformity of sand fill around the foam 
and shorter sand free-fall reduces the chances of “shadowing” of particular area of foam. 
Shadowing results from incomplete sand fill and compactions under portions of foam, resulting 
in molding defects (Creed, 1989).  

 Fill tubes require devices that will withdraw the tubes at a specific rate during the fill 
process to facilitate adequate sand distribution. The fill tubes can be attached to the batch 
hopper, any controllable mechanical extractor, the extraction rate of which allows the sand feed 
rate to be varied by the withdrawal rate (Creed, 1989). 

RAIN FILL 

 Rain fill is the most widely used method for filling the LFC flasks today. One design 
consideration for this method is to minimize the free-fall distance of the sand into the flask. It 
minimizes the impact of sand against the foam. The pattern of the raining sand can be adjusted 
by the use of masks and mask screens to void particular areas of sand that would subject the 
foam to impact damage, or to control stresses (Creed, 1989).  
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 The drawback of this method is the presence of fugitive dust. Due to free falling effect of 
sand, more airborne contamination tends to occur compared to the tube fill method (Creed, 
1989). This can be overcome by proper design of the gate/hopper combination. 

COMPACTION TABLE 

 In order to achieve efficient sand compaction, compaction tables are developed. 
Normally, filling and vibration processes are conducted simultaneously to achieve good 
compaction. The flask serves as the energy transport medium between the compactor table and 
the sand. Downward motion of sand is entirely controlled by gravity while upward motion is 
controlled by acceleration imparted by the table. Upward acceleration tends to compact the 
sand, but free fall due to downward motion may result in some drop in density.  Two types of 
compaction tables are discussed in the following section. 

VERTICAL AXIS COMPACTION TABLE 

 Vertical axis compaction tables are widely used in foundries. These are usually 
positioned below the flask handling system, elevating the flask from the bottom. Vibration of the 
vertical axis tables is provided by electric motors mounted horizontally and equipped with 
adjustable force wheel weights at the end of each motor. The number of motors required is a 
function of the flask size and the total mass to be vibrated (Creed, 1989).  Sand movement in a 
round flask on a vertical compactor occurs upward along the flask centerline and downward at 
the flask walls while the sand is fluidized (OIT, 2000).   Studies have shown that foam pattern 
cavities in the round flask on a vertical compaction table are filled considerably faster when: 

 The cavity openings were positioned near the flask wall. 

 The cavity opening faced the wall. 

 The openings were positioned halfway between the pedestals. 

HORIZONTAL AXIS COMPACTION TABLE 

 It is firmly coupled to a flask by side mounted hydraulic clamps that allow the flask to be 
removed from its conveyor by means of pneumatic actuators (Creed, 1989). Without benefit of 
gravity to help secure the flask to the table, the clamps are used to form the inflexible flask/table 
linkage, letting them act as a single unit basic to the transmission of forces generated by the 
table (Creed, 1989). 

 Sand movement in horizontal compactors occurs upward along the flask centerline and 
perpendicular to the direction of vibration . Cavities are filled about twice as fast on horizontal 
compactors as on vertical compactors when same frequencies, orientations, and accelerations 
are used so long as the accelerations were above 1 G.  

 

REVIEW OF SAND COMPACTION SENSORS 

 Sand characteristics are extremely important in the LFC process. The sand must flow 
into all areas around the pattern and compact densely. Sand must also support the refractory 
coating under metallostatic pressure during the pour. Since the introduction of LFC there has 
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been a need for a tool to monitor sand movement and sand compaction during the process. The 
devices invented to serve the purpose are reviewed in this section. 

 In 1989, Bond patented a vibration table with automatic control using “G” force sensors 
(Bond, 1989). A control system was provided whereby the vibratory apparatus for packing 
foundry sand is controlled according to characteristics related to movement of sand (Bond, 
1989). A sensing device was provided for sensing movement of the sand in the flask, control 
device was provided to control the speed of the motor. Thus, the motor can be controlled to 
provide the compaction of the sand as necessary (Bond, 1989).  Although time schedules and 
having good control over the vibration energy gives consistency to the sand compaction, the 
actual sand compaction was not measured. 

 In 1995, Krysiak developed a compaction sensor based on permeability by measuring air 
flow through a tube placed in the sand (Krysiak, 1995). The device supplies a constant airflow to 
the probe, which is placed in the vibrating flask. As the flask is vibrated and sand packs around 
the probe, a backpressure develops (Krysiak, 1995). The back pressure is sensed and displayed 
on the device called Mold Quality Indicator (MQI). It is relative reading. For a given sand, higher 
the MQI reading, tighter the sand compaction (Krysiak, 1995). This sensor gives reasonable 
values for sand compaction, but is sensitive to environmental influences and it would be difficult 
to place in the pattern’s difficult to compact areas (Krysiak, 1995). 

 In 2000, a capacitance based compaction measurement device was developed at Auburn 
University (Bakhtiyarov, 2000). The device consisted of a cylinder which contained sand, 
capacitance measurement electronics and a port to allow compressed air into the cylinder to 
reset and fluidize the sand. The device was calibrated by tacking the readings after fluidization 
for a low and vibration compaction for a high and the range in between was given as a sand 
compaction value (Bakhtiyarov, 2000). But this device is also susceptible to environmental 
changes. 

 In 2003, a small capacitance instrument was designed for LFC (Hopf, 2003). This sensor 
was flat and only 2 cm long. The sensor was able to monitor changes of the parameters like 
frequency, amplitude and acceleration by measuring the capacity of a changing dielectric 
between two condenser plates (Hopf, 2003).  Housing of the sensor acts as one of the condenser 
plate. The sensor was calibrated, so that the delivered voltage levels correspond to the density of 
silica sand (Hopf, 2003). Prior to production this sensor could be placed near the pattern in 
areas where the sand compaction was difficult. Through testing, a vibration schedule could be 
developed which includes the varying frequency and “G” forces over a period of time (Hopf, 
2003). The response of the sensor was noisier. 

 A series of papers from Clarkson University in 2004-2005 contain descriptions of high 
level monitoring of sand pressure and pattern distortion during the sand compaction stage of 
LFC [9, 10]. A 0.1 mm film containing a pressure sensitive ink printed in a grid was placed on 
sensitive parts of the foam pattern and in difficult to fill cavities (Whelan, 2004). In addition to 
the pressure sensitive film, fiber optic deformation sensors were added which respond to the 
changes in length of the fiber between anchored ends (Whelan, 2004). With both measurements 
a comparison can be found for the amount of sand compaction that leads to deformations. Later 
work at Clarkson University combined the pressure and fiber optic sensor measurements with 
accelerometer measurements to optimize the sand fill schedule to fill the hard to compact areas 
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without deforming the sensitive pattern areas (Whelan, 2005). A capacitive sensor in a 
cylindrical configuration and a series of high sensitivity photodiodes paired with miniature 
lights were used to measure sand compaction (Whelan, 2006). The capacitance and photodiode 
instruments were developed as a tool to be placed in the sand flask during production to 
monitor sand compaction quality (Whelan, 2006). 

 In 2006, Faraldi et al. patented a capacitance device to measure compaction of sand in 
the LFC (Faraldi, 2006). The device consists of a capacitance sensor, controller and signal 
conditioning circuits. The sensor can be flexible and placed on or near the pattern where sand 
compaction is to be measured. By taking measurements in air and then in fully compacted sand, 
the instrument is calibrated and the effect of environmental influences is reduced. The device is 
used prior to production to develop vibration frequency and time table schedules (Faraldi, 
2006).          

 It can be inferred that currently available sensors are not able to provide online 
measurements for the sand compaction process. Also, the readings obtained from these sensors 
are not reliable in case of change in environmental conditions. It can be reasoned that more the 
change in environmental conditions, more the error in readings obtained. Hence, a sand 
compaction sensor is presented to obtain online measurements for the sand compaction 
process. The differential nature of the proposed sensor reduces the error occurring due to 
change in environmental conditions.  
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DESIGN OF DIFFERENTIAL CAPACITIVE SENSOR 

 

This chapter discusses the design of differential capacitive sensor. Section 3.1 gives an overview 
of the various design aspects considered while designing the sensor. Section 3.2 gives details 
about the sensor design and explains the construction of the sensor. Section 3.3 gives details 
about the hardware design i.e. the electrical circuit built to measure the capacitance and to 
convert the capacitance into equivalent voltage signal. Section 3.4 gives details about the 
software design which includes microcontroller programming for data acquisition from the 
sensor and Lab VIEW programming for reading the data from the microcontroller in the desired 
form.  

SENSOR DESIGN OVERVIEW 

Sensors developed by earlier researchers (Krysiak 1995, Bast 2003, Bond 1989, Bakhtiyarov 
2000) were not able to evaluate sand compaction, independent of variations in environmental 
factors. Sensor readings were affected by changes in the environment. In order to reduce the 
effect of environmental factors a differential approach is considered while designing the sensor. 

The developed sensor is used to monitor the effectiveness of the sand compaction system online. 
The  response of the sensor measures changes in sand compaction, which is affected by all the 
mechanics of the vibration system, such as, motor and linkage wear, changes in the sand 
properties such as fine content, loss on ignition percentage and environmental changes such as 
temperature and humidity.  

The sensor design comprises of the following aspects: 

1. Mechanical Sensor Design 
2. Hardware Design 
3. Software Design. 

 

MECHANICAL SENSOR DESIGN 

 

Figure 3.2 shows the structural design of one realization of the sand compaction sensor. Figure 
3.3 shows the actual sand compaction sensor designed and used. The sensor consists of two 
channels; a top channel and a bottom channel, where the sand is compacted, with each of these 
channels having different degrees of difficulty in resisting the sand filling and compaction.  
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FIGURE 3.2: STRUCTURAL DESIGN OF SAND COMPACTION SENSOR 

  

 

FIGURE 3.3: SAND COMPACTION SENSOR USED IN EXPERIMENTAL WORK 
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The difficulty of filling the sand in these channels can be controlled using factors such as the 
geometry of channel and the direction of sand fill. In the current realization, the channels are 
placed such that the sand flows with gravity into the bottom channel while sand would have to 
flow against gravity in the top channel. This arrangement allows for the sand to fill the bottom 
channel to an ideal compaction under modest compaction recipes while the filling of the top 
channel would fill according to the effectiveness of the compaction recipe. This arrangement 
facilitates the measurement of effectiveness of the recipe for the pattern with dome shapes as 
the compaction in the top channel as compared to the bottom channel will indicate the effective 
compaction in upper areas of those patterns. With previously mentioned sensors, it was difficult 
to measure the compaction in both areas of the pattern i.e., easy to compact and difficult to 
compact areas simultaneously.    

 As shown in Figure 3.3, cylindrical copper probes are placed in both channels of sand 
compaction sensor. Each of the channels can act like a sensor because of these copper probes 
and can be calibrated to measure the compaction of sand. The capacitive sensor is formed by the 
two electrodes. These cylindrical copper probes act as one of the electrodes and the body of the 
sensor acts as the other electrode. The sand acts like a dielectric material. As the sand is 
introduced into the channel, the dielectric properties of this capacitive sensor change and this 
change is reflected by an increase in the capacitance of the channel. The change in capacitance 
will increase with the sand compactness. 

 Change in the area of sand compaction sensor could affect the sensor reading and in 
order to have comparable results both the channels should have identical geometry. Length of 
the copper probes is also identical. Total length of the sensor is 10 cm and each probe is 4 cm 
long. The sensor has a circular opening at the center with a diameter of 3 cm. In the designed 
sensor several holes were drilled in the plastic which held the copper conductor to drain out the 
sand completely or an air blower could be used for the same.  

The differential nature of the sensor measurement is intended to reduce the deviation in 
sensor evaluation of compaction effectiveness due to environmental factors. Changes due to the 
properties of sand are reduced by using the ratio of the capacitance measurement from the two 
channels wherein the dielectric constant of the sand in the two channels is almost identical. The 
design of the lower channel to fill and compact makes sure that this channel provides an 
indicator of best possible compaction under a given set of conditions and can be used as 
reference. For example, if the sand dielectric properties were to change due to moisture content 
by an increase of 10%. This would lead to an increase of 10% to the normal value read by the 
sensor in each of the channels.  Equation 3.4 can be referred for the calculation of compaction. As 
the compaction is evaluated based on the ratio of capacitance measurement of each channel, the 
ratio would help to reduce effect of the environmental change. Assuming that the compaction at 
the bottom channel would always be ideal, the ratio of the compaction in the top channel to that 
of the bottom channel will be a measure of closeness to the ideal compaction. 

 Even though there may be a change in the environmental conditions, the percentage 
compaction indicated by the sensor is reliable. Since the readings are displayed on the LCD 
screen, any change in the normal or expected reading will indicate change in sand properties or 
a problem with the linkages or problem with the system used to vibrate the table. Thus, these 
readings will indicate that corrective action is needed, while the readings obtained for 
percentage sand compaction can be trusted. 
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HARDWARE DESIGN 

 As the sand is compacted, the capacitance of each channels changes. This change in 
capacitance is very small. So an electrical circuit with high sensitivity to extremely small 
capacitance variations, high stray immunity, high linearity and robust to external noise sources 
is required. Therefore, a low cost, high frequency circuit which will be able to measure small 
coupling capacitance variations with high stray-immunity is presented. The proposed circuit is 
based on differential charging/discharging method using current feedback amplifier and 
synchronous demodulation stage. This section explains the basic operation of the circuit and the 
working of the component as blocks.  

 The circuit consisted of a high bandwidth current feedback amplifier to produce an AC 
voltage proportional to the measured capacitance. The second stage included a synchronous 
demodulator, a low pass filter and a DC amplifier is used to convert the AC voltage to DC voltage. 
This circuit also minimizes the effect of external noise.  

Figure 3.4 shows the schematic diagram of capacitance measurement stage. The measurement 

stage consists of a square wave generator ( inV ), the capacitance to be measured ( xC ), two 

capacitors ( 1sC and 2sC ), simulating the stray capacitances and current feedback amplifier.  

Assuming that the current feedback op-amp has infinite gain, infinite input impedance and zero 
output impedance, the relation between the output of the measuring stage (V1) and the input 
(Vin) can be described as: 

 2221

3211
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)(
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RRCsR

V

V

sx
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i n       EQUATION 3.1 

 

 

 

             FIGURE 3.4: CIRCUIT DIAGRAM OF CAPACITANCE MEASUREMENT STAGE 
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Here, (Cs2 >> Cx) and (R 3 >> R 2 ) also by adjusting the parameter values, the pole frequency is 

located far away from the operating frequency range (1-10 MHz). Thus Equation 3.1 will be 
reduced to  

2

31

R

RC

V

V x

in

                                                         EQUATION 3.2 

 This will reduce the effect of stray capacitance and the relationship between xC  and the 

output voltage of the measurement stage would be linear.  

in

x V
R

RC
V

2

3

1                                                       EQUATION 3.3 

 Since the stray capacitance 1sC  is driven directly by the excitation source, it does not 

change the voltage applied on the measured capacitance and thus has no influence on the output 
voltage. Figure 3.5 shows the frequency response of capacitance measurement stage. To obtain 

this response following values are used. 1R = 5.1 K , 2R = 56 , 3R = 560 , 1sC = 0.1 , 

= 1 , xC = 0.35 pF (Deabes, 2009). 

 

FIGURE 3.5: FREQUENCY RESPONSE OF CAPACITANCE MEASUREMENT STAGE 
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The second stage is the demodulation and amplification stage. The signal generated by 
measurement stage is synchronized with the transmitted signal. Thus, higher level of the signal 
passes through one output and lower part of the signal passes through the second output. RC 
networks were used as integrators, each one of them charges over one half of the clock 
waveform. This produces a DC signal corresponding to the high and low levels of the 
measurement stage, respectively. The signals which are not synchronized to transmitter signal 
produce a common mode voltage on both the outputs from the analog switch. To remove the 
effect of common mode voltage, a low cost instrumentation amplifier AD622 is used in the 
amplification stage. It amplifies the difference between the two DC levels produced by the low 
pass filters to produce the final DC voltage (VO) which is proportional to the measured 
capacitance.  

 Equation 3.3 shows that the output voltage from the measurement stage does not 
depend on stray capacitance; consequently, there is no effect of the stray capacitance on the 
output voltage.    Figure 3.6 shows the block diagram of the circuit used for the measurement of 
the capacitance. DipTrace software is used to layout the circuit and develop the PCB with one 
transmitter and two receivers.   Figure 3.7 shows the PCB designed for capacitance 
measurement circuit. The circuit consists of the following blocks. 

 Preamplifier (Signal Conditioning) 

 RF Oscillator 

 Synchronous Detector 

 DC Amplifier. 

 

  

  

 

    

          

 

 

 

 

 

FIGURE 3.6: BLOCK DIAGRAM OF CAPACITANCE MEASUREMENT CIRCUIT 
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FIGURE 3.7: PCB FOR CAPACITANCE MEASUREMENT CIRCUIT 

 

PREAMPLIFIER (SIGNAL CONDITIONING)  

                  

FIGURE 3.8: CIRCUIT DIAGRAM OF PREAMPLIFIER (SIGNAL CONDITIONING)  
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               This stage consists of two MAX 4180 current feedback amplifiers. These amplifiers 
receive signal from the receiver probe and provide the required gain. Each stage has gain of 10, 
so the overall gain provided by this stage is 100. The MAX 4180 also minimized the phase shift of 
the input signal by at least 20 MHz. Minimum phase shift is necessary as the synchronous 
detector is sensitive to the phase of the signal as well as to the amplitude of signal. This 
preconditioned signal is then fed to synchronous detector stage.  Figure 3.8 shows the circuit 
diagram of the preamplifier. 

 

RF OSCILLATOR 

 

   

  

FIGURE 3.9: CIRCUIT DIAGRAM OF RF OSCILLATOR 

  

The RF oscillator is used to drive the transmitter probe and to provide the clock signal to the 
synchronous detector. The main component used in this stage is LTC 1799CS5#TRMPBF. The 
DIP switch is used to set the operating frequency in the range of 100 KHz to 33 MHz. A frequency 
of 700 KHz is used for the sand compaction sensor application. User can select any other 
frequencies also. Figure 3.9 shows the circuit diagram of the RF oscillator. 
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Detector 



71 

 

SYNCHRONOUS DETECTOR 

          This stage is formed by the combination of transmitter signal and the multiplexer. This 
multiplexer (SN74CBT3253D) is clocked by the RF oscillator. RC networks R17C8 and R18C7 act 
as integrators. Low pass filters charges over one half of the clock waveform. A signal that is in 
phase with the clock waveform builds an equal, but opposite polarity charge across the two 
networks in proportion to the amplitude of the signal. Any out of phase or off frequency signal 
with respect to clock signal from RF Oscillator combines in the network in a non constructive 
manner and is integrated out. Figure 3.10 shows the circuit diagram of the synchronous 
detector. 

 

 

FIGURE 3.10: CIRCUIT DIAGRAM OF SYNCHRONOUS DETECTOR. 
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 DC AMPLIFIER 

       

FIGURE 3.11: CIRCUIT DIAGRAM OF DC AMPLIFIER 

 

 The final stage in the sensor is a differential DC amplifier constructed using an analog 
device AD622ARZ instrumentation amplifier. Figure 3.11 shows the circuit diagram of the DC 
amplifier. The Dc amplifier is used due to the differential output characteristics of the 
synchronous detector. The gain of amplifier can be set manually with the help of switches. The 
gain of the amplifier can be calculated as  

G = 1
5.50

GR

k
                                  EQUATION 3.4 

 From the values selected the gain can be varied in the range of 16 to 3885. For this 
application a gain of 16 is used. 
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SOFTWARE DESIGN 

 Programs were written to collect data from the sensor using a microcontroller and to 
read data from the microcontroller to a PC. The programs were written in a manner that even a 
non technical person could operate and use the sensor to collect data.  The software design 
comprises of two parts: 

1. Data Acquisition 
2. Communication Interface 

DATA ACQUISITION 

 Once the electrical circuit converts the measured capacitance value into the equivalent 
voltage signal, this signal is given to analog input of the Arduino Mega microcontroller. This 
microcontroller samples the voltage signal with the help of 10 bit ADC and stores the value in 
the EEPROM of the microcontroller. The writing operation takes 3.3 ms to write one sample 
value to the EEPROM. Arduino Mega has 4 KB EEPROM memory, so 4 K samples can be taken 
and stored in the microcontroller memory without reading the data. This allows the user to take 
a number of tests without reading the data and clearing the EEPROM memory.   

 

 

FIGURE 3.12: BLOCK DIAGRAM OF DATA ACQUISITION 

Figure 3.12 shows how the data collection process from the sensor to Arduino Microcontroller is 
done. The equivalent voltage signal is sampled by the Arduino Microcontroller and the data is 
then stored in the EEPROM of the microcontroller. Before storing any data in EEPROM the 100 
samples are taken and the average of these 100 samples is stored in EEPROM. The Arduino 
microcontroller can take a sample in few microseconds. This helps to reduce the noise in 
measurements taken. While the data is being stored, it is also shown on the LCD display 
connected to the microcontroller. It also displays the percentage sand compaction achieved 
assuming that the bottom channel has 100% compaction. The microcontroller is used to 
implement a simple algorithm to monitor compaction effectiveness, it measures the compaction 
as a ratio of change in the top channel reading to the change in the bottom channel reading. 
Since the bottom channel is easier to fill and compact, the change in top channel reading is 
always less than or equal to the change in bottom channel reading. So this ratio is always less 
than or equal to unity and a higher ratio indicates effective compaction.   

 A program is written for Arduino Microcontroller in order to collect the data from the 
sensor and store in the EEPROM of the microcontroller. The user could select the sampling rate 
as per requirement. Before the start of each test, the reference value for both the channels is 
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recorded. Reference value is the voltage obtained from channel when there is no sand inside it. 

The resolution of microcontroller used is  5 mV. Practically these reference values could differ 
by 15 to 20 mV. The percentage sand compaction was calculated as follows. 

% SAND COMPACTION =  

r efv

r efv

BSBS

TSTS
 * 100                         EQUATION 3.5 

 Where, vTS    = Value read from top channel at a given time. 

              
refTS  = Reference value for top channel. 

              vBS    = Value read from the bottom channel at a given time. 

                         
refBS  = Reference value for the bottom channel. 

The microcontroller code is written such that tests that failed to achieve the predefined 
compaction level could be identified immediately. With the help of this sensor, quantitative 
value can be recorded for each casting and sand compaction process can be monitored 
continuously. The microcontroller code can be used to record the compaction time.  Figure 3.13 
shows the Data Acquisition Flowchart. 
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FIGURE 3.13: DATA ACQUISITION FLOWCHART 
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A number of tests can be conducted and the data can be stored in EEPROM before it can be read 
with the help of LabVIEW program and stored on the PC. Microcontroller program keeps track of 
the memory locations of the data stored. There is an indicator in place which turns on when all 
the available memory locations are about to be used.  

 

COMMUNICATION INTERFACE 

 The communication interface is established over the serial port and data is read from the 
microcontroller with the help of LabVIEW program. Figure 3.14 displays how the data is 
retrieved from microcontroller.  

To read the data from the microcontroller, it can be connected to the computer with the help of 
USB cable. LabVIEW program is used to collect the data from the EEPROM over a serial port. The 
LabVIEW program is user friendly; it can be used to observe each test result graphically. The 
program can also display the test with similar set up on the screen. The tests conducted with 
different set-ups can then be compared.  

 

 

 

 

 

FIGURE 3.14: BLOCK DIAGRAM OF COMMUNICATION INTERFACE 

 

INITIALIZATION PHASE 

 In this phase the connection with the microcontroller over the serial port is set up. The 
baud rate of 9600 bps is used for setting up the connection. The serial port to which the Arduino 
microcontroller is connected is selected first. Then the predefined data of 0000 is sent over to 
the serial port. The microcontroller program waits to read this data over the serial port. Once 
the data is received, the microcontroller starts reading the data from its EEPROM which is then 
sent over to the serial port. 

READING PHASE 

 The user is not aware of the number of bytes to be read from the EEPROM. Thus, in this 
phase, one byte is read at a time over the serial port till an empty string is encountered. This 
data read over the serial port is in ASCII format. All the bytes received are concatenated to form 
a string. This string is converted into decimal numbers and stored in an array. At the end of this 
phase all the bytes from EEPROM are read and stored in array in the decimal format.  
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SORTING DATA 

 While storing the data in EEPROM, the data from the top channel and the bottom channel 
is stored in sequential form. Also the data is stored as subsequent test. The data needs to be 
sorted out as per individual tests. In a test, data needs to be divided into the top channel data 
and the bottom channel data. As the data is available stored in a single array from the previous 
phase, this 1D array is searched for the number 4995. This number is the value stored at the end 
of each test. In other words, number 4995 indicates end of the test. Then data is split into two 
parts so that data from top channel and bottom channel can be obtained separately. Remaining 
array is searched for the next 4995 and the whole process is repeated till all the data is sorted. 
Finally, the array is built in which each of the two columns represent data from the single test. 
All this separated data is also stored on the PC at a location selected by the user as separate tests 
so that user can retrieve this data. 

DISPLAYING DATA 

 The data is displayed in graphical form on the front panel. User can select the tests to be 
observed from the list of tests available on the front panel of program. As the user can select the 
tests to be observed, it helps comparing the tests with the similar set up. Also difference 
between the tests conducted with different set up can be observed on the screen. Thus user can 
select the tests dynamically and perform the analysis of data.  

 

 

FIGURE 3.15: FRONT PANEL OF LAB VIEW PROGRAM 
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Figure 3.15 shows the front panel of the LabVIEW program used to read the data and display it 
in a graphical form. It can be seen that the user needs to select the serial port to which the 
Arduino microcontroller is connected and then the location where the data needs to be stored 
on the PC has to be specified. After this the user can simply run the program. Once the program 
starts retrieving data, the reading data indicator will turn on. After reading all the data the user 
can see the list of number of tests on the left hand side of the panel. From this list of tests the 
user can select any number of tests for observation and the graph along with the legends will be 
updated accordingly.  

RESULTS AND ANALYSIS 

This section discusses the experimental and numerical results, and their comparison. 
First it gives details of the numerical simulation using ANSYS which provides the ideal response 
of the sensor to sand fill and compaction. It also presents experimental results obtained at TTU 
foundry and comparison between these results. Results of the tests conducted to verify the 
repeatability of the sensor are provided  for the tests conducted at TTU foundry to check 
response of the sensor to the vibration linkage failure and tests conducted at an industrial 
facility to verify response of the sensor to increase in acceleration during sand compaction 
process.  

ANSYS SIMULATION AND EXPERIMENTAL RESULTS 

 A simulation is carried out in ANSYS-11.0 (ANSYS) to obtain the sensor’s ideal response 
to sand fill and compaction. A full scale, 3D model of the sensor is simulated. The height of the 
sensor is 3 inches. It is divided into twenty equal levels of 0.15 inch each. Two copper 
conductors located centrally inside each channel are simulated by assigning appropriate 
boundary conditions. For this simulation, the permittivity values for air and sand are assumed to 
be 1, 4 respectively. Numbers of simulations were carried out by changing the sand content 
inside the sensor in twenty steps starting from no sand (0% filled) to fully filled sand (100% 
filled). Thus the sand level is increased in steps of 5% in each simulation and the capacitance 
between the copper conductor and the inner wall of the sensor in both the channels is recorded. 
Figure 3.16 to Figure 3.19 show steps in simulations as the sand content inside the sensor is 
increased gradually. 
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FIGURE 3.16: VERTICAL SECTION OF SENSOR WITHOUT SAND 

 

 

FIGURE 3.17: VERTICAL SECTION OF SENSOR FILLED WITH 25% SAND 
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FIGURE 3.18: VERTICAL SECTION OF SENSOR FILLED WITH 75% SAND 

 

 

FIGURE 3.19: VERTICAL SECTION OF SENSOR COMPLETELY FILLED WITH SAND 
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Table 3.1 lists the data calculated from the numerical simulations conducted using ANSYS.  First 
column lists the percentage amount of sand present inside the sensor. The sand fill is simulated 
in steps of 5% increasing from no sand to fully compacted sand. The capacitance values for both 
channels are calculated for each level of sand fill, and are normalized in subsequent columns.  

From Table 3.1, it can be observed that the capacitance read by both channels is identical when 
there is no sand present inside the sensor and when the sensor is completely filled with sand. 
This confirms proper functionality of the sensor. The same criterion is used to confirm sensor’s 
functionality in the experiments conducted.  

It can also be noticed from Table 3.1 that the addition of sand in the sensor affects capacitance 
read only by the bottom channel till the sand is 60% filled. The top channel’s capacitance 
changes only after this level of sand fill is achieved. It indicates that the capacitance of the sensor 
is not affected unless the sand is present in that channel. When 45% sand fill is achieved, the 
bottom channel senses the maximum capacitance change. It is completely filled with sand and is 
fully compacted at this point. Any increase in the sand level beyond this does not affect this value 
of the bottom channel.  

The top channel senses the capacitance when sand is introduced in the top channel. When both 
the channels are completely filled with sand and are fully compacted, the value read by both 
channels is identical. When change in the capacitances measured by both the channels from no 
sand to full sand fill is the same then the compaction achieved in either channels is the same. 
Since the sensor is based on differential measurement, and bottom channel will always have best 
compaction possible under given conditions because of its orientation, compaction readings 
given by the sensor for top channel will be always be reflecting the effectiveness of a given 
recipe. 

Simulations were run to observe the sensor’s response to change in environmental conditions. 
Permittivity of sand was increased by 10%. Error in compaction measurement at each level of 
sand fill was calculated. It was found that the differential nature of measurement reduces the 
error in compaction measurement to maximum of 3% for 10% increase in the permittivity of 
sand. So, the sensor reduces the effect of environmental conditions on sand compaction 
measurement.  
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TABLE 3.1: SIMULATED SENSOR CAPACITANCE AT DIFFERENT SAND LEVELS 

    

 

% Sand 
Level 

Bottom  

Channel  Capacitance 
(F)  

Top  

Channel  Capacitance 
(F) 

Normalized 
Capacitance Bottom  

Channel   
Normalized 

Capacitance  Top  Channel 

0 3.18E-11 2.18E-11 0 0.0000 

5 2.92E-11 2.18E-11 0.1131 0.0000 

10 3.67E-11 2.18E-11 0.2278 0.0000 

15 4.42E-11 2.18E-11 0.3425 0.0000 

20 5.16E-11 2.18E-11 0.4554 0.0000 

25 5.91E-11 2.18E-11 0.5703 0.0000 

30 6.64E-11 2.18E-11 0.682 0.0000 

35 7.35E-11 2.18E-11 0.7905 0.0000 

40 8.04E-11 2.18E-11 0.896 0.0000 

45 8.72E-11 2.18E-11 1 0.0000 

50 8.72E-11 2.18E-11 1 0.0000 

55 8.72E-11 2.18E-11 1 0.0000 

60 8.72E-11 2.86E-11 1 0.1040 

65 8.72E-11 3.55E-11 1 0.2095 

70 8.72E-11 4.26E-11 1 0.3180 

75 8.72E-11 4.99E-11 1 0.4297 

80 8.72E-11 5.74E-11 1 0.5443 

85 8.72E-11 6.48E-11 1 0.6575 

90 8.72E-11 7.23E-11 1 0.7722 

95 8.72E-11 7.97E-11 1 0.8853 

100 8.72E-11 8.72E-11 1 1.0000 
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 Figure 3.20 shows the graphical variation of the capacitance of sensor with sand fill. It 

displays the sensor’s ideal response to the sand fill and compaction. When there is no sand 

inside the sensor, the capacitance value read by both the channels is the same and it acts as a 

reference value for both the channels. As the sand fill is increased in sensor, bottom channel 

shows the change in its capacitance while top channel capacitance does not change. The top 

channel capacitance changes only after the sand is filled above 55%. Finally under the ideal 

compaction both top channel and bottom channel will have identical values of capacitance.                                                                                                        

 

FIGURE 3.20: SIMULATED RESULT OF VARIATION OF CAPACITANCE OF SENSOR WITH SAND FILL 
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FIGURE 3.21: EXPERIMENTAL SETUP AT TTU. 

 

Experimental tests were conducted at TTU foundry to obtain the sensor’s response to the sand 
fill and compaction. Figure 3.21 shows the experimental set up at the TTU foundry.  The sensor 
is placed in a cylindrical flask which has a diameter of 16 inches. The flask is placed on the 
vibration table and is firmly connected to it with the help of clamps. Co-axial cables are used to 
connect the sensor to electronic box where Arduino microcontroller is used to record the data. 
The voltage readings for top and bottom channels are recorded. Low density mullite sand is used 
for these tests. After adding some sand to the flask it is vibrated on a vertical vibration table at 
approximately 4 G’s. The table is vibrated with this acceleration for 2 minutes and the sand is 
allowed to settle down after the vibrations for some time. The level of the sand inside the sensor 
is measured manually and the corresponding voltage readings for both the channels are 
recorded. More sand is added to the flask and the process is repeated till the flask is completely 
filled with sand. Thus, experimental readings for different sand compaction levels are recorded. 
Four trials were conducted to obtain the data. Table 3.2 to Table 3.5 enlist the experimental data 
obtained. From Table 3.3, it can be seen that at 0% sand level the values read by top channel and 
bottom channel are comparable which indicates proper functionality of the sensor. As long as 
the variation in initial readings of both channels was below 30 mV, the sensor readings were 
assumed to be comparable. At 100% sand fill, the values read by the top channel and bottom 
channel are not identical. This is attributed to the variation in compaction levels in both the 
channels. The maximum compaction achieved by top channel is 95%.  
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TABLE 3.2: SENSOR’S RESPONSE TO  SAND FILL AND COMPACTION - TEST 1 

% Sand 
Level 

Top Channel Voltage 
(mV) 

Bottom Channel 
Voltage 

(mV) 

Top 

Channel Normalized 
Voltage 

Bottom Channel 

Normalized 
Voltage 

0 1215 1210 0 0 

10 1215 1411 0 0.1131 

22 1215 2011 0 0.4531 

30 1215 2548 0 0.7568 

50 1240 2963 0.0142 0.9915 

70 1850 2970 0.3602 0.9955 

85 2598 2968 0.7845 0.9943 

100 2870 2978 0.9387 1 

 

 

TABLE 3.3: SENSOR’S RESPONSE TO  SAND FILL AND COMPACTION - TEST 2 

% Sand 
Level 

Top 

 Channel 
Voltage 

(mV) 

Bottom Channel 
Voltage 

(mV) 

Top 

Channel Normalized 
Voltage 

Bottom 

Channel Normalized 
Voltage 

0 1215 1210 0 0 

8 1215 1411 0 0.1179 

22 1215 2011 0 0.4698 

35 1215 2548 0 0.7848 

50 1240 2915 0.0147 1 

75 2004 2915 0.4641 1 

85 2530 2915 0.7735 1 

100 2830 2915 0.9500 1 
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TABLE 3.4: SENSOR’S RESPONSE TO  SAND FILL AND COMPACTION - TEST 3 

% Sand 
Level 

Top Channel 
Voltage 

(mV) 

Bottom Channel 
Voltage 

(mV) 

Top 

Channel 
Normalized 

Voltage 

Bottom Channel 
Normalized 

Voltage 

0 1186 1215 0 0 

8 1186 1420 0 0.1103 

16 1186 1762 0 0.2942 

32 1186 2456 0 0.6676 

46 1186 3051 0 0.9876 

57 1401 3066 0.1139 0.9957 

64 1836 3074 0.3443 1 

68 1904 3074 0.3803 1 

95 2930 3074 0.9237 1 

100 2950 3074 0.9343 1 

 

TABLE 3.5: SENSOR’S RESPONSE TO  SAND FILL AND COMPACTION - TEST 4 

% Sand 
Level 

Top Channel 
Voltage 

(mV) 

Bottom Channel 
Voltage 

(mV) 

Top 

Channel 
Normalized 

Voltage 

Bottom Channel 
Normalized 

Voltage 

0 1171 1235 0 0 

14 1171 1543 0 0.1682 

31 1171 2358 0 0.6133 

48 1181 2998 0.0053 0.9629 

56 1308 3051 0.0723 0.9918 

63 1743 3066 0.3018 1 

68 1992 3066 0.4332 1 

92 2802 3066 0.8607 1 

100 2920 3066 0.9230 1 
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Figure 3.22 shows comparison between numerical simulation and experimental results. 
Simulations show that the top channel senses the capacitance above 55% sand fill. However, 
practically the top channel senses the capacitance from 45% sand fill.  This can happen due to 
the inconsistency in the sand level measurement during the experiments. Also, stray capacitance 
is neglected in simulations. Manual error in measurement of sand compaction level is 
approximated in the range of 3-5%. But the trend shown by the experimental results is similar to 
the simulated result which is the ideal response of the sensor.  

 

FIGURE 3.22: COMPARISON BETWEEN NUMERICAL AND EXPERIMENTAL RESULTS 

 

REPEATABILITY TESTS 

Tests were conducted to verify the repeatability of the sensor and to verify if same compaction 
time and same percentage compaction can be achieved under the similar test conditions. The 
sensor was placed in the flask and the reference values from both the channels were recorded to 
confirm the sensor’s proper functionality. Intermediate density sand is used for these tests. After 
recording the reference values, sand is added to the flask. Sand is filled till 6 inches above the 
sensor. The flask is then vibrated on the vertical vibration table at acceleration up to 4 G’s. The 
vibrations were carried for three min. and the data is sampled at 7 sec. Table 3.6 and  
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Table 3.7 tabulate the data obtained for seven such tests. First column in Table 3.6 and   
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Table 3.7 indicates the time at which the data is measured after starting the test. At the start of 
the test, when there is no sand inside the sensor, readings from both the channels are 
comparable. Since the vibrations are started after filling the flask with the sand, most of the 
compaction in the bottom channel occurs during first 14 sec of the each test. Thereafter, the 
value sensed by bottom channel is almost constant and the vibration process has a very little 
impact on the compaction. But the top channel compacts gradually and it almost takes 55 to 60 
sec to reach a constant compaction level. It can be seen from these tables that after a certain 
time, the vibrations do not affect the compaction in the channel. Hence, the compaction time for 
a particular recipe can be decided and vibration time can be saved. From Table 3.6 and 3.7 it can 
be seen that even after sufficient vibrations, the value read by the top channel is less as 
compared to that read by the bottom channel. This indicates that the recipe cannot achieve the 
100% compaction under these conditions. Results from the conducted tests show good 
repeatability. 

TABLE 3.6: REPEATABILITY TEST 1 

 Test 1 Test 2 Test 3 Test 4 

Time 

(sec) 

Top 
Channel 

Voltage 
(mV) 

Bottom 
Channel 

Voltage 

(mV) 

Top 
Channel 

Voltage 
(mV) 

Bottom 
Channel 

Voltage 

(mV) 

Top 
Channel 

Voltage 
(mV) 

Bottom 
Channel 

Voltage 

(mV) 

Top 
Channel 

Voltage 
(mV) 

Bottom 
Channel 
Voltage 

(mV) 

0 703 703 703 683 703 683 703 684 

7 800 1328 820 1328 918 1328 957 1328 

14 957 1425 957 1425 1015 1425 1035 1425 

21 1054 1445 1054 1445 1093 1425 1132 1425 

28 1093 1445 1093 1425 1152 1425 1171 1425 

35 1152 1445 1093 1425 1191 1425 1191 1445 

42 1171 1445 1152 1425 1210 1445 1210 1445 

49 1191 1445 1171 1445 1210 1445 1230 1445 

56 1191 1445 1191 1445 1230 1445 1230 1445 

63 1191 1445 1191 1445 1230 1445 1230 1445 

70 1191 1445 1210 1445 1230 1445 1230 1445 

77 1191 1445 1210 1445 1230 1445 1230 1445 

84 1210 1445 1210 1445 1230 1445 1230 1445 

91 1210 1445 1210 1445 1230 1445 1230 1445 

98 1210 1445 1210 1445 1250 1445 1250 1445 

105 1210 1445 1210 1445 1230 1445 1250 1445 

112 1210 1445 1230 1445 1210 1445 1250 1445 

119 1210 1445 1230 1445 1250 1445 1250 1445 

126 1210 1445 1230 1445 1250 1445 1250 1445 

133 1210 1445 1230 1445 1250 1445 1250 1445 

140 1230 1445 1230 1445 1250 1445 1250 1445 

147 1230 1445 1230 1445 1250 1445 1250 1445 

154 1230 1445 1230 1445 1250 1464 1250 1445 

161 1210 1445 1230 1425 1250 1464 1250 1445 
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168 1210 1445 1230 1445 1250 1445 1250 1445 

175 1230 1445 1230 1445 1269 1445 1250 1445 
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TABLE 3.7: REPEATABILITY TEST 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 displays results for repeatability tests. It can be seen that final compaction read by 
the sensor varies by 3 to 5 % under the similar test condition in all the tests. The value read by 
the bottom channel is almost constant. For bottom channel, most of the compaction takes place 
in first 20 sec. while maximum compaction level is achieved in 60 sec for the top channel. This 
feature can be used to determine the compaction time for the different patterns to save time 
required for vibrations. The sensor is able to constantly achieve compaction in between 70-73%. 
From Figure 3.23 it is evident that the developed sensor shows a good repeatability under 
similar experimental conditions. 

 Test 5 Test 6 Test 7 

Time 
(sec) 

Top   
Channel 
Voltage 

(mV) 

Bottom   
Channel 
Voltage 

(mV) 

Top   
Channel  
Voltage 

(mV) 

Bottom   
Channel  
Voltage 

(mV) 

Top   
Channel 
Voltage 

(mV) 

Bottom   
Channel 
Voltage 

(mV) 

0 703 683 703 683 703 683 

7 878 1347 996 1328 820 1328 

14 1015 1425 1054 1425 996 1425 

21 1093 1425 1132 1425 1093 1425 

28 1152 1425 1171 1425 1152 1425 

35 1191 1425 1191 1445 1171 1425 

42 1210 1425 1210 1445 1191 1445 

49 1210 1425 1230 1445 1210 1445 

56 1230 1425 1230 1445 1210 1445 

63 1230 1445 1230 1445 1230 1445 

70 1230 1445 1210 1445 1230 1445 

77 1230 1445 1230 1445 1230 1445 

84 1230 1445 1230 1445 1230 1445 

91 1230 1425 1230 1445 1230 1445 

98 1230 1445 1250 1445 1250 1464 

105 1230 1445 1230 1445 1230 1445 

112 1230 1445 1250 1445 1250 1445 

119 1230 1445 1250 1445 1250 1445 

126 1250 1445 1250 1445 1250 1445 

133 1250 1445 1250 1445 1250 1445 

140 1250 1445 1250 1445 1250 1464 

147 1250 1445 1250 1445 1230 1445 

154 1250 1445 1250 1445 1250 1445 

161 1250 1445 1250 1445 1250 1464 

168 1250 1445 1250 1445 1250 1445 

175 1250 1445 1250 1445 1250 1445 
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FIGURE 3.23: SENSOR’S RESPONSE TO  REPEATABILITY TESTS 

 

RESPONSE TO LINKAGE FAILURE 

The sensor was tested to check its ability to detect vibrator linkage failures. If the sensor 
indicates higher voltage value than expected, it could be the result of higher energy delivered 
from vibration equipment. Similarly readings lower than the expected could be attributed to 
lower energy supplied by vibration equipment and/or to linkage failure. If there is any problem 
with linkages then the final compaction achieved is less.   

In all twelve tests were conducted three each with both links firm, one link broken and both the 
links broken. For each test, the sensor is placed in flask and reference readings for both channels 
were recorded. Then the flask was filled with sand and vibrations were started. These tests were 
conducted for 3 minutes each. Data is sampled at 2 sec. For firm linkage tests, the two clamps 
used to connect flask to the vibration table are firmly connected. For one link broken test set up, 
one of the clamps is removed and the other is firmly connected to the flask. In case of the test set 
up where both links are broken, the flask is placed on the vibration table but clamps are not used 
to connect the flask to the vibration table.      

Figure 3.24 shows the final compaction reached for each type of tests. As shown in the figure, the 
curve for the bottom channel shows the ideal compaction for each test and other curves 
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represent the compaction level achieved with reference to the ideal compaction. For the case in 
which both links are firmly connected, the compaction achieved is 94%. For the case in which 
one link is broken, the compaction achieved is 78% while for the case when both the links were 
broken the compaction achieved is 63%. In order to estimate the error in the compaction level, 
average values from four tests is calculated. Minimum and maximum deviation from the average 
value is considered as positive and negative error respectively. It can be observed that the 
uncertainty in compaction when both links were broken is higher than other two cases. In this 
case, since the flask is not clamped to the vibration table properly there is more noise and 
recorded data shows more variations.   The uncertainty is higher during the initial stage in all 
the tests. This is due to the higher change in sensor reading during the initial stages of 
compaction. Due to the manual starting operation, start of data collection may not be exactly 
synchronized with the start of the vibrations, and there could be a maximum difference of 1 
second between them.  From the figure, it can be also seen that the most of the compaction 
occurs in first 60 seconds. of vibrations. Thus the sensor achieves different compaction levels for 
different setups and this can be used to detect linkage failures. It can be seen that an online 
sensor can help a foundry to determine optimum compaction time. 

 

 

FIGURE 3.24: SENSOR’S RESPONSE TO LINKAGE FAILURE TESTS. 
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RESPONSE TO CHANGE IN MOTOR ACCELERATION 

The sensor is also tested at a BRP foundry to study its response to change in acceleration of 
vibration table. It was known that increase acceleration of vibration table results in better 
compaction. However, no data was available for a quantitative analysis. Three different cycles 
were used to impart vibrations to the flask. Speed is selected for a particular test depending on 
the selected voltages.  The sensor was placed in the flask which was placed on the top of the 
vibration table with using a conveyor belt. Then the vibration table is lifted slightly and 
vibrations and pouring of sand were started simultaneously. Tests were conducted for 60 sec. 
The sampling rate used for these tests is 1 sec. 

Table 3.8 shows various voltage settings and corresponding values for speed. Based on the 
selected voltage level, corresponding speed was selected to operate motor used for imparting 
vibrations. It was expected that an increase in motor speed would result in more compaction. 

 

TABLE 3.8: TEST SETTINGS AT AN INDUSTRIAL FACILITY 

Recipe Settings Voltage Input(V) Resulting RPMs 
800 8.0 1428 
900 9.0 1608 
999 9.99 1782 

 
 

Table 3.9 to Table 3.11 tabulate the data collected from tests conducted at an industrial Lost 
Foam foundry with different RPMs and corresponding compaction achieved. This data is 
collected by conducting only one set of experiments. Its repeatability was not confirmed due to 
time constraints. During these tests, the sand fill and vibrations were started simultaneously. It 
can be seen from   
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Table 3.10 that for first 7 seconds, value read by both the sensors is same which is same as the 
reference value. This is because till this time there was no sand inside the sensor as the sensor 
was placed in the upper half of the flask. As the sand fills the sensor channels after 7 seconds the 
bottom channel and then the top channel indicate change in readings. Bottom channel achieves 
its maximum compaction in 28 seconds. Thereafter, the vibrations have little effect on its 
compaction. The top channel achieves its maximum compaction at around 40 seconds roughly.  
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TABLE 3.9: ONLINE TEST WITH 1428 RPM SPEED 

Time 
(Sec) 

Top 
Channel 
Voltage 

(mV) 

Bottom 
Channel 
Voltage 

(mV) 
% 

Compaction 
Time 
(Sec) 

Top 
Channel 
Voltage 

(mV) 

Bottom 
Channel 
Voltage 

(mV) 
% 

Compaction 

0 1191 1171 0 31 1997 2602 56 

1 1191 1171 0 32 1997 2602 56 

2 1210 1171 1 33 1997 2602 56 

3 1210 1171 1 34 1997 2602 56 

4 1191 1171 0 35 2016 2602 57 

5 1191 1171 0 36 2016 2602 57 

6 1210 1171 1 37 2016 2602 57 

7 1210 1171 1 38 2016 2602 57 

8 1210 1328 1 39 2016 2602 57 

9 1308 2524 8 40 2016 2602 57 

10 1464 2544 19 41 2036 2602 59 

11 1601 2563 28 42 2036 2602 59 

12 1684 2583 34 43 2055 2602 60 

13 1743 2583 38 44 2055 2602 60 

14 1782 2583 41 45 2055 2602 60 

15 1801 2583 42 46 2055 2602 60 

16 1840 2583 45 47 2075 2602 61 

17 1860 2583 46 48 2055 2602 60 

18 1860 2583 46 49 2075 2602 61 

19 1879 2583 48 50 2075 2602 61 

20 1899 2583 49 51 2075 2602 61 

21 1899 2583 49 52 2075 2602 61 

22 1919 2583 50 53 2075 2602 61 

23 1919 2583 50 54 2094 2602 63 

24 1938 2583 52 55 2094 2602 63 

25 1938 2602 52 56 2094 2602 63 

26 1958 2583 53 57 2094 2602 63 

27 1958 2583 53 58 2094 2602 63 

28 1958 2602 53 59 2094 2602 63 

29 1977 2602 54 60 2094 2602 63 

30 1977 2602 54 
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TABLE 3.10: ONLINE TEST WITH 1608 RPM SPEED 

 

Time 
(Sec) 

Top 
Channel 
Voltage 

(mV) 

Bottom 
Channel 
Voltage 

(mV) 
% 

Compaction 
Time 
(Sec) 

Top 
Channel 
Voltage 

(mV) 

Bottom 
Channel 
Voltage 

(mV) 
% 

Compaction 

0 1210 1171 0 31 2048 2602 58 

1 1210 1171 0 32 2068 2602 59 

2 1210 1171 0 33 2084 2602 61 

3 1210 1171 0 34 2115 2602 63 

4 1210 1171 0 35 2134 2602 64 

5 1210 1171 0 36 2145 2602 65 

6 1210 1171 0 37 2145 2602 65 

7 1210 1171 0 38 2152 2602 65 

8 1210 1328 0 39 2168 2602 66 

9 1308 2524 6 40 2168 2602 66 

10 1478 2544 18 41 2168 2602 66 

11 1564 2563 24 42 2168 2602 66 

12 1602 2583 27 43 2168 2602 66 

13 1680 2583 32 44 2172 2602 67 

14 1725 2583 35 45 2172 2602 67 

15 1757 2583 38 46 2172 2602 67 

16 1790 2583 40 47 2172 2602 67 

17 1810 2583 41 48 2175 2602 67 

18 1825 2583 42 49 2178 2602 67 

19 1847 2583 44 50 2178 2602 67 

20 1852 2583 44 51 2175 2602 67 

21 1852 2583 44 52 2175 2602 67 

22 1867 2583 45 53 2178 2602 67 

23 1885 2583 47 54 2182 2602 67 

24 1895 2583 47 55 2185 2602 68 

25 1902 2602 48 56 2185 2602 68 

26 1921 2583 49 57 2185 2602 68 

27 1938 2583 50 58 2185 2602 68 

28 1985 2602 54 59 2182 2602 67 

29 2008 2602 55 60 2185 2602 68 

30 2025 2602 56 
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TABLE 3.11: ONLINE TEST WITH 1782 RPM SPEED 

Time 
(Sec) 

Top 
Channel 
Voltage 

(mV) 

Bottom 
Channel 
Voltage 

(mV) 
% 

Compaction 
Time 
(Sec) 

Top 
Channel 
Voltage 

(mV) 

Bottom 
Channel 
Voltage 

(mV) % Compaction 

0 1191 1171 0 31 2160 2602 67 

1 1191 1171 0 32 2168 2602 68 

2 1191 1171 0 33 2178 2602 68 

3 1191 1171 0 34 2190 2602 69 

4 1210 1171 1 35 2195 2602 70 

5 1191 1171 0 36 2195 2602 70 

6 1210 1171 1 37 2210 2602 71 

7 1210 1171 1 38 2230 2602 72 

8 1210 1328 1 39 2241 2602 73 

9 1318 2524 8 40 2252 2602 74 

10 1510 2544 22 41 2252 2602 74 

11 1648 2563 31 42 2257 2602 74 

12 1705 2583 35 43 2257 2602 74 

13 1778 2583 41 44 2252 2602 74 

14 1808 2583 43 45 2257 2602 74 

15 1867 2583 47 46 2264 2602 74 

16 1912 2583 50 47 2268 2602 75 

17 1948 2583 52 48 2268 2602 75 

18 1987 2583 55 49 2268 2602 75 

19 2010 2583 57 50 2267 2602 75 

20 2035 2583 58 51 2272 2602 75 

21 2045 2583 59 52 2272 2602 75 

22 2059 2583 60 53 2272 2602 75 

23 2080 2583 62 54 2272 2602 75 

24 2095 2583 63 55 2275 2602 75 

25 2110 2602 64 56 2275 2602 75 

26 2130 2583 65 57 2275 2602 75 

27 2140 2583 66 58 2275 2602 75 

28 2145 2602 66 59 2275 2602 75 

29 2155 2602 67 60 2275 2602 75 

30 2155 2602 67 
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Figure 3.25 shows the percentage compaction achieved for different RPM. It can be observed 
that the final compaction increases with the increase in RPM value. The sensor provides 
percentage increase in the compaction with the increase in motor RPM value.  For the 1428 RPM 
value 63% compaction is achieved, for 1608 RPM value 68% compaction is achieved, and for 
1782 RPM value 75% compaction is achieved.  

From Figure 3.25, it can be seen that the sensor shows less readings for the test run with 1608 
RPM in first 30 seconds. One possible reason for this could be the accumulation of metal 
particles in top channel. If the sand is contaminated, compaction achieved is less and thus sensor 
measures less compaction. As three different flasks are used to conduct these tests, the flask 
used to conduct test with 1608 RPM could have more contaminated sand. This affects the 
compaction achieved. Also the sensor was not clamped to flask firmly; this could also result in 
some variation in results obtained. The compaction time for bottom channel and top channel is 
28 sec and 40 sec respectively. Thus this sensor can be used to get actual numbers for the 
compaction achieved by any particular compaction recipe.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3.25 PERCENT COMPACTION AT DIFFERENT RPM 

FIGURE 3.25: PERCENTAGE COMPACTION ACHIEVED FOR DIFFERENT RPM  
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SUMMARY 

This section presented an online method for monitoring sand compaction process in LFC 
process. The differential approach is considered while designing the sensor. The differential 
nature of the sensor’s measurement is intended to reduce the deviation in sensor evaluation of 
compaction effectiveness due to environmental factors.  The design of the sensor allows sand to 
fill the bottom channel to an ideal compaction under modest compaction recipes whereas the 
filling of sand in top channel will take place in accordance with the effectiveness of compaction 
recipe. The sensor can provide the compaction details of the areas hard to compact and easy to 
compact simultaneously. The sensor is coupled with an user friendly software interface so that a 
non technical person can also use the sensor to monitor the sand compaction. As the online 
monitoring of the sand compaction process is possible with the help of this sensor, any 
aberration in the process can be detected immediately. This presents a big advantage over the 
current offline monitoring processes used.   From the ANSYS simulation and experimental tests 
it is proven that the values read by the sensor match the simulated data and the trends shown by 
both the channels are similar to the ideal one. Number of tests conducted proves the sensors 
ability to produce repeatable data for compaction time and percentage compaction achieved 
under similar test conditions. Tests also prove that the proposed sensor can be useful in 
detecting the vibrator link failures during the sand compaction process. Also tests have shown 
that the sensors response to change in the motor RPM speeds. As the precise sand compaction is 
necessary for LFC process, the sensor can be very helpful in determining vibration parameters to 
obtain the good quality castings. The presented sensor will be very helpful in determining the 
ideal compaction time for a particular recipe and will be able to continuously monitor the sand 
compaction process.  

The designed sensor provides a convenient method for lost foam foundries to monitor the 
effectiveness of the compaction recipe in achieving the desired level of sand compaction. The 
sensor provides a way to monitor the effect of changes in the different environmental 
parameters, sand properties and composition on the effectiveness of the compaction under a 
given recipe. The differential aspect of the sensor helps to reduce the effect of environmental 
changes. The proposed sensor provides repeatable compaction time and percentage compaction 
achieved under similar test conditions.  The sensor could be used in the foundries to monitor the 
repeatability of sand compaction process. The sensor could be used to measure the effectiveness 
of a compaction recipe versus another. The sensor could be very useful in the measurement of 
effective compaction time for patterns.  

RECOMMENDATIONS FOR FUTURE WORK  

WIRELESS DATA TRANSMISSION 

Currently the data is recorded with the help of a microcontroller and coaxial cables. 
Sometimes it may not be feasible to use the coaxial cables in the foundry environment. So, the 
data transmitted from the sensor could be transmitted wirelessly to avoid the use of coaxial 
cables. Devices such as MicaZ motes and Xbees can be used for this purpose. If Xbees are used 
for the data transmission, the overall cost of the system can be reduced as well as those can be 
placed permanently on the flask and data recording will become convenient.   
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REMOTELY CONTROLLED SENSOR 

  For conducting the tests, currently, user needs to be present at the foundry near the 
flask. A software program can be coded so that the command could be sent wirelessly to control 
the data logging and the user does need not to be present in the foundry physically.  

 SENSOR DESIGN 

 Another sensor can be placed on the same strip at different height so that the data can be 
collected from four channels and compaction at the different levels in the flask can be measured 
simultaneously. As the height at which the sensor is placed can be adjusted, this design will 
allow the foundries to measure the sand compaction at different heights in the flask 
simultaneously. As this current realization is useful for simple designs such dome shaped 
patterns, the channel designs can be modified to emulate the more complex pattern shapes. As 
long as both the channels have symmetrical geometry, the sensor can be effectively used.  

GRAPHICAL REPRESENTATION 

Currently the data is simply shown in the graphical form but software code can be 
improved so that the graphs do not just show the data but also the percentage deviation from 
average reading obtained from tests with similar set up. Also if the error is more than tolerance 
value an error message can be generated. 
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4. GREEN SAND CHARACTERIZATION 

INTRODUCTION 

 

Greensand casting requires strict sand conditions to minimize casting defects. Over 60% of 
casting defects are due to poor sand molds (Dayong, 2002). The current method of controlling 
greensand and mold quality can be improved, increasing the industry’s production, while saving 
energy. Many techniques have been developed to control sand quality. The methods of complete 
greensand control discussed in this section, require a longer time to perform, than the time from 
when the greensand is mulled to the time it has to be poured. A better device that can quickly 
test greensand from the muller, would guarantee the sand quality of all molds. A number of 
alternative testing procedures may be used to characterize greensand. Extensive research on 
testing soil for road beds, construction sites, and agriculture, rock for mineral and oil 
exploration, and concrete for strength and void location have been performed.  Electronic 
measurements have been made for soil, including sand, for permittivity and resistivity in order 
to measure moisture and salinity. Ultrasonic tests using piezoelectric transmitter/receiver pairs 
have been made to measure moisture and strength in concrete and rock. Since clay content has 
such an effect on the strength of greensand, the speed of sound measurements from ultrasonic 
testing can help determine the clay content. Thermal conductivity of soil is effected by moisture 
and salts. The following four subsections is a literature review of previous research in greensand 
control along with electronic and ultrasonic instrumentation.  

GREEN SAND CONTROL  

 

There are a number of control techniques for greensand molding. The standard is one of 
measuring each sand parameter and adjusting the sand accordingly. There are automated 
moisture meters, that require a sample, and in ten to fifteen minutes the results are shown. The 
standard active clay test is a methylene blue test, which can take over thirty minutes and is done 
by hand. There are permeability, green compression and shear strength tests, green 
deformation, compactability, flowability, gas determinations, hot and dry properties, loss on 
ignition, and sand grain distribution tests that the AFS recommends, most on a daily basis 
(Sanders, 1973). Most foundries use human experience as a control to adjust the sand properties 
of new sand, water, clay, additives, temperature, and mulling time. Modern foundries have 
incorporated some automation for greensand control, of which, below, are examples of these 
techniques. 

Shih, Green, and Heine developed a data base method of greensand compactability and green 
strength control by determining moisture and clay inputs according to formulas applied to test 
results (Shih, 1986). Green and Heine developed a control process that characterized the 
greensand for water, clay, and additives. After characterization formulas were applied, 
adjustments were calculated to bring the sand to acceptable strength and compactability (Green, 
1991).  Heine, Green, and Kotschi developed a computer program that inputs measured qualities 
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of the green sand and outputs the clay adjustment required to maintain efficient compactability 
and green strength (Heine, 1994). Krysiak developed a testing schedule to efficiently control the 
additions of moisture, clay, carbonaceous additives, and new sand to a green sand process 
(Krysiak, 1994). A neural network control was developed by Bartelt, Grady, and Dibble for 
controlling the mulling and moisture in greensand with predictions for the compactability and 
green strength of the resulting sand (Bartlet, 1996).  

ELECTRONIC SOIL INSTRUMENTATION 

Measuring the soil parameters of resistivity and permittivity is a method of determining 
moisture and salinity content. Resistivity has been found to be sensitive to temperature and to 
particle orientation in soil samples while the permittivity has been found to be sensitive to 
sensor location and particle orientation.  

RESISTIVITY OF SOIL 

Archie found a relationship between the water content and resistivity for oil well walls. When 
resistance measurements of completely saturated soil is known, Archie gives a formula to find 
water content as 

,        EQUATION 4.1 

where S is water content, Ro is completely saturated soil resistance, and R is the measured 
resistance. For clean sand, Archie claims n is 2 and letting Ro be a constant 1/a, the formula is 

         EQUATION 4.2 

 

When Equation 4.2 is plotted as S verses R in a log-log plot, it becomes a linear graph (Archie, 
1942). Chernyak investigated how electric conductivity is affected by soil chemical make-up and 
moisture and found that each 1oC caused a 1-2% change in conductance value. Chernyak 
determined the causes of the relaxation frequencies for soils as how the molecules react to the 
various frequency ranges (Chernyak, 1967). Wildenschild, Roberts, and Carlberg investigated 
clay sand samples saturated with a brine fluid using a four electrode technique. A known current 
is passed through the sample at the ends and a voltage is measured from 0.25” from the ends in 
order to reduce error in the resistivity measurements (Wildenschild, 1999). Walker and Houser 
evaluated an instrument that measures conductance in soil with a capacitive device and applied 
the measured resistance to the Archie’s Law relationship 

,        EQUATION 4.3 

where θ is moisture content, a is the inverse of soil salinity, b is a soil texture parameter, and R is 
the resistance (Walker, 2002).  
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PERMITTIVITY OF SOIL 

Thomas defines complex permittivity as 

        EQUATION 4.4 

where K is the complex permittivity with K’ the real part and K” the imaginary part. The 
conductance is 

 ,       EQUATION 4.5 

where ε0 is the permittivity of a vacuum and ω is frequency. Thomas points out that the analysis 
has to be done for K vs. pv, the volume fraction of water between the probes and claims K’ cannot 
exceed 81, the relative permittivity value of pure water. Selig and Mansukhani added 
conductance to permittivity giving a complex permittivity and found that the apparent dielectric 
constant is dependent on temperature. Selig and Mansukhani found that conductance and 
capacitance is approximately linear in the 0% to 15% range of water and apparent capacitance 
goes down with increasing frequency and conductance is higher with increasing frequency. It 
was concluded that conductivity is not suitable for measuring moisture because of influences of 
soil chemical composition (Selig, 1975). Carrier and Soga used a four probe device to eliminate 
error in dielectric measurement due to polarization of liquids near the capacitor plate. The 
relaxation frequency was defined as a frequency, where losses are a maximum. The dielectric 
despersivity data is given as the mapping of the relaxation frequencies due to different reasons, 
such as molecular hystorisis losses, over a large bandwidth. Carrier and Soga studied the double 
layer effect in which a clay negative charged surface is polarized with ions in solution and found 
when the double layer happens at the electrode surface in which a very large dielectric can be 
observed. This led to the need for a four electrode device in which two electrodes are used to 
inject a measured current and the other two are used to measure the resulting potential 
difference across the current electrodes (Carrier, 1999).  

ULTRASONIC TESTING 

Ultrasonics can be used as a method of measuring the speed of sound in a material by using a 
piezoelectric transducer to generate a high frequency sound wave with a piezoelectric receiver 
to measure the time of flight of the wave from the transducer to the receiver. It is used primarily 
in concrete to find cracks or voids, locate rebar steel, and measure the strength of concrete as it 
dries. The speed of sound in solids is directly proportional to the square root of the elasticity 
divided by the density. Since elasticity is related to the strength, the speed of sound has been 
used to find the strength of concrete.  

Desai, Jagannath, and Kundu tested 4” x 4” cemented sand blocks with grease between the 
piezoelectric transducer and block to detect cracks and crack density (Desai, 1995). Feliah and 
Depollier describe velocity equations for porous materials, but only when saturated with fluid 
that characterizes the equations. It was determined that more than one equation is needed due 
to differences in response at differing frequencies (Feliah, 2000). Popovics found concrete 
strength with the formula  

"' jKKK

"0K
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,        EQUATION 4.6 

where a and b are parameters of the soil, f is the strength, and vL is the sound velocity (Popovics, 
2001). Akkaya, Voigt, Subramanian, and Shah used ultrasonic compressional waves to measure 
the strength of concrete by propagating an ultrasonic wave into concrete in a steel flask and 
measuring the reflected waves from the steel concrete barrier which absorbs some of the wave. 
The same transducer that transmits, also is used to receive. Since the magnitude of the waves are 
not consistent from one test to the next, a ratio of the magnitudes of the first two reflections is 
measured and this is correlated to the strength of the concrete (Akkaya, 2003).  

THERMAL CONDUCTIVITY 

 

Thermal conductivity has been used to study soil. Ochsner, Horton, and Ren used thermal 
properties to determine water, porosity, and sand to clay ratios in soil (Ochsner, 2001). Abu-
Hamdeh and Reeder used thermal conductivity to measure water content and salt concentration 
of soil (Abu-Hamdeh, 2000). 

THE SAND PROPERTY INSTRUMENT DEVELOPMENT AND DATA 

 

A sand property instrument is a novel device which measures electrical and mechanical 
properties in small standardized samples using multiple sensors in less than one minute. A data 
acquisition (DAQ) program was used to control and record the electrical data of capacitance and 
resistance over a sweep of frequencies from 100 Hz to 1 MHz. Ultrasonic sensors were used to 
measure the time of flight from a pulse through the sample and from this the speed of sound can 
be calculated. A pressure sensor measures the compaction pressure required to form a sample 
using a pneumatic cylinder incorporated in the frame of the instrument. The measurements 
collected for the sand property instrument were collected for a mixture of pure foundry 
Oklahoma 90 silica sand and varying amounts of bentonite clay with varying amounts of water. 

 

SAND PROPERTY INSTRUMENT 

 

The sensors used in the sand property instrument were chosen for speed and size. These 
sensors were a capacitance and resistance sensor, an piezoelectric ultrasonic speed of sound 
sensor, and a pressure load cell sensor. The TDR and a thermal conductance sensor were 
investigated, but they were determined to be too long or cumbersome to be of use. Figure 4.1  
shows the process of the new device. In Figure 4.1  the flowchart block, Data Fusion and 
Analysis, will be discussed in the following section.  

 

Lbv
af exp
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FIGURE 4.1: GREENSAND SAMPLE INSTRUMENT FLOWCHART 

A picture of the new instrument is shown in Figure 4.2. Figure 4.2 shows the device constructed 
in the lab. The device has an American Foundry Society (AFS) standard filling funnel on the left 
side which greensand is screened into a two inch diameter PVC tube that sits on a stand with one 
capacitor plate. The tube and capacitor plate is transferred from the filling funnel stand to the 
bottom right side of the device and sits on a load cell. Then a cylinder presses another capacitor 
plate down into the top of the tube to compress the sand to a predetermined height and the 
capacitance, resistance, and pressure data are taken. The sand is quickly stripped from the tube 
and a speed of sound measurement is made. The following subsections describe in detail each of 
the devices components.  

 

FIGURE 4.2: GREENSAND SAMPLE INSTRUMENT 
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CAPACITANCE AND RESISTANCE MEASUREMENT 

The capacitance and resistance sensor is made from two 2" diameter round copper clad pieces of 
electronic circuit board. A BNC connector with a coaxial wire is connected through a hole in the 
circuit board to the copper surface on one side and the shielding is connected to the copper 
surface of the other side. One of these capacitor plates was placed on a mobile stand and the 
other on a slide connected to a 4" diameter cylinder. Greensand is compressed in the tube with 
the capacitor plates on each end. Connected to the BNC is a “Y” connector so that two coaxial 
wires can run to each capacitor plate. These wires are connected to a four wire GPIB controlled 
LCR meter. A sketch of the developed sensor is shown in Figure 4.3. 

 

 

FIGURE 4.3: CAPACITANCE SENSOR 

 

The LCR meter is a QuadTech 1920. It can take measurements of resistance and capacitance at 
frequencies between 100 Hz and 1 MHz. There is an internal resistance in series with the 
developed sensor. One wire from each of the capacitor plates carry a current to the sensors from 
the internal resistor. The other wires measure the voltage of the sensor and compares it to the 
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voltage across the internal resistance to determine the phase difference and in this way, the LCR 
meter determines the apparent parallel resistance and capacitance.  

ULTRASONIC SPEED OF SOUND MEASUREMENT 

The ultrasonic measurements can measure the speed of sound in a sample by using two 
piezoelectric transducers to act as a send/receive pair while a clock measures the time of flight 
of the sent pulse. The piezoelectric transducers were 54 kHz compression wave transducers 
from James Instruments. The instrument is accurate to 1 s with the time of flight for the 

samples between 50 and 100 s. The time of flight measurements are made after the 

capacitance and resistance measurements and the sample is first removed from the tube. It is 
then placed between the two piezoelectric transducers and a 500 g weight is placed on top. The 
reading settles down in about 5 seconds. Figure 4.4 shows a sketch of this sensor.  

 

FIGURE 4.4: TIME OF FLIGHT SENSOR 

COMPACTION PRESSURE MEASUREMENT 

A load cell was welded to the bottom of the sand properties instrument so that the bottom 
capacitor plate stand would sit on it. The output of the load cell was 0 to 10mV DC and 
corresponds linearly to 0-1000 lbs. compaction pressure. The load cell is a model LC-305 from 
Omega Engineering, Inc. The compaction was made using a 4" cylinder with a physical stop that 
made all samples 1.5" tall. This measurement was recorded during the capacitor and resistance 
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sweep of measurements after the sand is compressed. Figure 4.5 shows a sketch of the load cell 
sensor. 

 

FIGURE 4.5: LOAD CELL USED TO MEASURE COMPACTION PRESSURE 

MEASUREMENT SPEED 

With all the measurement sensors installed the time of measurement is estimated at 1 minute. 
This speed can be reduced when the most important capacitance and resistance frequency or 
frequencies are determined by analyzing the data. In Section 2 the procedure for the collection 
of data is given and the data and plots of the data are shown. 

SAND AND CLAY DATA 

Oklahoma 90 foundry sand and a combination of 67% western to 33% southern bentonite clay 
was tested using the sand property instrument. The percentage of clay was measured so that the 
dry samples had 6%, 8%, and 10% clay by weight and each of these sample sands weighed about 
10 lbs. Water was varied so that the sand had between 1.3% and 4.3% water by weight.  

SAND PREPARATION 

Having a well mixed sand was a high priority for the sand preparation. From previous 
experiments and in the literature, it was found that the clay requires time to fully absorb the 
water when it starts out dry. In foundries, the sand is recycled and only a small amount of water 
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is added to bring it back to the required level. In the preparation of the samples, the sand was 
mixed in a lab muller for 1 minute, then mixed by hand to completely mix the sand and this was 
repeated many times while adding small amounts of water until the water content was 
approximately 10% higher than the target water content. The sample sand was then sealed in a 
container for at least 12 hours. When the sand is used in the experiments, it is mulled again for 
one minute, mixed by hand, and riddled through a 0.010" screen and placed in containers of five 
160-170 g samples where it remains for a few minutes until it is tested.  

COLLECTION PROCEDURE 

The sand tests were performed as shown by the flowchart in Figure 4.6.  The 2" diameter 
samples all had a mass of 140 grams and were 1.5" tall. Samples of 6%, 8%, and 10% clay 
content were made with 8 water levels each. The data contain measurements of capacitance and 
resistance with a sweep of frequencies from 100 Hz to 1MHz in 100 divisions on the log scale of 
the frequency. In Table 4.1, one set of data is shown with 100 frequencies of capacitance and 
resistance with the other measurements of water content, compaction pressure, and time of 
flight at the end.  

 

 

FIGURE 4.6: FLOWCHART OF SAND TEST PROCEDURE 
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TABLE 4.1: 6% CLAY TEST 1 

Freq(Hz) Cap(F) Res(Ohms) Freq(Hz) Cap(F) Res(Ohms) Freq(Hz)  Cap(F) Res(Ohms) 

1.00E+02 1.07E-07 2.75E+03 2.51E+03 1.87E-09 2.18E+03 6.31E+04  2.01E-11 2.05E+03 

1.10E+02 9.58E-08 2.71E+03 2.75E+03 1.65E-09 2.18E+03 6.92E+04  1.78E-11 2.05E+03 

1.20E+02 8.70E-08 2.69E+03 3.02E+03 1.45E-09 2.17E+03 7.59E+04  1.59E-11 2.05E+03 

1.30E+02 7.96E-08 2.66E+03 3.31E+03 1.27E-09 2.16E+03 8.32E+04  1.42E-11 2.04E+03 

1.40E+02 7.32E-08 2.64E+03 3.63E+03 1.12E-09 2.16E+03 9.12E+04  1.28E-11 2.04E+03 

1.60E+02 6.28E-08 2.61E+03 3.98E+03 9.83E-10 2.15E+03 1.00E+05  1.15E-11 2.04E+03 

1.70E+02 5.85E-08 2.59E+03 4.37E+03 8.61E-10 2.14E+03 1.10E+05  1.05E-11 2.04E+03 

1.90E+02 5.14E-08 2.57E+03 4.79E+03 7.55E-10 2.14E+03 1.20E+05  9.45E-12 2.04E+03 

2.10E+02 4.57E-08 2.54E+03 5.25E+03 6.64E-10 2.13E+03 1.32E+05  8.63E-12 2.04E+03 

2.30E+02 4.10E-08 2.52E+03 5.75E+03 5.85E-10 2.13E+03 1.45E+05  7.78E-12 2.04E+03 

2.50E+02 3.71E-08 2.50E+03 6.31E+03 5.14E-10 2.12E+03 1.59E+05  7.18E-12 2.03E+03 

2.80E+02 3.23E-08 2.48E+03 6.92E+03 4.49E-10 2.12E+03 1.74E+05  6.57E-12 2.03E+03 

3.00E+02 2.97E-08 2.47E+03 7.59E+03 3.94E-10 2.11E+03 1.91E+05  6.10E-12 2.03E+03 

3.30E+02 2.64E-08 2.45E+03 8.32E+03 3.45E-10 2.11E+03 2.09E+05  5.70E-12 2.03E+03 

3.60E+02 2.37E-08 2.43E+03 9.12E+03 3.02E-10 2.10E+03 2.29E+05  5.29E-12 2.03E+03 

4.00E+02 2.07E-08 2.41E+03 1.00E+04 2.65E-10 2.10E+03 2.51E+05  4.95E-12 2.02E+03 

4.40E+02 1.83E-08 2.40E+03 1.10E+04 2.31E-10 2.10E+03 2.75E+05  4.64E-12 2.02E+03 

4.80E+02 1.64E-08 2.38E+03 1.20E+04 2.03E-10 2.09E+03 3.02E+05  4.38E-12 2.02E+03 

5.20E+02 1.48E-08 2.37E+03 1.32E+04 1.78E-10 2.09E+03 3.31E+05  4.15E-12 2.01E+03 

5.80E+02 1.29E-08 2.35E+03 1.45E+04 1.56E-10 2.09E+03 3.63E+05  3.89E-12 2.01E+03 

6.30E+02 1.16E-08 2.34E+03 1.59E+04 1.37E-10 2.08E+03 3.98E+05  3.68E-12 2.01E+03 

6.90E+02 1.04E-08 2.33E+03 1.74E+04 1.19E-10 2.08E+03 4.37E+05  3.50E-12 2.00E+03 

7.60E+02 9.15E-09 2.31E+03 1.91E+04 1.05E-10 2.08E+03 4.79E+05  3.28E-12 2.00E+03 

8.30E+02 8.16E-09 2.30E+03 2.09E+04 9.16E-11 2.07E+03 5.25E+05  3.13E-12 1.99E+03 

9.10E+02 7.25E-09 2.29E+03 2.29E+04 8.05E-11 2.07E+03 5.75E+05  2.94E-12 1.98E+03 

1.00E+03 6.41E-09 2.28E+03 2.51E+04 7.01E-11  2.07E+03 6.31E+05 2.76E-12 1.97E+03 

1.10E+03 5.65E-09 2.27E+03 2.75E+04 6.21E-11  2.07E+03 6.92E+05 2.57E-12 1.96E+03 
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1.20E+03 5.04E-09 2.26E+03 3.02E+04 5.44E-11  2.07E+03 7.59E+05 2.38E-12 1.95E+03 

1.32E+03 4.44E-09 2.25E+03 3.31E+04 4.76E-11  2.06E+03 8.32E+05 2.16E-12 1.93E+03 

1.45E+03 3.92E-09 2.24E+03 3.63E+04 4.19E-11  2.06E+03 9.12E+05 1.89E-12 1.91E+03 

1.58E+03 3.50E-09 2.23E+03 3.98E+04 3.72E-11  2.06E+03 

1.00E+06 1.65E-12 1.89E+03 

   

1.74E+03 3.07E-09 2.22E+03 4.37E+04 3.27E-11  2.06E+03 Pressure 14.2 mV 

1.91E+03 2.71E-09 2.21E+03 4.79E+04 2.89E-11  2.05E+03 Temp 67.0 F 

2.09E+03 2.40E-09 2.20E+03 5.25E+04 2.56E-11  2.05E+03 Time of Flight 61.0 uS 

2.29E+03 2.12E-09 2.19E+03 5.75E+04 2.27E-11  2.05E+03 Water 1.33 % 

 

MEASUREMENT RESULTS 

Plots of the capacitance and resistance frequency sweep show effects of varying the water and 
clay contents throughout the 100 Hz to 1 MHz spectrum. A look at how the capacitance and 
resistance at only 10 kHz frequency, and pressure and speed of sound measurements compare 
to the water and clay content can be used to determine how the analysis of the data should 
proceed. 

CAPACITANCE AND RESISTANCE FREQUENCY SWEEP PLOTS 

Capacitance and resistance plots showing the different levels of water content for 6%, 8%, and 
10% with sweeping frequencies between 100 Hz and 1 MHz can be seen in Figures 4.7-4.12. The 
plots in Figures 4.7-4.12 come from the greensand data and were made by averaging the 
redundant data of each water level. Observe that for each clay content, the capacitance plots are 
almost identical and that the water content is clearly defined. On the resistance plots it can be 
seen that the clay does affect the curve. This can be explained as the clay binds the water causing 
the resistance to increase. Another observation is the slope of the curves in the low frequency 
range of the resistance. The orientational polarization in which the polar properties of water 
molecules contribute to the polarization within the sample, explains the highest frequency range 
affect from the water. At such high frequencies the water molecules cannot move their 
orientation fast enough to contribute to the sample’s polarization. 
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FIGURE 4.7: WATER PERCENTAGE FREQUENCY SWEEP PLOTS OF CAPACITANCE FOR 6% CLAY 

 

FIGURE 4.8: WATER PERCENTAGE FREQUENCY SWEEP PLOTS OF CAPACITANCE FOR 8% CLAY 
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FIGURE 4.9: WATER PERCENTAGE FREQUENCY SWEEP PLOTS OF CAPACITANCE FOR 10% CLAY 

 

FIGURE 4.10: WATER PERCENTAGE FREQUENCY SWEEP PLOTS OF RESISTANCE FOR 6% CLAY 
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FIGURE 4.11: WATER PERCENTAGE FREQUENCY SWEEP PLOTS OF RESISTANCE FOR 8% CLAY 

 

 

FIGURE 4.12: WATER PERCENTAGE FREQUENCY SWEEP PLOTS OF RESISTANCE FOR 10% CLAY 
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TABLE 4.2: ABBREVIATIONS USED FOR MEASUREMENT PARAMETERS 

%Water  Percent Water Content in Sample 

%Clay Percent Clay Content in Sample 

Cap Capacitance Farads at 10 kHz multiplied by 1012 

Res Resistance Ohms at 10 kHz 

SlopeR Resistance at 100 Hz minus the Resistance at 1 kHz normalized 

TOF Time of Flight seconds multiplied by 106 

Pres Compaction Pressure as load cell voltage in mV 

 

PLOTS OF THE MEASUREMENT PARAMETERS VERSUS WATER CONTENT 

Instead of using all the resistance and capacitance data from the sand, the resistance and 
capacitance at 10 kHz was used and the slope of the resistance between 100 Hz and 1 kHz was 
utilized as the difference between the resistance at 100 Hz and 1 kHz, divided by 900 Hz. An 
additional 27 tests were made in which only this limited data were collected. Abbreviations used 
in presenting and analyzing the data can be found in Table 4.2. Table 4.3 to Table 4.5 show the 
data collected from the tests. The data were plotted against the water content in Figures 4.13-
4.17. An observation from the plots of the data in Figure 4.13 to Figure 4.17, the data curves are 
not 1-1 functions of water for the time of flight, resistance slope, and pressure; therefore the 
inverse function does not exist. 

 

 

FIGURE 4.13: CAPACITANCE VERSUS WATER PLOT 
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FIGURE 4.14: RESISTANCE VERSUS WATER PLOT 

 

 

FIGURE 4.15: SLOPE OF THE RESISTANCE VERSUS WATER PLOT 
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FIGURE 4.16: TIME OF FLIGHT VERSUS WATER PLOT 

 

 

FIGURE 4.17: COMPACTION PRESSURE VERSUS WATER PLOT 
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TABLE 4.3: GREENSAND DATA 6% CLAY 

%Water %Clay Cap Res SlopeR TOF Pres 

1.33 6 265 2100 0.52 61 14.2 

1.3 6 295 2080 0.64 69.6 14.1 

1.59 6 420 1520 0.69 57.6 15.4 

1.63 6 361 1510 0.56 54.4 15.4 

1.59 6 385 1550 0.62 54.6 15.4 

2.56 6 742 934 0.33 57.4 16 

2.51 6 601 926 0.29 55.7 15.4 

2.83 6 1050 815 0.44 59.5 14 

2.82 6 1070 810 0.4 61.8 14.3 

2.81 6 873 806 0.31 58.5 14.5 

3.26 6 1300 712 0.29 75.5 13.1 

3.27 6 1160 716 0.23 70.4 13 

3.24 6 1070 707 0.22 72.3 13.2 

3.5 6 1390 673 0.3 70.7 13.3 

3.45 6 1407 668 0.3 68.4 13.4 

3.45 6 1470 669 0.31 67.3 12.7 

3.48 6 1700 654 0.34 72.3 12.8 

3.57 6 1480 645 0.28 74.3 12.8 

3.55 6 1430 648 0.27 71.3 13.1 

3.58 6 1410 649 0.27 71.2 12.8 

4.33 6 1460 560 0.16 81.2 11.7 

4.3 6 1310 557 0.17 88.7 11.9 

4.31 6 1220 557 0.15 84.1 11.7 
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TABLE 4.4: GREENSAND DATA 8% CLAY 

%Water %Clay Cap Res SlopeR TOF Pres 

1.56 8 292 2230 0.93 89.2 15.2 

1.48 8 250 2410 0.93 86.1 15.5 

2.19 8 516 1130 0.49 54.7 13.7 

2.2 8 530 1130 0.48 52.2 13.8 

2.62 8 688 881 0.31 48.7 15.1 

2.62 8 692 863 0.31 56.2 14.9 

2.59 8 614 869 0.28 52.5 15 

2.98 8 713 784 0.25 57.2 14.8 

3.04 8 780 780 0.26 56.7 14.2 

3.03 8 1040 720 0.29 55.9 14.6 

2.93 8 890 720 0.27 56.5 14.4 

3.01 8 988 714 0.28 50.6 14 

3.28 8 1090 651 0.24 55.5 13.5 

3.21 8 1060 655 0.24 57.6 13.7 

3.27 8 1070 655 0.24 56.5 13.6 

3.55 8 885 627 0.17 61.5 13 

3.46 8 1160 639 0.21 63.9 13 

3.64 8 1100 582 0.21 60.4 12.7 

3.64 8 1420 600 0.25 59.1 12.8 

3.6 8 945 582 0.2 60.7 12.8 

4.16 8 1490 574 0.22 70.7 11.8 

4.11 8 1650 575 0.25 70.4 12 

4.16 8 1810 577 0.26 67.9 11.9 
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TABLE 4.5: GREENSAND DATA 10% CLAY 

%Water %Clay Cap Res SlopeR TOF Pres 

1.48 10 261 4260 4.18 95 17.3 

1.51 10 246 4150 3.3 95 17 

1.53 10 211 3940 2.28 95 17.3 

2.14 10 343 1580 0.6 69 12.6 

2.17 10 350 1540 0.58 68.2 12.4 

2.18 10 319 1530 0.53 70.9 12.2 

2.76 10 660 981 0.37 52.1 13.2 

2.79 10 717 962 0.39 51.2 13.2 

2.73 10 713 953 0.4 56.9 12.7 

3.03 10 531 815 0.23 49.5 13.3 

3.05 10 618 818 0.27 51.1 13.1 

3.03 10 672 821 0.27 55.5 13.5 

3.14 10 710 830 0.38 47.9 14.7 

3.12 10 866 823 0.43 47.3 14.4 

3.12 10 705 859 0.4 46.3 14.8 

3.57 10 1080 692 0.38 52.9 13.4 

3.53 10 968 687 0.33 47.8 13.4 

3.53 10 1080 698 0.38 49.9 13.2 

3.72 10 1480 678 0.34 52.8 13 

3.67 10 1390 690 0.33 51.5 12.8 

3.75 10 1450 674 0.32 54.2 12.6 

4 10 1260 610 0.23 59.8 12 

3.96 10 1060 610 0.2 59.6 12.4 

4.01 10 1040 612 0.21 58.5 12.3 

4.21 10 1430 573 0.27 55.8 12.3 

4.2 10 1560 580 0.29 59.5 11.8 

4.04 10 1890 610 0.46 53.7 12.1 
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THE SAND PROPERTY INSTRUMENT DATA ANALYSIS 

The sand property instrument measures capacitance, resistance, compaction pressure, and time 
of flight of greensand samples. There are three resistance measurements at 100 Hz, 1 kHz, and 
10 kHz with the 10 kHz given as the resistance. The resistance at 1 kHz subtracted from the 
resistance at 100 Hz and divided by 900 to normalize is called the slope of the resistance. A 
correlation between these properties and the properties used in foundries of water content and 
clay content is the goal. The clay content is especially difficult to determine, leading to this 
multidisciplinary approach using both electrical and mechanical instrumentation. In preliminary 
studies, neural networks were applied to the data without success. In general, an artificial neural 
network is better at solving analysis problems with large data sets. The black box result of a 
neural network loses the physical meaning whereas a linear regression makes apparent which 
measurements or models developed from the measurements improve the final estimate. 

STATISTICAL MULTIVARIABLE ANALYSIS 

Regression fits on the greensand data were made and the R
2

 data are found in Table 4.6. It 
shows the percent water and percent clay fits using 1, 2, 3, 4, and 5 inputs with all combinations 

from the data and ordered from the best fit to the worst fit by R
2

. It can be seen in Table 1 that 
the water is most influenced by capacitance, pressure, and the resistance and the clay is most 

influenced by time of flight, resistance slope, and capacitance. The best fit for water has an R
2

 of 
0.89 and clay 0.58. Plots of the water and clay estimates using 5 input regression versus the 
actual values are seen in Figure 4.18 and Figure 4.19. The error in the water is within 0.5% and 
the clay is within 2% which is not acceptable by foundry operators. 

 

PHYSICAL-BASED ANALYSIS OF RESISTANCE MEASUREMENTS USING ARCHIE’S LAW 
EQUATION 

Often regression fits of nonlinear data show some results, but can be greatly improved if the 
measurements can be linearized. In the literature, Archie (Archie, 1946) first discovered a 
physical nonlinear model relating resistance to water content. Analysis of Archie’s Law gives 

reason to taking the log of the resistance which improves the R
2

 result for both water and clay 
contents. Archie’s Law Equation is written here in Equation 4.7 as:  

baR
        EQUATION 4.7 

where  is the moisture content, a  is the inverse of soil salinity which depends on the clay 

content, b  is a soil texture parameter, and R  is the resistance. Equation 4.7 illustrates the 

difficulty using resistance to find water content or clay content without knowing one, since the 
variable a  is inversely proportional to the clay content; therefore it is an equation with two 

unknowns, one measured quantity, R  and one constant, b  To solve b  in Equation 4.7, the log  

of both sides is taken in Equation 4.8 as:  
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log( ) log log( ) log( )c d a b R      EQUATION 4.8 

where the inverse of the clay, a  is scaled by the constant c  and raised to the power 
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order to give the salinity. Using the experimental data to perform a regression fit on Equation 

4.8, the constants including b  are found to be 0 7953b  log 25582c  and 0 2604d  

with an R
2 0 97  The results show Equation 4.7 used by Walker and Houser in (Walker, 2002) 

is incorrect, but similar to the equation originally discovered by Archie in (Archie, 1946) with 
modifications applicable to sandy clay soil shown in Equation 4.9 as  

1
b

dca
R         EQUATION 4.9 

When the log of both sides are taken, Equation 4.9 is given as Equation 4.10 as  

log log log logc d a b R     EQUATION 4.10 
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 02604d  and 0 7953b  for the greensand tested and  is the water 

content and a  is the clay content. By using the log of the resistance in the regression fit, 

improvements can be made to the water and clay goodness of fits. The R
2

 value of water 
becomes 0.965 and clay is 0.643 with plots shown in Figure 4.20 and Figure 4.21.   

 

 

FIGURE 4.18: WATER CONTENT USING REGRESSION OF ORIGINAL DATA AND LOG OF 

RESISTANCE 
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FIGURE 4.19: CLAY CONTENT USING REGRESSION OF ORIGINAL DATA AND LOG OF RESISTANCE 

 

FIGURE 4.20: ESTIMATED WATER USING REGRESSION OF ORIGINAL DATA 
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FIGURE 4.21: ESTIMATED CLAY USING REGRESSION OF ORIGINAL DATA 

TABLE 4.6: REGRESSION FITS ON THE GREENSAND DATA 

C=Cap  R=Res  S=Slope  T=TOF  P=Pres  

% Water          

1 variable R2 2 variable R2 3 variable R2 4 variable R2 5 variable R2 

C 0.783 CR 0.836 CRP 0.857 CRSP 0.890 CRSTP 0.893 

P 0.594 CP 0.836 CRS 0.856 RSTP 0.866   

R 0.586 CS 0.809 CTP 0.846 CRST 0.866   

S 0.298 CT 0.799 RSP 0.842 CRTP 0.857   

T 0.021 RS 0.740 CRT 0.839 CSTP 0.846   

RP 0.697 CSP 0.839       

RT 0.693 RST 0.822       

SP 0.600 CST 0.810       

TP 0.599 RTP 0.734       

ST 0.329 STP 0.601       

% Clay          

1 variable R2 2 variable R2 3 variable R2 4 variable R2 5 variable R2 

T 0.088 ST 0.302 STP 0.524 CSTP 0.571 CRSTP 0.577 

S 0.053 RT 0.242 RTP 0.503 RSTP 0.571   

C 0.035 CT 0.126 CST 0.306 CRTP 0.512   

R 0.028 SP 0.117 RST 0.303 CRST 0.306   

P 0.003 CP 0.095 CRT 0.278 CRSP 0.279   

TP 0.089 CSP 0.200       

RP 0.082 CTP 0.171       

RS 0.066 CRS 0.130       

CS 0.062 CRP 0.127       

CR 0.038 RSP 0.118       
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ANALYSIS DEVELOPED FROM THE DATA AND PLOT OBSERVATIONS 

Figure 4.13 and Figure 4.14 show one-one functions between capacitance and resistance to 
water for a particular clay level. Figure  4.15 shows that between 2.7% and 3.5% water, the 
function is no longer 1-1, but can be broken into two 1-1 functions for each clay level. Figure 
4.16 and Figure 4.17 show that the time of flight and pressure can only have a 1-1 function to 
water for water percentages above 2.5% to 3%. A water content of 2.8% is approximately the 
middle of the water content measurements made and knowing most foundries maintain a water 
content greater than 2.8% and having most of the measurement plots contain invertible 
functions for moisture levels greater than 2.8% water, makes a case of splitting the algorithms 
for solving the water and clay contents into one below 2.8% water and one above 2.8%.  

Additional trial and error analysis was performed. It was found that the reciprocal of the time of 
flight contributes to the estimate and it used as the speed of sound in ft/sec by dividing the 
sample length in feet by the time of flight in seconds. Table 4.7 and 
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Table 4.8 contain all the data with the log of the resistance, the speed of sound (SOS), and are 
sorted by water content. 

TABLE 4.7: LESS THAN 2.8% WATER SORTED GREENSAND DATA INCLUDING LOG R  

%Water %Clay Cap Res log R SlopeR TOF SOS Pres 

1.30 6 295 2080 3.318 0.64 69.6 1796 14.1 

1.33 6 265 2100 3.322 0.52 61.0 2049 14.2 

1.48 8 250 2410 3.382 0.93 86.1 1452 15.5 

1.48 10 261 4260 3.629 4.18 95.0 1316 17.3 

1.51 10 246 4150 3.618 3.30 95.0 1316 17.0 

1.53 10 211 3940 3.595 2.28 95.0 1316 17.3 

1.56 8 292 2230 3.348 0.93 89.2 1401 15.2 

1.59 6 420 1520 3.182 0.69 57.6 2170 15.4 

1.59 6 385 1550 3.190 0.62 54.6 2289 15.4 

1.63 6 361 1510 3.179 0.56 54.4 2298 15.4 

2.14 10 343 1580 3.199 0.60 69.0 1812 12.6 

2.17 10 350 1540 3.188 0.58 68.2 1833 12.4 

2.18 10 319 1530 3.185 0.53 70.9 1763 12.2 

2.19 8 516 1130 3.053 0.49 54.7 2285 13.7 

2.20 8 530 1130 3.053 0.48 52.2 2395 13.8 

2.51 6 601 926 2.967 0.29 55.7 2244 15.4 

2.56 6 742 934 2.970 0.33 57.4 2178 16.0 

2.59 8 614 869 2.939 0.28 52.5 2381 15.0 

2.62 8 688 881 2.945 0.31 48.7 2567 15.1 

2.62 8 692 863 2.936 0.31 56.2 2224 14.9 

2.73 10 713 953 2.979 0.40 56.9 2197 12.7 

2.76 10 660 981 2.992 0.37 52.1 2399 13.2 

2.79 10 717 962 2.983 0.39 51.2 2441 13.2 
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TABLE 4.8: MORE THAN 2.8% WATER SORTED GREENSAND DATA INCLUDING LOG R  

%Water %Clay Cap Res log R Slope TOF SOS Pres 

2.81 6 873 806 2.906 0.31 58.5 2137 14.5 

2.82 6 1070 810 2.908 0.40 61.8 2023 14.3 

2.83 6 1050 815 2.911 0.44 59.5 2101 14.0 

2.93 8 890 720 2.857 0.27 56.5 2212 14.4 

2.98 8 713 784 2.894 0.25 57.2 2185 14.8 

3.01 8 988 714 2.854 0.28 50.6 2470 14.0 

3.03 8 1040 720 2.857 0.29 55.9 2236 14.6 

3.03 10 531 815 2.911 0.23 49.5 2525 13.3 

3.03 10 672 821 2.914 0.27 55.5 2252 13.5 

3.04 8 780 780 2.892 0.26 56.7 2205 14.2 

3.05 10 618 818 2.913 0.27 51.1 2446 13.1 

3.12 10 866 823 2.915 0.43 47.3 2643 14.4 

3.12 10 705 859 2.934 0.40 46.3 2700 14.8 

3.14 10 710 830 2.919 0.38 47.9 2610 14.7 

3.21 8 1060 655 2.816 0.24 57.6 2170 13.7 

3.24 6 1070 707 2.849 0.22 72.3 1729 13.2 

3.26 6 1300 712 2.852 0.29 75.5 1656 13.1 

3.27 6 1160 716 2.855 0.23 70.4 1776 13.0 

3.27 8 1070 655 2.816 0.24 56.5 2212 13.6 

3.28 8 1090 651 2.814 0.24 55.5 2252 13.5 

3.45 6 1407 668 2.825 0.30 68.4 1827 13.4 

3.45 6 1470 669 2.825 0.31 67.3 1857 12.7 

3.46 8 1160 639 2.806 0.21 63.9 1956 13.0 

3.48 6 1700 654 2.816 0.34 72.3 1729 12.8 

3.50 6 1390 673 2.828 0.30 70.7 1768 13.3 

3.53 10 968 687 2.837 0.33 47.8 2615 13.4 

3.53 10 1080 698 2.844 0.38 49.9 2505 13.2 

3.54 6 1480 645 2.810 0.28 74.3 1682 12.8 

3.55 6 1430 648 2.812 0.27 71.3 1753 13.1 

3.55 8 885 627 2.797 0.17 61.5 2033 13.0 

3.57 10 1080 692 2.840 0.38 52.9 2363 13.4 

3.58 6 1410 649 2.812 0.27 71.2 1756 12.8 

3.60 8 945 582 2.765 0.20 60.7 2059 12.8 

3.64 8 1100 582 2.765 0.21 60.4 2070 12.7 

3.64 8 1420 600 2.778 0.25 59.1 2115 12.8 

3.67 10 1390 690 2.839 0.33 51.5 2427 12.8 

3.72 10 1480 678 2.831 0.34 52.8 2367 13.0 

3.75 10 1450 674 2.829 0.32 54.2 2306 12.6 
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3.96 10 1060 610 2.785 0.20 59.6 2097 12.4 

4.00 10 1260 610 2.785 0.23 59.8 2090 12.0 

4.01 10 1040 612 2.787 0.21 58.5 2137 12.3 

4.04 10 1890 610 2.785 0.46 53.7 2328 12.1 

4.11 8 1650 575 2.760 0.25 70.4 1776 12.0 

4.16 8 1490 574 2.759 0.22 70.7 1768 11.8 

4.16 8 1810 577 2.761 0.26 67.9 1841 11.9 

4.20 10 1560 580 2.763 0.29 59.5 2101 11.8 

4.21 10 1430 573 2.758 0.27 55.8 2240 12.3 

4.30 6 1310 557 2.746 0.17 88.7 1409 11.9 

4.31 6 1220 557 2.746 0.15 84.1 1486 11.7 

4.33 6 1460 560 2.748 0.16 81.2 1539 11.7 

 

A regression analysis using piecewise fits about 2.8% water and SOS has water and clay estimate 

plots shown in Figure 4.22 and Figure 4.23 with R
2

 values of 0.97 and 0.85 respectively. The 
water has an error of about 0.25% water content and the clay about 1% which is still far from 
the 0.2% from using methylene blue testing. 

 

 

FIGURE 4.22: WATER CONTENT USING REGRESSION OF ORIGINAL DATA AND LOG OF 

RESISTANCE 
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FIGURE 4.23: CLAY CONTENT USING REGRESSION OF ORIGINAL DATA AND LOG OF RESISTANCE 

 

DATA CONFIDENCE AND FUSION OF ELECTRICAL AND MECHANICAL 
SENSORS’ MEASUREMENTS 

Data fusion of redundant measurements can be used to get a result from the sand properties 
instrument, better than the mean of the measurements. Confidence levels for each measurement 
are also found. This will allow better feedback control for the water and clay properties. It can be 
seen that noise and disturbances cause some measurements to be relatively distant from the 
other measurements, within the same redundant group of measurements. Sources for this noise 
can be air gaps at the probe surface causing the capacitance measurements to be lower, less than 
perfect contact when the ultrasonic measurements are taken, and friction between the sand and 
test tube when the pressure measurement is taken. To improve the sand properties instrument, 
confidence levels for each measurement, based on the amount of measurement scattering 
compared to its average standard deviation, can be made. Finally, a confidence for the clay and 
water estimates can also be made based on the confidence of the individual measurements. 
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CONFIDENCE LEVELS OF INDIVIDUAL MEASUREMENTS 

The data consists of three redundant measurements for 25 variations in clay and water content. 
The degree of repeatability of the individual measurements can be found by finding the standard 
deviations, normalized by dividing by the three measurements’ average, and averaging this over 
the 25 sets of data. Table 4.9 shows the average normalized standard deviations. As can be seen 
in Table 4.9, the water has an average standard deviation of 0.0106, due mostly to small sample 
differences in water content and some of the error is due to instrument error. Because the water 
was not exactly the same in each sample in the partition, it is expected that the individual 
measurements should have at least the standard deviation of the water plus more from the 
instrumentation error and noise. The resistance and pressure show almost the same standard 
deviations as the water, the TOF measurement shows three times that of water, and the 
capacitance and slope of resistance is about nine times that of water. If the groups of three 
redundant measurements with higher standard deviations can have the outliers removed from 
the other measurements, then the identification system can be improved. A method has been 
devised where the three redundant measurements are fused with a forth soft sensor 
measurement made from an artificial neural network (ANN) of the other sensors’ 
measurements. The resultant value has a confidence level associated with it and these 
confidences in the individual measurements are used to determine a final confidence in the 
water and clay content.  

 

TABLE 4.9: THE STANDARD DEVIATIONS OF THE NORMALIZED MEASUREMENTS 

Cap Res SlopeR TOF Pres %Water 

Std Dev Std Dev Std Dev Std Dev Std Dev Std Dev 

0.0946 0.0144 0.0933 0.0346 0.0126 0.0106 
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FIGURE 4.24: CENTER OF GRAVITY, MAXIMUM, AND CONFIDENCE LEVEL FLOWCHART 

 

The specific method used in this work to determine an estimate value and a confidence level for 
each group of similar measurements is shown in the flowchart given in Figure 4.24. The steps to 
determine the center of gravity, confidence, and maximum are listed below. The maximum is the 
estimate used to find the water to clay content.  

1. Use a two layer feed-forward neural network to estimate one sensor’s measurement 
from the other four. The hidden neurons are sigmoid and the output neurons are linear. 
The training is with Levenberg-Marquardt back propagation. The four inputs are from 
the 75 rows of data from five independent sensors’ measurements and the output is the 
sensor’s measurement not included in the input. Since there are three redundant 
measurements, the soft sensor’s measurement is the average of the three from the 
output of the ANN.  

2. Develop plots of the PDF of the three measurements and the soft measurement for each 
of the five independent measurements of capacitance, resistance, slope of the resistance, 
TOF, and pressure. The standard deviation is from normalized standard deviations in 
Table 4.9, multiplied by the average of the measurements. From this point on the PDF is 
not considered the probability density function, but a possibility distribution function.  

3. Add the four PDFs and find the center of gravity of the curve as y x y   

4. Determine the areas on both sides of the center of gravity and find the position of the 
maximum from the side with the largest area.  

5. Find the area for three standard deviations about the maximum to get the confidence.  
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This method has the advantage of removing outliers since their measurements lie in the smaller 
area about the center of gravity or outside the three standard deviations from the maximum. An 
example of the plots is shown in Figure 4.25. In Figure 4.25, the soft measurements made from 
the artificial neural networks are shown with the other measurements with a line that has hatch 
marks across it.  

 

 

FIGURE 4.25: POSSIBILITY DISTRIBUTION FUNCTION PLOTS USED TO FIND ESTIMATE 

 

The confidence level value depends on the number of standard deviations from the estimate, 
which for this work was chosen as three which should give a confidence close to 1 if all the 
measurements are close. Each water and clay estimate has five confidence levels for the 
independent measurements of capacitance, resistance, slope of resistance, time of flight and 
pressure. These confidence levels are used to find an overall confidence for the estimates. Table 
4.10 gives the confidence of each of the five measurements, the known water and clay contents, 
and the estimated water and clay contents using the new estimates of the measurements. 

Figures 4.26 and 4.27 show the results with water and clay R
2

 values of 0.9823 and 0.9345, 
respectively. 
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TABLE 4.10: CONFIDENCE IN THE MEASUREMENTS AND FINAL ESTIMATES 

Conf Conf Conf Conf Conf % Water % Clay 

of Cap of Res of SlopeR of TOF of Pres Water Est Clay Est 

0.997 0.988 0.540 0.903 0.996 1.32 1.40 6 6.26 

0.996 0.690 0.935 0.992 0.910 1.60 1.52 6 5.26 

0.980 0.989 0.995 0.965 0.443 2.54 2.28 6 5.62 

0.986 0.754 0.750 0.980 0.954 2.82 2.86 6 6.83 

0.983 0.997 0.979 0.847 0.994 3.26 3.32 6 5.59 

0.902 0.994 0.991 0.965 0.791 3.47 3.54 6 6.42 

0.997 0.992 0.997 0.935 0.976 3.56 3.60 6 5.80 

0.978 0.991 0.997 0.823 0.995 4.31 4.19 6 6.08 

0.998 0.333 0.710 0.966 0.990 1.52 1.61 8 8.62 

0.998 0.696 0.787 0.818 0.812 2.20 2.35 8 8.29 

0.996 0.995 0.996 0.947 0.750 2.61 2.64 8 7.62 

0.950 0.540 0.996 0.936 0.811 3.00 2.93 8 7.59 

0.998 0.923 0.989 0.996 0.971 3.25 3.44 8 8.28 

0.803 0.932 0.993 0.993 0.998 3.51 3.57 8 7.82 

0.823 0.787 0.974 0.995 0.996 3.63 3.77 8 8.58 

0.906 0.988 0.991 0.990 0.990 4.14 4.02 8 7.57 

0.994 0.249 0.459 0.998 0.984 1.51 1.51 10 10.14 

0.998 0.620 0.798 0.973 0.984 2.16 2.09 10 9.75 

0.997 0.739 0.931 0.965 0.639 2.76 2.78 10 9.88 

0.993 0.753 0.996 0.951 0.790 3.04 3.11 10 10.61 

0.986 0.971 0.994 0.933 0.883 3.13 2.97 10 9.62 

0.993 0.990 0.994 0.739 0.991 3.54 3.52 10 10.08 

0.959 0.988 0.993 0.748 0.979 3.71 3.65 10 9.84 

0.849 0.993 0.994 0.966 0.817 3.99 3.75 10 9.20 

0.744 0.978 0.718 0.794 0.950 4.15 4.00 10 10.36 
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FIGURE 4.26: WATER ESTIMATES USING THE DATA FUSION 

 

FIGURE 4.27: CLAY ESTIMATES USING THE DATA FUSION 
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CONFIDENCE IN FINAL ESTIMATES 

The confidences calculated are those of the fused measurement estimates are within a given 

bound, so letting i  denote this confidence for the 
thi  sensor estimate i  such that (1 )i  

represents the confidence that the estimate is not in that bound. A linear approximation relating 

uncertainty in k  independent measurement estimates to a property estimate, given as y  can 

be found using an equation for the propagation of uncertainties as in Equation 4.11 shown as  

2

1

k

i

i i

y
y

       EQUATION 4.11 

 

where i  is the 
thi  measurement estimate. A confidence that the true value is outside a bound 

around the measurement estimate can be found by (1 )i  Then the confidence that the final 

estimate can be found by similar reasoning. There is no literature that could be found for 
evaluation of such confidence in measurements. The following formula is proposed as Equation 

4.12 where  is the confidence in the estimate:  
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     EQUATION 4.12 

 

where 
i

y
 is normalized by dividing by 

2

1 m

k y

m  and (1 )i  is substituted for i   

The first step in solving Equation 4.12 for the greensand water and clay estimate is to find the 
derivative of the estimate relative to each of the five independent measurements. This is 
approximated by finding the changes or sensitivity in the estimate to small changes in the 
individual measurements. Since each measurement affects other parameters such as the 
permittivity estimates, log of resistance, and speed of sound it is expected the changes in the 
estimate to small changes in the individual measurements will not be linear. A numerical 
estimator of the derivative is developed. Figure 4.28 shows the results of the derivative 
estimator calculated using Matlab and Table 4.11 contains the sensitivities of the estimate to the 
changes in each of the independent measurements. In Figure 4.28, two curves were shown for 
each measurement which is for changes in the estimate for water levels below 2.8% and above 
2.8% and in Table 4.11 the values are the maximum slope values found in Figure 4.28. 
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FIGURE 4.28: SENSITIVITY PLOTS 

 

The sensitivities in Table 4.11 and the confidences in Table 4.10 were substituted in Equation 
4.12 and Table 4.12 shows the estimate confidences with corresponding absolute value of 
estimate errors and Figures 4.29 and 30 are plots of these errors versus confidences with linear 
fit lines showing a decreasing error for increasing confidence. 

 

TABLE 4.11: THE SENSITIVITY OF THE ESTIMATES TO CHANGES IN THE MEASUREMENT 

 Water Clay 

 Estimate Estimate 

 Derivative Derivative 

Cap 0.00046 0.00150 

Res 0.00330 0.02200 

TOF 0.00058 0.13000 

Pres 0.18000 1.80000 

SlopeR 0.02500 3.40000 
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FIGURE 4.29: LINEAR FIT TRENDLINE OF THE WATER ERROR VERSUS CONFIDENCE PLOT 

 

 

FIGURE 4.30: LINEAR FIT TRENDLINE OF THE CLAY ERROR VERSUS CONFIDENCE PLOT 

 



139 

 

SUMMARY AND CONCLUSION 

 

The physical-based modeling of the greensand using Archie’s Law and applying a dielectric 
mixing formula combined with rules found from observing plots of measurement data allowed 
the successful implementation of the sand properties instrument which can measure clay and 
water contents. The speed of this instrument makes it convenient to have redundant 
measurements which have been shown to improve reliability. The speed of the instrument can 
allow real time feedback control for foundry sand mixing for mold preparation which has never 
been used before.  

 

TABLE 4.12: COMPARISON OF MEASUREMENT TO ESTIMATE CONFIDENCE AND ESTIMATE ERROR 

 
Conf 

Conf Conf Conf Conf Water Water Clay Clay 

of Cap of Res of SlopeR of TOF of Pres Confidence Error Confidence Error 

0.997 0.988 0.540 0.903 0.996 0.937 0.084 0.594 0.264 

0.996 0.690 0.935 0.992 0.910 0.910 0.081 0.929 0.739 

0.980 0.989 0.995 0.965 0.443 0.448 0.260 0.740 0.380 

0.986 0.754 0.750 0.980 0.954 0.943 0.040 0.778 0.828 

0.983 0.997 0.979 0.847 0.994 0.993 0.060 0.980 0.412 

0.902 0.994 0.991 0.965 0.791 0.793 0.068 0.902 0.417 

0.997 0.992 0.997 0.935 0.976 0.976 0.044 0.988 0.195 

0.978 0.991 0.997 0.823 0.995 0.995 0.127 0.993 0.083 

0.998 0.333 0.710 0.966 0.990 0.957 0.087 0.744 0.616 

0.998 0.696 0.787 0.818 0.812 0.811 0.158 0.792 0.285 

0.996 0.995 0.996 0.947 0.750 0.752 0.025 0.883 0.384 

0.950 0.540 0.996 0.936 0.811 0.813 0.068 0.911 0.411 

0.998 0.923 0.989 0.996 0.971 0.971 0.185 0.983 0.284 

0.803 0.932 0.993 0.993 0.998 0.997 0.067 0.994 0.180 

0.823 0.787 0.974 0.995 0.996 0.993 0.143 0.977 0.583 

0.906 0.988 0.991 0.990 0.990 0.990 0.118 0.991 0.428 

0.994 0.249 0.459 0.998 0.984 0.923 0.002 0.522 0.135 

0.998 0.620 0.798 0.973 0.984 0.967 0.074 0.821 0.247 

0.997 0.739 0.931 0.965 0.639 0.642 0.019 0.820 0.120 

0.993 0.753 0.996 0.951 0.790 0.792 0.073 0.902 0.612 

0.986 0.971 0.994 0.933 0.883 0.884 0.154 0.945 0.383 

0.993 0.990 0.994 0.739 0.991 0.991 0.026 0.989 0.085 

0.959 0.988 0.993 0.748 0.979 0.979 0.059 0.986 0.163 

0.849 0.993 0.994 0.966 0.817 0.819 0.235 0.914 0.796 

0.744 0.978 0.718 0.794 0.950 0.937 0.147 0.750 0.364 
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5. NON-DESTRUCTIVE GREENSAND MOLD INSPECTION 

INTRODUCTION  

 

As the cost of energy rises and competition for higher quality casting increases, the ability to 
reduce scrap rates and identify process irregularities which affect quality become more 
important. A device has been constructed which measures the capacitance and resistance of 
vertical flaskless greensand molds in-situ. The device has been placed in a foundry on a casting 
line between the mold machine and approximately seven molds before the pour. The device 
takes measurements when the line is stopped while pouring and does not slow the process. The 
minimum time between castings is 8 seconds.  

Greensand measurements are normally made from the muller and can only give information on 
the sand at that time. From the muller the sand travels along conveyors down hoppers and 
through nozzles into the mold chambers and any of these processes may affect the sand 
properties. Also, after the mold is made, it has to be moved to the pour station. During this 
movement, the mold can crack or collapse. Initially, this work set out to find cracked, collapsed, 
and poorly compacted molds using measurements as close to the pouring station as possible. 
The measurements had to be obtained within four seconds and results in less than a minute. 
From a literature review of geophysics and soil sciences it was found that common 
instrumentation used to measure sandy soil properties is capacitance, resistance, ultrasonic, and 
thermal conductance. Ultrasonic waves could not penetrate far enough into the molds and 
thermal conductance required more than four seconds to get meaningful results. Capacitance 
and resistance measurements could be made in less than one half second and were chosen for 
this work. In the literature review that follows, resistance was found to relate to moisture 
content and capacitance relates to clay. Also, capacitance is affected by compaction and 
temperature. 

CAPACITANCE AND RESISTANCE LITERATURE REVIEW  

 

Vaidyanathan et al. showed that capacitance in greensand molds is affected by void spaces and 
compaction (Vaidyanathan, 2005). Capacitance and resistance was used in an instrument to 
measure water and clay content of 2" greensand samples (Baswell, 2007).  Several research 
projects have been found in measuring salt and clay content of soil and rock using capacitance 
and resistance (carrier, 1999 and Wildenschield, 1999).  A number of studies have been carried 
out which finds moisture in soil using resistance measurements.   Finally, research on the effect 
of temperature shows capacitance is directly proportional to temperature (Walker 2002 and 
Sudduth, 2001).  
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DESIGN OF EXPERIMENTS  

The experiment required the construction of a device with capacitance plates which could press 
on the sides of a 26" wide vertical flaskless greensand mold. A data acquisition program was 
used with a four probe LCR meter to gather the data and the castings were randomly sampled. In 
the following subsections are details of the device, data, and sampling. 

DESIGN OF THE CAPACITANCE DEVICE 

The capacitance device used an aluminum frame which straddled the mold line between the 
mold machine and approximately 8 molds before the pour. The capacitance plates were attached 
to the frame on opposite sides of the molds and pancake cylinders would press the plates against 
the mold when the line was stopped for pouring. A diagram of the device is shown in Figure 5.1 
below. 

 

 FIGURE 5.1: DIAGRAMS OF THE NONDESTRUCTIVE MOLD INSPECTION DEVICE 

 

Each of the capacitance plates consist of a polished ¼" stainless steel plate glued to a steel plate 
with a high temperature adhesive to electrically isolate it from the frame. Attached to the outside 
of the steel plate are two 3" x 12" heat pads to raise the temperature of the plates enough to 
prevent greensand from sticking to them. The pancake cylinder is attached to the outer plate as 
is a ¼" phono jack with a wire through a hole in the steel plate which attaches to the stainless 
plate. The outer steel plate is grounded to act as an electromagnet shield. The control of the 
cylinder is done with a PLC. The PLC has an input from the pour machine and senses when the 
pouring is taking place. The pour requires approximately 5 seconds and during the first 3 
seconds of this time, the cylinders are extended. Two proximity sensors detect when the plates 
are retracted and as a safety, if the plates are not retracted, the PLC sends a signal to the mold 
machine to not advance. 
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DATA ACQUISITION AND SAMPLING 

A data acquisition program uses a GPIB interface to control a four wire LCR meter. The LCR 
meter measures the parallel resistance and capacitance of the molds using a parallel RC circuit 
model. The LCR meter is set at a frequency of 50 kHz and a measurement time of 100 ms. The 
program gets the 3 second signal from the PLC that the cylinders are extended and when this 
signal ends the program averages the last three readings of the resistance and capacitance and 
records the resistance and the capacitance multiplied by 1012 in a text file.  

Data was collected from every mold passing through the device, but actual castings were 
randomly sampled and later compared to the data. The samples had to be caught as soon as the 
mold line dropped the molds onto the shakeout conveyor system. The castings were still hot and 
at one casting every 10 seconds it was only practical to randomly sample 10%. Each sample was 
tagged with a number and a total of seventy-eight samples were obtained. 

EXPERIMENTAL DATA 

 

A total of 724 molds were measured and 78 castings were randomly sampled. The resistance 
measured is in ohms and the capacitance is in picofarads. Of the 78 sampled castings, 17 were 
scrap with 13 misruns, 3 inclusions, and 1 with pinholes. A plot of a typical 10% section of data 
is shown in Figure 5.2 with the results of the sampling at the y value of 3800.  

 

 

FIGURE 5.2: A PLOT OF TYPICAL DATA COLLECTED AT THE INDUSTRIAL FACILITY. 

 

An observation of the data in Figure 5.2 show changes occur in the mold properties with three 
major shifts at 220, 580, and 760 seconds. A plot of approximately 10% of the total data with a 
relatively high scrap rate is shown in Figure 5.3.   
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FIGURE 5.3: A PLOT OF A SAMPLE OF THE DATA COLLECTED WITH A RELATIVELY HIGH SCRAP RATE. 

 
A plot of approximately 10% of the data with relatively few bad castings is shown in Figure 5.4. 

 

FIGURE 5.4: A PLOT OF THE DATA WITH FEW BAD CASTINGS SAMPLED. 

 
 

The capacitance values trended with the temperature of the molds as can be seen in the 
differences shown in the plots with the data in Figure 5.3 taken at greensand temperatures of 
98oF, Figure 5.4 at 105oF, and Figure 5.2 at 107oF. This trend was removed in the data analysis. 
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PRELIMINARY RESULTS 

 

The device worked as expected and the data was consistent. The process from the muller 
through the mold machine could be observed. A cyclic pattern was observed in the data and a 
polynomial fit found the frequency as can been seen in Figure 5.5. 

 

 

FIGURE 5.5: A PATTERN OF OSCILLATIONS IN THE DATA. 

 

In Figure 5.5, a repeating cycle of 36 molds (360 seconds) can be seen. This corresponds to 
exactly two muller dumps at a cycle of 180 seconds. Large shifts at the muller frequency can be 
seen as in Figure 5.2 at 220, 580, and 760 seconds. When observing the data with the good and 
bad casting samples, it seemed as if a large number of bad samples were taken on or after large 
shifts in the data at the muller change such as can be seen in Figure 5.3 at 620, 980, and 1160 
seconds. To test this, 33 large shifts were identified by visual inspection, without knowledge of 
the sampling results. Figure 5.6 is a chart of the good and bad casting samples that were made 
for seven molds out of each of the 33 large shifts which included the last mold of a muller cycle 
(labeled as 0), three molds before, and three molds after.  
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FIGURE 5.6: A CHART OF GOOD AND BAD CASTINGS COMPARED TO VISUALLY CHOSEN SHIFTS IN THE 

DATA.  

 

From the mold before the muller cycle change, to 3 molds after, a scrap rate of 9 out of 13 
samples or 69% can be seen. Overall the scrap rate on the samples was 17 out of 78 or 22%. 
Faults to this method are listed below. 

1. What constitutes a large shift in data when noise is present is not well defined. 

2. Additional visual inspections to find data shifts yield different results. 

3. The visual inspection uses data points that cannot be seen at the time of the pour. 

To overcome these faults and automate the device so it can be used to actually reduce scrap a 
neural network was made to identify the muller shifts. 
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DATA ANALYSIS AND RESULTS  

 

To analyze the data and determine the amount the device can reduce scrap a neural network 
was developed to identify the muller shifts seen in the data. A chart showing the results about 
the muller shift follows. Finally calculations of the reduction in scrap rates are made. 

The data was first normalized and reduced to a total of fifteen points in which the neural 
network was to identify if a muller shift occurred. Recall the device was placed approximately 7 
molds before the pour. The fifth mold after the device, the mold about to be poured in 
approximately 10-20 seconds, is the last practical mold to make a pour or no pour decision. 
From this mold, there are 5 measurements made after and many before (from the time the 
device was started). Neural networks cannot train on a very large vector of data so the 
measurements before and including the test mold is set to 10 and with the 5 after a total 15 
points are used. To normalize the data, the 15 points of capacitance was divided by their average 
as was the 15 points of resistance. Then the resistance points were divided by their 
corresponding capacitance points. Finally these fifteen points had the average of the first 10 
points subtracted from them so that if the 10th point, the test point, is a point when the muller 
change causes a large shift, the following 5 points would be either mostly negative or mostly 
positive. Examples can be seen in Figure 5.7 of the muller shifts in the normalized data where 
the 10th point is the last of one muller cycle and the 11th starts the next.  
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FIGURE 5.7: THESE ARE EXAMPLES OF THE SHIFTS NEEDED TO BE FOUND. 

NEURAL NETWORK TRAINING 

The neural network training could not be done using the data set obtained from the foundry 
experiment. Too few muller data shifts from the visual inspection and noise in the data 
prevented an accurate model from being developed. To train a neural network, a data set had to 
be constructed using rules developed from inspecting the normalized data. These rules are listed 
below. 

1. Noise levels appeared Gaussian with a standard deviation of about 0.1. 

2. Slopes in the data from 0 to 0.2 per 10 points could be seen. 
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3. Slopes before and after a muller change were usually different. 

A set of 200 vectors of examples of points where a muller cycle ended on the 10th point was 
made. The points were distributed Gaussian about 0 with a standard deviation of 0.1. Random 
slopes were added to the first 10 and last five separately. Last a random amount of shift up or 
down was added to the last five points. 

A set of 400 vectors of examples of points where a muller shift did not end on the 10th point was 
made. The first 75 had a constant random slope across all fifteen points with the random noise 
added. Then 25 each of the points where a muller change shift happened in other places besides 
the 10th point or 15th point required the remaining 325 points.  

A 600 point vector for the neural network training targets consisted of 200 ones for the first 200 
vectors representing muller change and 400 zeros representing no muller change on the 10th 
point. The neural network had two layers, using a feed-forward back-propagation design. The 
first layer had 15 neurons and the second uses 1 so the output is a single number with 1 
indicating a muller shift and 0 not. The network was trained over 2000 epochs.  

NEURAL NETWORK RESULTS 

 

A total of 724 mold data were used in which sampling of the castings took place. The neural 
network requires 15 points with the 10th as the test so the first nine points of data and the last 5 
could not be put through the neural network, leaving 710 that were. Accepting output values 
from 0.7 to 1 as a muller change the algorithm found 39 points in the data. A chart is shown in 
Figure 5.8 showing the good and bad samples for the points found using the neural network and 
for four before and after those points.  

As can be seen in Figure 5.8, there are 8 out of 15 castings that were defective for the muller 
change point and three after that point. Using this device would have changed the scrap rate for 
the samples chosen from 21.8% to 14.3%.  For the run of 724 castings the algorithm would have 
rejected 4 castings from each of the 39 points found for a total of 156 castings or 21.5% of which 
approximately half should have been scrap.  
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FIGURE 5.8. THE NUMBER OF GOOD AND BAD SAMPLE CASTINGS ON AND NEAR THE MULLER CHANGES. 

  

OBSERVATIONAL EXPERIMENTS FOR 2009 AND 2010  

 

As stated in the above conclusions, the mold inspection device may be used as an observational 
device to indicate if the process in general is creating a large amount of defective molds. Two 
installations of the device at the Lodge foundry for a week each in the summer of 2009 and 2010 
were made. The device was altered to make five measurements on each mold as described 
below. 

 

ELECTRONIC PLATE RECONSTRUCTION  

The electronic plates which press on the sides of the mold and are used as sensors to measure 
capacitance and resistance were divided into four equal plates per side. The dimensions are 
shown in Figure 5.9 below along with a picture of the installed plates. The four plates were made 
of ¼”stainless steel with a mirror finish and were glued with a rubber adhesive to a ¼” steel 
plate. The steel plate had two flexible heater pads glued to it and a thermocouple mounted to the 
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8” 

12” 

5” 

3” 

steel plate insured that the plates stayed 20oF warmer than the sand. A pancake cylinder was 
attached to the steel plate to move it against the sand mold during measurement cycle.  Each 
plate was wired separately to a multiplexer that was connected to an LCR meter. The 
multiplexer and LCR meter were controlled using a LabVIEW program on a PC connected by 
GPIB. Figure 5.10 below shows a picture of the setup of the instrumentation. In Figure 5.10 the 
LCR meter is in the foreground and the laptop PC running the LabVIEW program is sitting on the 
multiplexer and the Mold Inspection Instrument is shown in the back left connected to the mold 
line. Measurements were made across each pair of top plates and each pair of bottom plates 
which detect changes in moisture and compactness in the sand near the edge of the mold at the 
top and bottom. One measurement was also made between all four plates of one side to all four 
plates of the other side which detects changes in moisture and compactness across the center of 
the mold. 

 

 

 

 

 

 

\ 

 

 

 

 

 

 

 

FIGURE 5.9. THE PLATE DIMENSIONS AND CONFIGURATION FOR 2009 AND 2010 EXPERIMENTS. 
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FIGURE 5.10. THE SETUP OF THE INSTRUMENTATION ON THE FOUNDRY FLOOR. 

 

 

INSTRUMENT PLACEMENT ON THE MOLD LINE 

 

Previously, the instrument was placed so that the parting line of the mold went through the 
center of the electronic plate. In this way, there were two blocks of sand being measured, one 
ahead of the parting line and the one after. This dulled the measurements as when a good block 
was included in the measurement. In this experiment, the sensor is placed so that it only 
measures one block of sand, so if the sand were not compacted correctly or was dry, it would 
show a greater deviation from the normal. Figure 5.11 below shows the instrument placement 
with the pour cups barely visible on the parting lines. 
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FIGURE. 5.11. THE INSTRUMENT ON THE MOLD LINE. 

 

DATA COLLECTION AND ANALYSIS FOR 2009 

 

Data was collected for the week of July 7, 2009. The instrument collected data as an observer 
and sampling was not taken of the castings. Each run consists of between 250 and 1000 castings 
and a final scrap rates for each run were given by quality assurance at Lodge Manufacturing. 
During one run, the compaction of the mold machine was adjusted down and back and also the 
sand blow pressure was adjusted up and back to find out if the Mold Inspection Instrument 
could detect these actions. 

SAMPLE OF THE DATA 

 

Table 5.1 below shows a sample of the collected data during one experimental run on a foundry 
floor. 
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TABLE 5.1: A SAMPLE OF THE DATA 

Pattern 

Time 

Sec 

C  

A-B 

C 

C-D 

C 

E-F 

C    

G-H 

C   

All   

R   

A-B 

R   

C-D 

R    

E-F 

R   

G-H 

R 

All   SR/Hist 

12" Square 

Skillet 423.88 465 501 615 673 2083   3056 4081 2924 2747 772   0.965 

P12SGR 433.81 468 409 578 693 1689   2767 4047 2829 2290 832   0.965 

  443.69 457 385 602 746 2431   3309 7646 3079 3539 774   0.965 

  464.19 466 384 573 620 1620   2843 4746 2817 2924 872   0.965 

  473.75 438 382 561 604 1653   2983 4707 2880 3108 855   0.965 

 

As can be seen in Table 5.1, a set of data was collected approximately every 10 seconds, the rate 
the mold machine produces molds. In Table 5.1, “C” and “R” are the capacitance and resistance 
measurements and “A-B” and “E-F” are the measurements between the top 2 plates on each side 
and “C-D” and “G-H” are the bottom two measurements on each side. The “All” measurements 
measured the capacitance and resistance between all the plates of one side and all the plates of 
the other side, in other words the “ABCD-EFGH” plates. Lodge Manufacturing provided the 
current scrap rate and a historical average scrap rate. Considering the historic scrap rate as 
normal, then a division of the current by historical scrap rates (“SR/Hist”) gave a number that 
can be used to quantify how bad the mold quality is. An example would be if SR/Hist=2 then the 
molds produce twice as much scrap as normal and another example is if SR/Hist=0.5 then the 
molds produce half as much scrap as normal.  

COMPARISON OF STANDARD DEVIATIONS TO SCRAP RATES 

 

A standard deviation was made for each column of measurements for each casting run and then 
a correlation was made to the “SR/Hist” value given to that run. Table 5.2 below shows the 
results. The standard deviation of a column of data for a casting run is a quantitative value of the 
variance in the measurements caused by changes between molds. These changes include water 
content, clay content, compaction, and all material or actions required to make the mold. The 
automated Disa mold machine requires these variances to be a minimum in order to produce 
viable molds. 

 

 

  



154 

 

TABLE 5.2: STANDARD DEVIATIONS OF EACH RUN AND A CORRELATION TO SR/HIST 

Pattern 

R      

A-B 

R      

C-D 

R      

E-F 

R     

G-H R   All   SR/Hist 

P12SGR 693 1876 737 915 273   0.965 

12CO5WS 456 446 1018 418 248   1.149 

12CL 582 5659 1121 5324 217   0.242 

10CL 454 3488 784 1470 117   0.804 

8SGP2 933 4544 13710 11459 703   3.027 

12DCO 894 2679 2001 941 187   1.683 

16CO 1196 1639 2062 962 348   0.779 

PGI 1806 1219 4853 1582 580   0.544 

8CFGP 483 787 937 730 463   1.045 

10SK8SK 1615 1291 905 907 720   1.792 

                

Correlation 0.11 0.12 0.72 0.58 0.55     

  

OBSERVATION OF STEP CHANGES IN OPERATING PARAMETERS 

 

Lodge Manufacturing agreed to make step changes in the mold machine on the second day to 
find if the Mold Inspection Instrument can detect these changes. One change was made by 
reducing the sideways compaction pressure from 35 bar to 30 bar and then back to 35 bar. A 
second change was the sand shot pressure. This is the air pressure in the nozzle that spays sand 
into the mold pattern chamber. It was changed from 2 bar to 2.9 bar and back to 2 bar. A plot 
made of the capacitance measurements for that casting is shown in Figure 5.12 below. 
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FIGURE 5.12: DATA WITH STEP CHANGES OF MOLDING MACHINE 

 

Figure 5.12 shows a noticeable drop in capacitance due to the drop in compaction and a slight 
rise in capacitance due to the rise in blow pressure. 

DATA COLLECTION AND ANALYSIS FOR 2010 

 

Data was collected for the week of June 21, 2010. The data was taken with no intended step 
changes, but twice the position changed from one sand block to centering the parting line 
between the plates. The data was collected and standard deviations and correlations to the 
“SR/Hist” values were made. 

PARTING LINE MEASUREMENTS 

 

Changes in the adjustment of the instrument across the parting line were made at two different 
times. One of the adjustments can be seen in a plot of the data shown in Figure 5.13. In Figure 
5.13 the instrument was being monitored and at some time about 78850 seconds the Lodge 
Manufacturing operator adjusted the Disa mold machine and the sand molds changed size. At 
about 79050 seconds it was noticed that the instrument was centered across the parting line and 
it was soon moved back to center on the sand block. The plot is interesting in that when the part 
centered the resistance between the plates changed as predicted with a higher resistance 
between plates on the same side where it crosses the parting line and the resistance went down 
measuring across the mold line due to parallel resistance when the instrument is reading the 
resistance of two blocks of sand. 
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FIGURE 5.13: DATA PLOT SHOWING MOVEMENT TO PARTING LINE AND THEN AWAY FROM PARTING 
LINE. 

 

COMPARISON OF STANDARD DEVIATIONS TO SCRAP RATES 

 

The foundry where the tests were conducted have reported a general decrease in the scrap rates 
between the times when the two tests were conducted.  The foundry reports that an increase in 
the number of supervisors has resulted in better quality control.  The standard deviations of the 
different measurements of resistances for the two tests are graphically compared in Figure 5.14.   
It is shown that the variation in the measurements of resistances in the second test is 
considerably smaller than the first test which is a reflection of a more controlled process.   
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FIGURE 5.14: COMPARISON OF THE STANDARD DEVIATIONS FROM THE RESISTANCE MEASUREMENTS 
FOR TWO TESTS. 

 

A standard deviation was made for each column of measurements for each casting run and then 
a correlation was made to the “SR/Hist” value given to that run. Table 5.3 below shows the 
results. Notice the correlation of the bottom plates “C-D” and  “G-H”. A correlation of 0.3-0.5 is 
not ideal, yet it does show that there is a problem in the bottom of the mold. There are reasons 
that the correlation is lower than preferable: 

 Intentional experiments with distorted pressures caused one set of data to be distorted 
in the standard deviation. 

 The mold machine operators change parameters as needed causing the instrument to 
become misaligned and giving the data a step change in the electrical properties, 
increasing the standard deviation. 

 Temperature changes in the sand alter the electrical properties which cause a drift in the 
measurements, increasing the standard deviation. 
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TABLE 5.3: STANDARD DEVIATIONS OF EACH RUN AND A CORRELATION TO SR/HIST 

Pattern 

R    

A-B 

R     

C-D 

R     

E-F 

R     

G-H 

R    

All   SR/Hist 

10SKBS5SK 573 1053 455 849 36   1.50 

8SQ3203 767 529 546 646 63   0.42 

3Dd3144 559 890 700 815 159   1.19 

12CLBS 514 304 459 419 43   0.91 

8CF2SP 1374 576 961 857 48   0.98 

90G 1531 934 730 632 73   0.41 

P12SGR 909 883 853 1046 61   1.68 

10CF5MS 687 349 417 483 38   1.19 

10SK 696 659 716 782 128   0.54 

                

Correlation -0.33 0.29 0.00 0.48 -0.21     

 

CONCLUSION 

This research is successful in demonstrating the usefulness of an impedance measurement 
device for greensand mold inspection. It has been shown that the device can be used as a 
flagging device to prevent pouring of molds with a high probability of producing a defective 
mold. More importantly, this research shows that the developed device can be used to observe 
the molding process and diagnose problems which may occur in the system. In the particular 
case studied the foundry can now try to solve the problem of large greensand changes which 
occur at the muller batch separation and use the device to confirm the problem is fixed or can 
install a device to reject molds and prevent them being poured. 

The data collected in later experimental tests show that changes in the operation of the machine 
are detectable with the Mold Inspection Instrument as can be seen in Figure 5.12. Drops in 
capacitance are shown in Figure 5.12 corresponding to drops in compaction. This indicates the 
instrument can be used to control the squeeze and blow pressures to keep a consistent sand 
mold. It also can be used to track operator error in setting the controls of the mold machine.  

The data collected in a different experimental test show that cracks can also be detected.  In 
Figure 5.13, when the mold size changed and the parting line was included in the measurements, 
a high resistance was seen between measurement plates at the parting line and a lower 
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resistance across the mold was measured due to two sand blocks being measured and the 
parallel resistance lowered the total value. These cracked molds cause some problems in 
foundries due to expansion in forward molds being poured and also because of crushing where 
the mechanism that moves the molds forward. 

Another significant find is in the standard deviation correlations. In Table 5.3, a relatively good 
correlation between the standard deviation of resistance measurements from plates “C-D” and 
“G-H” was seen. These plates are measuring near the bottom of the mold, the farthest distance 
from the sand nozzles at the top of the mold. This indicates a high standard deviation in the 
bottom plates will have a higher probability of creating scrap. When a high standard of deviation 
is found, a foundry has an earlier notice of a change in the quality of operation and the 
possibility that the scrap rate would be higher than normal.   Foundries can start to track down 
the failing system causing the inconsistencies. When attempting to start a new casting and 
pattern, a foundry using the new instrument can carefully monitor the inconsistency at the 
bottom of the mold and quickly determine pattern changes, sprue and gating changes, and mold 
machine parameters which minimize such variations. 

 

FUTURE WORK 

The instrument can be improved in several ways: 

The position relative to the parting line needs to be constant either by automating the plates to 
move as the mold size changes. A alternative would be to mount the instrument at the throat of 
the mold machine where the current mold is pushed after completion. 

Since the correlation of the bottom plates were important indicators of the scrap rate, more 
sensors near the bottom or under the mold should be added. 

Two weeks of testing produced only 19 mold patterns of data. Long term testing using a 
ruggedized instrument to collect much more data is clearly indicated. Stand alone electronics, 
possibly wireless, would reduce the bulk of equipment needed next to the pouring line. 

Regression analysis of variance can be used if variables can be read and stored by the electronics 
such as sand blow and compaction pressures, mold width, sand water and clay content. A 
regression between these variables and the capacitance and resistance can be made. 

With eight sensor plates and five measurements between them presently, only small areas of the 
mold are being studied. Adding sensors to all mold surfaces would allow a complete tomography 
of the molds. 

Certain properties interfere with the readings such as high compaction raises capacitance, low 
sand blow pressure lowers capacitance, higher water content raises capacitance, and higher clay 
lowers the capacitance. Combination of variable changes can cancel variations. Acoustic and 
thermal sensors can be added to aid in determining the water and clay content.  

  



160 

 

6. METAL FILL MONITORING AND VISUALIZATION 

INTRODUCTION 

 

Lost Foam Casting (LFC) process is one of the most dependable casting techniques used 
nowadays in the industry (Shroyer 1958, Patil 2007). It has the ability to produce simple as well 
as complex patterns in a short machining time. As a first step in the LFC process, the foam 
pattern is made from polystyrene beads. These beads are blown inside a die that has the same 
shape of the component needed to be fabricated. To form more complex shaped pattern, a 
number of small patterns are assembled together. After coating the foam pattern with a ceramic 
material, it is attached to a sprue. The assembly of the foam pattern and the sprue is placed in a 
steel flask where sand is added and compacted around the foam pattern. In counter gravity 
pouring, the flask is closed from the top by a sealed metal head connected with a counter gravity 
machine (Bates et al 1995). This head delivers a vacuum that is needed to suck the molten metal 
from a furnace. The foam pattern is decomposed and replaced by the molten metal which takes 
the shape of the pattern. There are many advantages for the LFC method:   

    • Flexibility of foam: producing complex component shape is simple using foam instead of 
wasting time in creating accurate cavities in the cast mold.  

    • Dimensional accuracy of the cast: compared to the traditional casting methods, the foam 
patterns accurately represent the desired casting; moreover the mold fabrication time is less 
than the time needed in cavity casting methods.  

    • Reduction in finishing work: the surface quality of the final casting is high and with almost no 
tails or core defects; hence the final products require less working time.  

    • Low cost: since the LFC process is simple and energy efficient, the production cost is much 
less than other casting methods.  

 

However, the main disadvantage in the LFC is mainly associated with incomplete filling of the 
foam pattern due to slow escape of gases from the pyrolytic zone. Therefore, visualizing how the 
molten metal fills inside the foam pattern is very important to improve the quality of the final 
products. Imaging the process taking place inside the flask helps in studying some other 
parameters such as time needed to fill the pattern as well as the molten metal velocity. Electrical 
Capacitance Tomography (ECT) is a novel technique to capture the molten metal profile. ECT 
sensor enables the casting manufactures to visualize and image the replacement of the foam 
pattern by the molten metal. Furthermore, it can be used as a feedback sensor to convert the LFC 
process to a closed loop control system. Originally, the word 'tomography' is a Greek word 
consisting of two words 'tomos' meaning 'to slice' and 'graph' meaning 'image' (Yang et al 2003, 
Isaksen 1996). By definition tomography refers to the process of extracting spatial and temporal 
information about internal characteristics of a specified region through using multiple sensors 
mounted around the region of interest. Selection of the sensor is mainly dependent on the 
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characteristics to be imaged (Beck et al 1996). Permittivity distribution, for example, is 
estimated by capacitance sensors, whereas the density distribution is measured by X-ray. Abel, a 
Norwegian physicist, was the first one who published the concept of tomography as early as 
1826 for an object with axis-symmetrical geometry. Nobel Prize was jointly awarded to Godfrey 
Hounsfield and Allen Cormack in 1979 regarding their pioneering work on X-ray Tomography. 
The first real-time ECT was developed in the late 1980s at UMIST for process imaging, and it has 
been applied to gas/solid, and gas/liquid flows (White 2002). Currently, three-phase imaging of 
gas-liquid-solid has been realized through developments in reconstruction techniques (Warsito 
et al 2001, Gamio et al 2005). The tomography process has been used to capture 2D cross-
section images, however recently it is extended to obtain 3D and 4D (with time domain) images 
(Stephenson et al 2004, Metherall 1998, Warsito et al 2005). Two types of tomography systems 
are available: direct and indirect. X-ray or infrared imaging systems are direct tomography 
where a visualization method is not visible to the human eye (Gehrke et al 2005). While, in the 
indirect systems, such as the electrical tomography, the medium characteristics are described by 
boundary measurements used to generate an image visualizing the internal distribution of the 
medium (Dyakowski 1996). Capacitance and the resistance are two examples from many 
physical quantities implemented as boundary measurements in the indirect tomography 
systems. Success of any tomography systems is dependent on fulfillment two conditions (Ltd 
2001, Marashdeh et al 2006):   

    • Non-invasive: there is no direct contact between the sensor and the object to be imaged.  

    • Non-intrusive: the medium being imaged is not changed or disturbed by applying this 
tomography system.  

 The electrical tomography systems have been developed to image and analyze the process 
taking place inside the target area by examining the internal characteristics to improve or 
control the process operation. Low construction cost, high imaging speed, safety, suitability for 
various vessels size are the main advantages in the electrical tomography imaging systems. 
While the major problems with the electrical tomography systems are the non-linearity, the ill-
posed nature, and the resolution of reconstructed images (Yang et al 2003, Isaksen 1996, Evans 
et al 2004). 

 

ECT SYSTEM CONFIGURATION 

  

Figure 6.1 shows the complete ECT system used to generate cross-section distribution images of 
contents of a vessel. The system consists of the following:   

    • Capacitance sensor which comprises of an array of electrodes mounted around the target 
area.  

    • Capacitance measuring unit to acquire and process the signals obtained from the capacitance 
sensor.  
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• Control computer to reconstruct and display the reconstructed cross-section images.  

 

 

FIGURE 6.1 : ELECTRICAL CAPACITANCE TOMOGRAPHY SYSTEM 

 

 

SENSOR DESCRIPTION  

 The ECT sensor consists of an array of electrodes mounted on the periphery of the process 
vessel needed to be imaged. Internal or external electrodes arrangement can be used (Donthi 
2004, Xie et al 1992). Figure 6.2 shows the cross-sectional view for 12 internal electrodes 
configuration.   
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FIGURE 6.2: CROSS SECTION OF ECT SENSOR WITH INTERNAL ELECTRODES 

 

Capacitance sensors used in ECT systems are designed according to diameter of the vessel, and 
the material used to manufacture the vessel (Yang et al 2003, Ltd 2001). If the pipe is made of 
conducting material such as detecting the profile of the molten metal inside a foam pattern 
which is located inside a metal flask, internal electrodes are used. The electrodes are mounted 
externally if the pipe is made of insulating material (Ltd 2001, Ltd 1999). 

Practically, the mutual capacitances measurements between the electrodes are very small, on 
the order of a fraction of a picofarad (Yang 1996). The low level power of sensed signal and low 
Signal to Noise Ratio (SNR) are the main problems in the data acquisition of electrical 
tomography sensors. The low level of acquired signal is usually reflected on the sensor 
dimensions. SNR is directly proportional to the area of the sensor (Warsito et al 2007, 
Marashdeh et al 2006). However, increasing the sensor dimensions will decrease the spatial 
resolution of reconstructed images. Extraneous earth capacitances are larger in magnitude than 
the inter-electrode capacitance. External shield is used to eliminate these stray effects. Fringing 
of electric field between the electrodes is another problem faced while measuring the 
capacitance. Using shielded guard electrodes between the transmitters and receivers eliminates 
the fringing to a great extent (Yang 1996, Huang et al 2002, Jimenez 1995). The electric field 
lines are maintained parallel by these guard electrodes. The axial resolution and sensitivity of 
the sensor is improved by eliminating the axial spreading of the electric field lines. 
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The number of electrodes is a trade off between the radial resolutions required, and the image 
acquisition rate (Clayton et al 1992). The image acquisition rate and the overall resolution 
decrease with increasing the number of electrodes.  

 

CAPACITANCE MEASUREMENT PROCEDURE 

 The term procedure here refers to the method used to excite the measuring electrodes, and the 
sequence in which the signals are acquired (Donthi 2004, Ltd 2001). The electrodes are 
numbered and distributed as shown in Figure 6.2. In tomography, the electrodes acting as both 
transmitters and receivers surround the area to be imaged. To acquire independent 
measurements only one electrode is excited at any time, while the rest of the electrodes act as 
detectors. The capacitance is measured between all possible pairs of the transmitter electrode 
and the remaining receiver electrodes. Subsequently, the next electrode is connected to the 
source acting a transmitter and the rest of the electrodes connecting to the virtual ground 
functioning as receivers and the same measuring process is repeated (Yang et al 2003, Yang 
1996). The full cycle of exciting an electrode and measuring the resulting inter-electrode 
capacitances is repeated until the entire independent measurements are measured. Hence, the 

total number of independent measurements M  from an ECT system having n electrodes is 
given as : 

2

1 )(
=

nn
M

        EQUATION 6.1 

 For a 12-electrode ECT system, the total number of the independent capacitance measurements 
is 66 measurements. The mutual capacitance between the electrodes is dependent on the 
material distribution in between.  

 

CONTROL COMPUTER 

 The control computer performs many operations in the tomography process such as collecting 
the capacitance data from the measuring circuit, normalization and filtering of the acquired data, 
then reconstructing an image describing the material distribution inside the area of interest, and 
finally displaying the distribution image. The inter-electrodes capacitance data is interpreted by 
an image reconstruction technique implemented on the control computer to solve the inverse 
problem and obtain the electrical property distribution of the materials in the imaging area (Ltd 
2001, Warsito et al 2001). The final tomography images provide an accurate estimation about 
the process taking place inside the vessel. Consequently, after analyzing the material 
distribution images the control computer generates the proper signals to control the process. 
For instance, the collected data from the capacitance sensors used in monitoring the lost foam 
process are used to compute the filling time of the foam pattern by the molten metal and it can 
be used to produce a control signal to the counter gravity machine to control the filling process.  

  



165 

 

THE ECT MODEL 

 Electrical capacitance tomography sensor can be modeled as an electrostatic problem (Xie et al 
1992, Xie et al 1989). Poisson's Equation is used to characterize this relation with assuming no 
free charge as follow:  

0=)),(),(. ( yxyx
      EQUATION 6.2 

where ),( yx  is the permittivity distribution in the sensing field and ),( yx  is the electrical 

potential distribution. The Dirichlet boundary conditions associated with ECT sensor, when the 

electrode i  is the source electrode ( ni 1,2,...,= ) (Xie et al 1992), are:  
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     EQUATION 6.3 

 

where n,.....,, 21  represent the spatial locations of the n electrodes, s  is the sensor 

screen,and pg  is the n projected guards. 

The relationship between capacitance and permittivity distribution is nonlinear. However, in 

terms of ),( yx , the Poisson equation is a linear partial differential equation. The nonlinearity 

of ECT can be explained by knowing that the field distribution ),( yx  is dependent nonlinearly 

on the permittivity distribution ),( yx . If the material distribution is homogeneous, the 

capacitance will be proportional to the material distribution as in the case of an ideal parallel 
plate capacitance sensor. Typically, in the ECT sensor the permittivity distribution is not uniform 
and the geometry is much more complicated than the simple parallel capacitance sensor (Xie et 
al 1989). The ratio between the stored charge and the potential difference between any two 

electrodes i  and j  represents the mutual capacitance jCi  between these two electrodes as 

given in 6.4:  
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        EQUATION 6.4 

where 
i jV  is the potential difference between electrodes i  and j  respectively, and Q  is the 

charge on the receiving electrode (Yang 1996, Xie et al 1989). Gauss law is used to calculate this 
charge:  
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    EQUATION 6.5 

where 
j
 is a closed path enclosing the detecting electrode (Xie et al 1989, Yang 1999). 
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For a given permittivity distribution associated with certain boundary conditions, the mutual 
capacitance can be calculated using Equation 6.5, which is known as the forward problem 
equation. On the other hand, the inverse problem is the process of estimating the permittivity 
distribution from the measured capacitance data. It is obvious from Equations 6.1 to 6.5 that it is 
difficult to obtain an explicit expression relating the measured capacitances to the change in the 
amount and position of the materials inside the vessel. Numerical methods such as Finite 
Element Methods (FEM) and Finite Difference Methods (FDM) can be used to simplify these 
equations and calculate the solution of the forward problem (Xie et al 1994, Duggan et al 1995). 
Figure 6.3 shows the FEM of the ECT sensor. In the finite element method the sensing area is 

divided into N  elements, typically of the order of 1000 (Munck et al 2000, Gupta et al 2009). 

Then, the given boundary conditions and permittivity distribution inside the imaging area are 
used in solving Equation 6.1 (Dyakowski 1996). In order to visualize the permittivity 
distribution, a grid image with nn  pixels is generated.   

 

FIGURE 6.3: FINITE ELEMENT MODEL OF THE ECT SENSOR  

 

The non-linear forward problem is simplified to a linear and discrete model expressed as  

         EQUATION 6.6 

where S is a sensitivity distribution matrix, giving a sensitivity map for each electrode pair. 
Commonly, Equation 6.6 is written in a normalized form (Xie et al 1992)  
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GSC .=         EQUATION 6.7 

where C  is the normalized capacitance vector, S  is the sensitivity matrix of normalized 

capacitance with respect to normalized permittivity, and G  is the normalized permittivity 

vector. The normalized values of the capacitances and permittivities eliminate the effect of the 
offset and drift of the measurements (Yang et al 2003, Isaksen 1996). The normalization process 
makes the calibration of the sensor easier, and compresses the wide ranges of the 
measurements, permittivity values and pixels values into one single range [0,1]. 

Determination of the unknown permittivity distribution g  from the measured capacitance 

vector  is the basic goal of the image reconstruction in ECT system. The sensor sensitivity 

matrix is the solution of the forward problem (Xie et al 1994, Duggan et al 1995). It determines 
the response of the ECT sensor with changing any element inside the imaging area from one 
material to another. The sensitivity matrix 

ijS  can be calculated experimentally by placing a 

dielectric rod at different positions inside the sensor and measuring the change in capacitance as 
a function of position. However, this method is a very time-consuming process, hence the Finite 
Element Method (FEM) is used to simulate the sensor and facilitate calculation of the sensitivity 
matrix S. For ECT system, )(kSij

 is defined by (Yang et al 2003, Xie et al 1989)  
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   EQUATION 6.8 

where k

ijC  is the capacitance when element k  inside the sensor is low permittivity material and 

the rest is high permittivity, 
hC  is the capacitance measurement when the imaging area is 

completely filled by high permittivty material, 
lC  is the capacitance when it is filled by low 

permittivity, and n  is the number of elements inside the imaging area. The matrix S  contains 

M  sensitivity distributions represent the total number of the independent electrodes pairs.   
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FIGURE 6.4: CAPACITANCE SENSITIVITY DISTRIBUTIONS OF SIX TYPICAL ELECTRODE PAIRS 
CALCULATED FOR 12 ELECTRODES 

 

Figure 6.4 shows the typical six sensitivity distributions for symmetric 12 electrodes ECT 
system. While measuring the capacitance between two electrodes, a change in the parameter of 

interest (namely ),( yx ) results in different response dependent on the position ( yx, ). As 

shown in the Figure 6.4, the closer to the vessel wall, the higher sensitivity response is. In 
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addition it can be stated that the electric field between two electrodes changes with the 
permittivity distribution inside the vessel.  

RECONSTRUCTION TECHNIQUES 

  

The relatively low accuracy of reconstructed images in the ECT is one of the most important 
factors that prohibits the wide use of the ECT system in industrial process applications. The soft-
filed nature of the ECT sensor imposes a critical challenge in calculating the solution of the 
inverse problem. The soft-filed nature means that the electric field distribution inside the 
imaging area is non-linearly dependent on the property distribution (Isaksen 1996, Loser et al 
2001). The ill-posed characteristic of the inverse problem and hence the ill-conditioned of the 
discrete form is another major challenge associated with the inverse problem (Yang 1996, 
Warsito et al 2001). The well-posed problem should satisfy the following conditions (Bertero et 
al 1988):   

    • A solution exists for the problem.  

    • The solution is unique.  

    • The solution is dependent continuously on the electrical property.  

 The ill-posed characteristic in inverse problem usually comes from the invalidation of the third 
condition of the well-posed problem. The soft-field problem and the low signal to noise ratio of 
the capacitance measurements are the main reasons for the invalidation of the third condition. 
Both factors assist in increasing the complexity of the solution of the inverse problem. The 
regularization methods are mainly used in solving the ill-posed inverse problem. The idea is 
replacing the original problem which suffers from inherent shortage of information by similar 
one which has more information (Soleimani et al 2005, Soleimani 2005). 

Various reconstruction techniques have been developed for the ECT system such as the Linear 
Back Projection (LBP), Tikhonov regularization, Singular Value Decomposition (SVD), Iterative 
Linear Back Projection (ILBP), and optimization techniques like Neural Network Multi-criteria 
Optimization Image Reconstruction Technique (NN-MOIRT). Generally, most of these algorithms 
are based on the sensitivity model, where the target area is divided into a large number of 
elements and the response of the sensor is obtained as a linear summation of elements 
responses when the permittivity of each element changed individually. The permittivity 
distribution image is then reconstructed by mapping back the capacitance measurements values 
depending on the sensitivity matrix (Yang et al 1995). Iterative versions of most of the single 
step reconstruction algorithms have been implemented to improve the reconstructed image 
quality (Soleimani et al 2005). In iterative reconstruction methods the difference between the 
measured capacitance and the simulated capacitance obtained from the solution of the forward 
problem is used to update the image each iteration. The iteration process runs as long as the 
least square error between the measured and calculated capacitance does not reach acceptable 
certain value. 
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Optimization algorithms are another type of iterative reconstruction methods (Warsito et al 
2001, Soleimani et al 2005, Nooralahiyan et al 1997). These algorithms are not based only on the 
least square error measure which contains no information about the nature of an accurate 
solution but on a set of objective functions. The most likely accurate image is obtained by 
minimizing the objective functions set beside the least square error. Entropy function and 
smoothness function are some other examples of the objective functions (Marashdeh et al 2006, 
Warsito et al 2001, Warsito et al 2003). The new optimization algorithm proposed in (Warsito et 
al 2001) by Warsito and Fan is a superior imaging technique used to capture 3-D images for 
multi phase flows. It uses the sensitivity variations along all three dimensions to solve the 3-D 
ill-posed inverse problem. However the entire performance of the reconstruction process is 
mainly dependent on the solution of the forward problem; it has less attention from researchers 
compared by the inverse problem solution. Three methods have been used to solve the forward 
problem: 1) linearization methods (Huang et al 1989), 2) analytical methods (Munck et al 2000), 
and numerical methods such as finite difference method (Yang et al 1995), finite element 
method (Loser et al 2001), and boundary value method (Warsito et al 2001, Yang 1999). Large 
computational time and limit resources are the main problems associated with the numerical 
methods, while the analytical methods usually work with symmetric sensor structures. Since the 
capacitance tomography is characterized as a soft-field problem, there is no accurate 
relationship between the capacitance measurements and the medium distribution, and hence 
the analytical methods have not been widely implemented to solve the forward problem. The 
following sections contain a comprehensive discussion about the most commonly used 
reconstruction techniques for ECT systems.  

NON-ITERATIVE METHODS  

  

LINEAR BACK PROJECTION (LBP) 

 

The LBP technique is commonly used in on-line tomography applications due to its simplicity 
and high speed. However, the result images are frequently blurred and the image quality is poor 
(Yang et al 2003, Isaksen 1996). The capacitances measurements are linearly mapped from the 
pixels values using the sensitivity matrix (Ltd 1999). Equation 6.9 shows the relationship 
between the measured inter-electrode capacitances C and the permittivity vector G of each pixel 
written in matrix form:  

 SGC =          EQUATION 6.9 

where C  contains m  normalized capacitance measurements, G  is a column vector containing 

n  normalized pixel permittivities and S  is an nm  normalized sensitivity matrix. The 

normalized sensitivity matrix  is obtained by keeping all the elements inside the imaging area 

occupied by a lower permittivity material except one element occupied by a high permittivity 
material. As shown in Equation 6.9, any individual capacitance measurement is calculated by 
adding up the effect of each individual element multiplied by its permittivity weight, for any 
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arbitrary materials distribution G . However, in fact, this is approximately true because the 

electric field is soft-field and it is not uniformly distributed. The blurring and low qualities of the 
final images are mainly caused by this linear approximation. Since the purpose of using the ECT 
system is to derive the permittivity distribution from the measured capacitances, the inverse of 
the sensitivity matrix can be used to obtain the permittivity distribution. But, unfortunately the 
sensitivity matrix is not square; hence it is not possible to obtain the inverse and some other 
transformations should be applied. The LBP algorithm is based on applying the transpose of the 
sensitivity matrix instead of the inverse. Therefore Equation 6.9 becomes  

CSG T.=         EQUATION 6.10 

 

The reconstructed images by LBP in the hard-field tomography systems such as X-ray system 
have sharp edges and not blurred (Gehrke et al 2005, Hytros et al 1999). In the X-ray 
tomography any single ray from the source to the detector passes through only one set of pixels, 
but in the ECT system the electric field between any two electrodes spreads out and intercepts 
many pixels (Gehrke et al 2005, Hytros et al 1999). The blurring effect in such systems can be 
compensated by applying a correction procedure. Thresholding correction procedure is a well 
known technique used to improve the contrast between different materials inside the imaging 
area (Xie et al 1992). It estimates the color level value for each material. Figure 6.5 shows an 
image obtained using LBP technique for a 12-electrode ECT sensor (Yang et al 2003).   

 

 

FIGURE 6.5: THE IMAGE OBTAINED USING LINEAR BACK PROJECTION TECHNIQUE 
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SINGULAR VALUE DECOMPOSITION 

  Since the sensitivity matrix in the ECT system is a non-square matrix (the number of pixels is 
usually much larger than the number of measurements), decomposition methods such as SVD 
are used to handle this problem (Ltd 1999, Warsito et al 2001, Tikhonov et al 1977). Singular 
value decomposition is a pseudo-inverse technique providing the least norm solution to obtain 
the inverse of non-square matrices. The sensitivity matrix S can be decomposed using SVD as  

TVUS =         EQUATION 6.11 

where columns of U  are eigenvectors of 
TSS , and columns of V  are eigenvectors of SS T

, and 

 is diagonal matrix of the same size as S . The diagonal of matrix  is formed by square roots 

of the nonzero eigen values of both 
TSS and SS T

. Thus the pseudoinverse of matrix S  is 

calculated as  

TUVS 1=         EQUATION 6.12 

where S  is a square matrix and the LBP reconstruction algorithm is performed as follows:  

CSG=         EQUATION 6.13 

  

TIKHONOV REGULARIZATION  

 

Ill-posed inverse problems have been solved using regularization methods (Warsito et al 2001). 
Tikhonov regularization is a common technique used to solve the ill-posed inverse problem in 
ECT. The Tikhonov regularization calculates the inverse by adding a regularization parameter 

and matrix  must be modified into ( ISST
). By starting from the forward Equation 6.9, 

the inverse solution is obtained as described in Equations 6.14  to 6.16:  

CSSGS TT =         EQUATION 6.14 

  

CSSSG TT 1)(=
       EQUATION 6.15 

but SS T
 is not an invertible matrix, and hence a regularization parameter is introduced for 

matrix to be inverted  

CSISSG TT 1)(=        EQUATION 6.16 

where  is a regularization parameter, and I  is the identity matrix. Equation 6.16  is 

considered as a modified version of Equation 6.15. The quality of final images is mainly 
dependent on value of the regularization parameter. Some mathematical methods such as L-
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curve method (Hansen 1992, Hansen et al 1993) and the generalized cross-validation (Golub et 
al 1979) methods have been used to identify proper regularization parameter value which 
increases the solution stability.  

ITERATIVE TECHNIQUES  

 Since the relationship between the permittivity distribution and the capacitance measurements 
is non-linear, the precise solution of the inverse problem can not be calculated by using single 
step or non-iterative techniques (Yang et al 2003, Ltd 1999, Gamio 2002). The iterative 
algorithms are based on using the permittivity distribution of the current image to calculate the 
capacitance measurements, and then the difference between the actual measured capacitance 
and the calculated capacitance is used to update the new image. The iteration loop is terminated 
by reaching a satisfactory percentage error. The iterative techniques are slow due to the time 
consumed by solving the forward problem either by the finite elements methods or using stored 
sensitivity maps. However, recently, the neural networks are used to solve the forward problem, 
which expedite the reconstruction process (Marashdeh et al 2006, Gamio 2002). 

Iterative reconstruction techniques can be categorized into (Isaksen 1996, Donthi 2004): (1) 
Algebraic Reconstruction Techniques (ART), and (2) optimization techniques (Isaksen et al 
1992). The ILBP is the most used technique among the ART techniques. The forward problem in 
ILBP is solved using forward projection as in Equation 6.9 and the iterative loop tries to 
minimize the mean square error between the measured and calculated capacitance. In contrast, 
the optimization techniques use not only the MSE function but also some other objective 
functions. The optimization techniques try to obtain the most optimal solution for the ill-posed 
inverse problem by minimizing or maximizing the objective functions. For some other objective 
functions used in the optimization algorithms, the smoothness and peak functions are 
considered. All these function with the mean square error are used in neural network multi 
criterion optimization technique (NN-MOIRT) (Warsito et al 2001).  

 

ITERATIVE LINEAR BACK PROJECTION (ILBP) 

 

Obtaining accurate images from the ECT system using single step reconstruction algorithms is 
impossible. To overcome the non-linearity problem and improve the quality of the ECT images 
the inverse problem is solved iteratively (Isaksen 1996, Yang 1996). Iterative techniques are 
classified depending on the method used to update the reconstructed image and the method 
used to solve the forward problem. ILBP algorithm is based on using Equations 6.9 and 6.12 
alternately to correct the capacitance and pixel values. 

Generally, the ILBP algorithm solves Equation 6.17 iteratively to calculate the image vector  

)(=
1 kmTkk

SGCSGG
       EQUATION 6.17 
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where 
mC  is the measured capacitance vector, 

kSG  is the forward problem solution,  is the 

relaxation factor, and k  is the iteration number. Solution of Equation 6.17 can be summarized in 

the following steps:   

    • The LBP technique is used to calculate the initial image using normalized sensitivity matrix 
(Equation 6.12),  

    • The initial permittivity image is used to solve the forward problem and obtain a set of 
simulated capacitance measurements (Equation 6.12). The sensitivity matrix can be updated 
depending on the new permittivity distribution; however this process is a time-consuming 
process. Neural network model (Marashdeh et al 2004) is used to obtain the modified sensitivity 
matrix faster than the finite element model.  

    • The difference between the simulated and actual measurement is calculated to generate a set 
of error pixels values (Equation 6.12),  

    • The final image is generated by subtracting the error pixels values from the previous image. 
The algorithm is terminated when the error reaches a certain acceptable value.  

  

NN-MOIRT 

 

Artificial neural networks have been used in the optimization reconstruction techniques to 
simulate the non-linearity of the ECT system (Duggan et al 1995, Nooralahiyan et al 1994, 
Nooralahiyan et al 1995). It has proved the ability to provide both reasonable accuracy and high 
speed. Hopfield neural networks (Hopfield 1984, Hopfield et al 1985) are used in the NN-MOIRT 
optimization technique to obtain more accurate image describing the distribution inside the 
imaging area (Warsito et al 2005, Warsito et al 2001, Warsito et al 2003). An energy function 
consisting of three objective functions is minimized to compute the optimal value of the 
reconstructed image in the NN-MOIRT technique. The energy function is described as  

        EQUATION 6.18 

where these three functions are 

 

(1) Entropy function  
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      EQUATION 6.19 
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(2) Weighted square error function  
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      EQUATION 6.20 

where )(GF  is the forward problem solution of image G , and 
mC  is the measured capacitance 

vector. 

(3) Smoothness and peakedness function  
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     EQUATION 6.21 

where 11, 01, 00 321 www  are weighting constants, and X  is a high pass filter 

matrix. Although the algorithms based on the neural networks are fast and build more accurate 
images, it sometimes fails to reconstruct actual complex distributions.  

CAPACITANCE MEASURING CIRCUIT  

 

Since capacitance is defined as the ratio of the amount of charge per unit voltage, the mutual 
capacitance is measured by applying voltage to electrodes and measuring induced electric 
charges. Most of the ECT systems developed so far measure the mutual capacitance by exciting 
single electrode and the other electrodes functioning as detectors. Typically in the 12 electrodes 
ECT system, the excitation voltage is applied on the first electrode while the rest of the 
electrodes are grounded. The mutual capacitances are determined by measuring the charge on 
the earthed electrodes then dividing it by the excitation voltage. The cycle is repeated by 
applying the excitation voltage on electrode number n  and measuring the charges on the 

electrodes number 1 )(n  to 12. Applying this procedure ensures that all the measured 

capacitances are independent and the total number of the measurement is 1)/2(nn . There are 

two major challenges in the measuring capacitance circuits in the ECT systems. First, the 
standing capacitances are very large (measured in pF) compared to the change (measured in fF) 
in the capacitance measurements related to any variation in the permittivity distribution inside 
the imaging area (Yang 1999, Yang et al 1995). The second challenge associated to the ECT 
systems is the effect of stray capacitance which is much larger than the measured capacitance 
(about 150 pF) (Yang 1999), hence the capacitance measuring circuits must be stray-immune. 

The main sources of the stray capacitance are (Yang 1996)   

    • The screened cable (about 100pF for 3ft) connecting the electrodes to the measuring circuits.  

    • The outside earthed screen which is used to eliminate the external noise effects.  
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    • The CMOS switches if used for multiplexing the electrodes between the excitation and 
detection modes (about 8pF) (Wang et al 2005).  

 The electronic circuits used for the ECT systems should satisfy the following fundamental 
requirements:   

    • Multiplexing between the electrodes to work as transmitter as well as detector.  

    • Minimum cross-talk between the transmitting and detecting channels.  

    • High immunity to the stray capacitance effects.  

    • Fast measuring rate.  

    • Low drift relating to time and temperature.  

    • Robustness against external noise.  

 

Among all the capacitance measuring circuits available to measure the capacitance, there are 
three types most implemented in the ECT systems to measure the capacitance and fulfill the 
above requirements:   

    • The charge/discharge measuring circuit (Huang et al 2002, Williams et al 1998).  

    • The AC-based measuring circuit (Yang et al 1999, Hahnel et al 1995).  

    • Differential sampling circuit (Wang et al 2005).  

 The charging/discharging circuit is the first circuit implemented for the real-time ECT systems 
at University of Manchester, Institute of Science and Technology (UMIST) (Huang et al 2002). It 
is based on applying charging/discharging phases on the measured capacitance consecutively. 
The charging/discharging current is converted to a voltage relative to the measured capacitance 
by a feedback pseudo-differential converter consisting of two operational amplifiers and a 
resistor and capacitor in their feedback passes. It has a high stray immunity and a linear 
relationship between the output voltage and the measured capacitance (Williams et al 1998). 

In the AC-based capacitance measuring circuit, a sinusoidal source signal is applied on the 
transmitting electrode while the detecting electrode is connected to a feedback operational 
amplifier (Yang et al 1999). This op-amp is used to produce an AC voltage representing the 
amount of the charges accumulated on the detecting electrode. The ac-based capacitance 
transducer can measure the inter-electrode capacitance with a high Signal-to-Noise Ratio (SNR) 
and high stray capacitance immunity even if the stray capacitance is large compared to the inter-
electrode capacitance. 

The third circuit implemented to measure the capacitance in ECT system is based on the 
differential sampling method. It combines the operations principles of the previous two circuits 
to produce a DC voltage proportional to the measured capacitance. The charging/discharging of 
the measured capacitance takes place only once during the measuring cycle (Wang et al 2005) 
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which eliminates the noise effect. The circuit is designed to reduce the stray capacitance effect 
without a low pass filter to increase the data capturing rate.  

 

CHARGING/DISCHARGING CAPACITANCE MEASURING CIRCUIT 

Figure 6.6 shows the charging/discharging circuit. The DC input voltage is modulated to a square 

wave by using two switches 1S  and 2S . The unknown capacitance xC  is derived by the 

generated square wave (Yang 1999, Hu et al 2007). Switches 3S  and 4S  operate as a 

demodulator and generate a low pass filter with the capacitor C connected on the inverting 

terminal of each op-amp. The stray capacitance is represented by 1sC  and 2sC . The stray 

capacitance effect is eliminated by connecting the non-inverting terminals of the two op-amps to 

the virtual ground which keeps the potential across 2sC  all the time at zero (Huang et al 2002, 

Huang et al 1988, Huang et al 1988). The stray capacitance 1sC  is connected in parallel with the 

voltage source and driven directly by the source; hence 1sC  does not affect the measured 

capacitance.   

 

 

FIGURE 6.6: CHARGE/DISCHARGE CAPACITANCE MEASURING CIRCUIT (YANG 1996) 

 

There are two phases of charging and discharging the measured capacitance during each 
measurement cycle. The measured capacitance is charged during the charging phase when the 

switches 1S  and 4S  are closed and 2S  and 3S  are open. The charging current is converted to a 

negative voltage 2V  by the feedback op-amp 2 but 3S  is open. During the discharging phase 

switches 2S  and 3S  are closed and 1S  and 4S  are open, therefore the measured capacitance xC  
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will discharge through feedback op-amp 1 producing a positive voltage 1V  but 4S  will be open. 

The average DC voltages 1V  and 2V  are fed to a differential amplifier to produce a single DC 

output voltage proportional to the measured capacitance. 

The charge injection problem, where the coupling capacitances of the CMOS switches are much 
higher than the measured capacitance, is the main disadvantage of the charging/discharging 
circuit. The differential configuration solves this problem to some extent by canceling the 
injection effect from the charging phase by the effect from the discharging phase. The maximum 
frequency of the CMOS switches imposes another limitation on the operation of this circuit 
where the operation frequency cannot be higher than 2.5MHz. On the other hand, the low cost 
and the simple structure of this circuit are the main reasons for using it in many industrial 
applications.  

AC-BASED CAPACITANCE MEASURING CIRCUIT 

 

The AC-based capacitance measuring circuit is shown in Figure 6.7 (Hahnel et al 1995). The 

excitation voltage is a sinusoidal voltage )(tVi  applied on the measured capacitance to generate 

an AC output current. This current is converted to an AC output voltage proportional to the 

measured capacitance xC  through an op-amp having a capacitor 
fC  and resistor 

fR  in its 

feedback pass. Using 
fR  in the feedback pass is important to avoid saturation of the op-amp due 

to its bias current charging 
fC .   

  

FIGURE 6.7: AC-BASED CAPACITANCE MEASURING CIRCUIT (YANG 1996) 

 

The transfer function the AC based circuit is calculated by assuming the used op-amp is ideal 
(Yang et al 1999, Kuroda 1983)  
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       EQUATION 6.22 
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where  is the angular frequency of the sine-wave source. If a large value of 
fR  is selected so 

that 1>>fxRCj , Equation 6.22 becomes  
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=

        EQUATION 6.23 

 The effect of the stray capacitance is eliminated by using the same configuration used in the 

charging/discharging circuit for 1sC  and 2sC . Since 1sC  is driven by the voltage source, it does 

not have any influence on the voltage applied on xC . Being the non-inverting terminal of the op-

amp connecting with the virtual ground, the voltage across 2sC  is always zero and thus it has no 

effect on the output voltage. The complicity and expensive cost of the AC-based circuit put some 
limitations on the use of this circuit in the high frequency applications (Nakazawa et al 2005).  

 

DIFFERENTIAL SAMPLING CIRCUIT 

The schematic diagram of the differential sampling circuit is shown in Figure 6.8 (Wang et al 

2005). The circuit consists of two sections. The first section is the charge op-amp 1U  connected 

to 
fC  and 1S . The second section composts of two voltage followers 2U  and 3U  with hold 

capacitors 1hC  and 2hC  and switches 2S  and 3S  working as a sample/holder stage. The 

measuring cycle starts when 1S  is open, 2S  and 3S  are closed, and iV  is high, hence both 

holding capacitors are pulled down to 3V . In the second cycle, 3S  is opened and iV  is changed to 

low, therefore 1hC  is charged to . The final output voltage 4V  is proportional to the measured 

capacitance as  

f

x

C

VC
V =4

        EQUATION 6.24 

 

FIGURE 6.8: DIFFERENTIAL SAMPLING CAPACITANCE MEASURING CIRCUIT (HAHNEL ET AL 1995) 
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Differential sampling circuit is stray-immune since it handles the stray capacitance effect in the 

same way such as the other two circuits (Wang et al 2005). However, the offset voltages in 2U  

and 3U  have significant influence on the final output, and need to be calibrated continuously to 

obtain the final output changes correctly with respect to the measured capacitance. 

DESIGNED CAPACITANCE MEASURING CIRCUIT  

DESCRIPTION 

 

The capacitance measuring circuit that is designed for the metal fill monitoring application 
provides accurate measurement of extremely small inter-electrode capacitances with high 
linearity. The circuit is based on differential charging/discharging method and provides 
immunity against stray capacitances. It operates over a wide frequency range and the phase shift 
is approximately zero. The robustness to external noise sources makes this circuit suitable for 
the challenging metal casting environment. The wide range of possible operating frequency is 
advantageous for operation in areas where specified frequencies are not permitted or might 
cause interference (Hytros et al 1999, Isaksen 1996). The higher the frequency of operation, the 
higher is the speed of the data collecting process; this speed is limited only by the time constant 
of the low pass filter connected across the output and the capacity of the wireless mote.  

 
 

 
 

FIGURE 6.9: BLOCK DIAGRAM OF THE CAPACITANCE MEASURING CIRCUIT. 

 

OPERATION OVERVIEW 

The block diagram in Figure 6.9 shows the operation of this capacitance measuring circuit. 
The transmitter probe is powered with a constant current AC supply that is driven by a digital 
oscillator at a constant frequency. This oscillator also provides the reference for the 
synchronous detector.  The front-end amplifier is a high bandwidth current feedback amplifier 
that produces an AC voltage that is proportional to the measured capacitance. The next stage 
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includes a synchronous demodulator and a low pass filter to rectify the signal and reduce high-
frequency noise caused by other signals not synchronized to the transmitter phase. A differential 
instrumentation amplifier is used to amplify the difference between the two DC outputs of the 
synchronous detector and suppress the common mode voltage. Furthermore, the signal is level-
shifted to nullify the standing capacitance that exists in the flask; and then, it is passed through a 
final amplification stage that produces a DC voltage output that is proportional to the measured 
mutual capacitance between the electrodes (Hytros et al 1999). 

It would have required 28 circuits to obtain the capacitance values from the 28 different 
transmitter/receiver electrode pairs. Instead, four capacitance measuring circuits and a 
multiplexer circuit are operated simultaneously to measure these output values from the 
embedded sensors in the casting flask; thus contributing to the overall cost savings. The control 
signals for setting the multiplexer is sent from the wireless mote and this controls the particular 
sensor readings that are being obtained at any particular time.  
 

OPERATION DETAILED ANALYSIS 

Capacitive sensors are widely used in various industry applications such as those that measure 
the speed and position of moving objects (Meyer 1996, Fabian et al 1998, Li et al 1997), liquid 
level, flow, pressure, filling time, dielectric properties characterization, and industrial 
monitoring processes (Patil et al 2007, Yang 1999, Goes et al 1996). Usually, these sensors are 
designed in such a way that the variation of the parameter being measured causes a change in 
the sensor capacitance. In most of these applications the capacitance variations are very small 
compared to the standing capacitance values. Another challenge is the stray capacitance which is 
much higher than the capacitance changes. Therefore, the fundamental objectives of the 
electronic circuits used for measuring the capacitance are high sensitivity to extremely small 
capacitance variations, stray immunity, fast data capture rate, high linearity, and robustness 
against external noise sources. Some measurement circuits developed to measure small changes 
in capacitance in Electric Capacitive Tomography (ECT) applications are comprehensively 
discussed in (Barone et al 2006, Goes et al 1996), (Yang et al 1999, Hahnel et al 1995). This work 
presents a new low cost, high resolution, wide operating frequency band, a simple interface to 
measure very small changes of the capacitance in the presences of large stray capacitances. The 
measuring circuit uses a high bandwidth current feedback amplifier to produce an AC voltage 
proportional to the measured capacitance. Figure 6.10 shows the circuit diagram of the 
capacitance measuring circuit using the current feedback amplifier. A second stage based on a 
synchronous demodulator, low pass filters and an instrumentation amplifier is used to convert 
the AC voltage to DC voltage representing the measured capacitance while reducing the effect of 
external noise. 
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FIGURE 6.10: SCHEMATIC DIAGRAM OF CAPACITANCE MEASURING STAGE 

The proposed circuit has been developed for the measurement of the metal fill time in the Lost 
Foam Casting (LFC) application and captures the molten metal characteristics during the casting 
process (Patil et al 2007). A system of such sensors to measure the fill time is a feedback tool to 
achieve a consistent and controllable process that in turn correlates to improve casting quality. 

The proposed circuit can work in a wide range of frequencies which enables the operation of a 
number of circuits simultaneously each one operating at a different frequency. The 
demodulation stage of the circuit is based on synchronous demodulation. Thus, small shifts in 
the operating frequency among the boards would result in the reduction of the crosstalk and 
independent operation of the different boards. Using multi-circuits working at different 
frequencies is especially needed in the metal fill time application to allow the boards to operate 
simultaneously to precisely measure the fill time. The operating frequency can be selected in the 
range of (1-10MHz). This wide range with relatively high frequency allows a high sampling rate 
of the output voltage while maintaining the noise rejection advantages created by the 
synchronous demodulation which require averaging over multiple cycles. The capacitance 
measurement circuit is compact to allow for easy deployment within a casting flask. A wireless 
version of this circuit is developed using Mote-technology (Patil et al 2007) to make the circuit 
more suitable for use in foundry environment. The non-ideal characteristics of the 
semiconductor devices used in the circuit are discussed in this work. The theoretical analysis 
has been further verified through LTSpice simulation.  

CIRCUIT DESCRIPTION  

Figure 6.11 shows a schematic diagram of the proposed capacitance measurement circuit. This 
circuit provides high sensitivity to resolve very small capacitance change and has high immunity 
to the stray capacitances. This circuit consists of two stages:   

    • Measuring stage  

    • Demodulation and amplification stage  
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 The measuring stage consists of square wave generator inV  working within range of 1-10MHz, 

the capacitance to be measured ( xC ), two capacitors ( 21, ss CC ) simulating the stray 

capacitances, and current feedback operational amplifier MAX4182 working in a wide frequency 
range. 

 

 

FIGURE 6.11: SCHEMATIC DIAGRAM OF CAPACITANCE MEASUREMENT TRANSDUCER 

    

Assuming that the current feedback op-amp is ideal with an infinite gain, infinite input 
impedance and zero output impedance, the relation between the output of the measuring stage (

1V ) and the input ( inV ) can be described as: 
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where (
xs CC >>2

), Equation 6.25 will be reduced to:  
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      EQUATION 6.26 

 To eliminate the stray capacitance effect, angular corner frequencies of the zero fz CR11/=  

and the pole 
221/= sp CR  should be located far away from the operating frequency range (1-

10MHz) by adjusting the values of parameters 21, RR , and 
fC . A set of possible values is 

10=1R , 10=2R , pFCf 10= . Stray capacitance is assumed as pFCs 100=2
. These values 

result in corner frequencies at GHzfz 1=  and GHzfp 0.16=  which are very far from the 

operating frequency range. Therefore, the effect of stray capacitance 2sC  is diminished and the 
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relationship between voltage 1V  and the measured capacitance xC  is linear as shown in 

Equation 6.26.  
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      EQUATION 6.27 

 The values of the resistances 1R  and  are chosen to be equal to reduce the effect of the bias 

current in both terminals of the op-amp. Since the stray capacitance 2U  is driven directly by the 

excitation source, it does not change the voltage applied on the measured capacitance and thus 
has no influence on the output voltage. 

The measuring stage and demodulation stage are separated by a buffer which is mainly used to 

drive the capacitive load hC  and  and provide a positive offset to voltage 1V . The offset 

ensures that the signal is above zero all the time as required by the switch utilized in the current 
design which accepts only positive inputs. 

The second stage in the capacitance measuring circuit is the demodulation and amplification 
stage. This stage works as a synchronous demodulator stage using a single pole double throw 
analog switch synchronized to direct the input to one of its two outputs based on the transmitter 

signal ( inV ). The signal generated by the measurement stage is running at the same frequency 

and phase as the synchronization (transmitter) signal. Thus, high level signal passes to one 
output while the low part of the signal passes to the second output. The capacitor holds that 
level on each of the outputs as the second output is connected to the measurement stage. Two 
low pass filters composed of the `ON' resistance of the multiplexer and one of the two capacitors 

( lh CC , ) produce DC signals corresponding to the high and low levels of the output of the 

measurement stage, respectively. Other signals not synchronized to the transmitter signal 
produce a common mode voltage on both of the outputs from the analog switch. To remove the 
effect of the common mode voltage, a low cost instrumentation amplifier AD623 is used in the 
amplification stage. It amplifies the difference between the two DC levels produced by the low 

pass filters into the final DC voltage ( ) that is proportional to the measured capacitance. This 

is the same principle that allows the operation of multiple boards with slight difference in 
frequency in the vicinity of each other and is further explained, hereafter. 

Assume that two boards are operating at frequencies 0f  and ff0 . The signal at the output 

of each of the analog switches will be periodic with a frequency equal to f . The two signals at 

the two switch outputs will have equal DC averages. These two signals are filtered by the low 
pass filter connected to each output. Selection of the cut off frequency of the low pass filters will 

determine how small the difference in the operating frequency f  between the boards can be 

without much interference between the two boards. A narrow bandwidth of the low pass filters 
will be effective in reducing interference from other boards operating in the vicinity with close 
operating frequencies, but will also result in a slower response of the capacitance measurement 

circuit to changes in the measured capacitance ( xC ). Figure 6.12 shows a simulated response of 
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the output voltage produced only by interference from a board operating at a frequency 

00 0.1ff  ( MHzf 1=0 ). The two signals at the output of the low pass filters have frequencies 

equal to 100 KHz and are thus slightly filtered by the LPF with cut off frequency less than 100 
KHz. As the frequency difference increases the output signal due to the interference signal is 
further reduced and vice versa. 

 

FIGURE 6.12: OUTPUT OF THE DEMODULATION STAGE FOR A SIGNAL WITH FREQUENCY OFF BY 10% 
FROM TRANSMITTER FREQUENCY 

 

STRAY CAPACITANCE IMMUNITY 

  

The second main advantage achieved by locating the corner frequencies at very high frequency 

far away from the operating frequency is the elimination of the stray capacitance 2sC  effect. 

Equation 6.27 shows that the output voltage from the measuring stage does not depend on the 
stray capacitance, consequently, there is no effect for the stray capacitance on the output 

voltage. The other stray capacitance 1sC  connected between the source and the ground is driven 

by the excitation source. The current through 1sC  has no effect on the current through the 
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mutual capacitance xC  assuming the output impedance is negligible. The response of the 

transducer related to the changes of the stray capacitance has been simulated. The final output 

has been measured by applying a series of step changes in the stray capacitance 2sC . The stray 

capacitance has been changed in the range of 50pF to 200pF with a step of 25pF, while the 

measured capacitance is fixed pFCx 0.35= . The output changes related to the change in the 

stray capacitance are shown in Figure 6.13 . When the stray capacitance was changed from 50pF 
to 200pf (maximum value of the stray capacitance), the output changed by 0.42mV, which 
implies that the sensitivity of the output of the transducer with respect to the changes of the 
stray capacitance is negligible compared with the effect of variations in the measured 

capacitance xC . The sensitivity to changes in stray capacitance is 2.8x107 V/F, while the 

sensitivity for the measured capacitance is about 2.8x1011 V/F (Deabes et al 2008) 

 

. 

FIGURE 6.13: FINAL OUTPUT VOLTAGE WITH CHANGING THE STRAY CAPACITANCE 

 

ANALYSIS OF THE MEASURING STAGE WITH NON-IDEAL OP-AMP 

   

FREQUENCY RESPONSE 

  Real operational amplifiers do not have the ideal characteristics. The real characteristics of the 
op-amp are taken into consideration to calculate an accurate frequency response for the 
capacitance transducer circuit. To simplify the analysis, the measuring stage shown in Figure 
6.10 is divided into two sections, the input circuit which is connected to the positive terminal of 
the op-amp and the current feedback op-amp with the feedback capacitor 

fC . The schematic 

diagram of the equivalent circuit for the current feedback amplifier with feedback is shown in 
Figure 6.14. The non-ideal analysis of the second section is discussed first. 
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FIGURE 6.14: NON-IDEAL CIRCUIT MODEL OF THE CURRENT FEEDBACK AMPLIFIER WITH FEEDBACK 
CAPACITOR 

 

Ideally the unity gain buffer, between the inputs of the amplifier, causes the non-inverting input 

impedance to be infinite while the inverting input impedance ( inR ) to be zero. The buffer allows 

a current to flow in or out of the inverting input, and the unity gain forces the inverting input to 
track the non-inverting input. This current is mirrored through the transimpedance and 

converted to a voltage (
ez IT ) at the output. The output is a linear, current-controlled voltage 

source with zero output impedance. The circuit in Figure 6.15 is analyzed as follows: 
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where 1V  is the output, V  is the voltage at the inverting terminal and )(sTz  is the frequency 

dependent transimpedance analogous to the open loop gain in the voltage feedback amplifier.  
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 After substituting (6.29) in (6.28), the closed loop gain of the current feedback circuit is  
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     EQUATION 6.31 

 The transimpedance of the current feedback amplifier can be approximated by  
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       EQUATION 6.32 

where zT  is the open loop transresistance of the current feedback operational amplifier. The 

amplifier used here, MAX4182, has a typical value of transresistance equal to 
6103  and cw  

is the cut off angular frequency which is dependent on the closed loop gain of the amplifier. The 

cut-off angular frequency is equal to 
610  rad/sec at an operating frequency of 1 MHz. 

After substituting Equations 6.32 into 6.31, the closed loop gain of the current feedback op-amp 

with a feedback capacitor FC  is given by  
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  EQUATION 6.33 

 Equation 6.33 shows that the closed loop gain of the feedback current detector of the measuring 

circuit is characterized by one zero located at angular corner frequency 11/2= RCw fz  and 

two poles at  and 2pw  which can be calculated by setting the denominator of Equation 6.33 

equal to zero. 

The analysis of the input section shown in Equation 6.36 is discussed next. The transfer function 

of the input circuit is obtained by applying a potential divider formed by 22 || sCR  and xC   
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 since (
xs CC >>2

) Equation 6.34 can be simplified to  
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       EQUATION 6.35 

 

FIGURE 6.15: CIRCUIT DIAGRAM OF THE INPUT SECTION 
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The closed loop gain of the measuring circuit is obtained by combining the frequency response 

of the input and the feedback op-amp circuits. The relation between the output  and the input 

inV  is shown in Equation 6.36.  

 

             EQUATION 6.36 

 Equation 6.36 describes the non-ideal closed transfer function of the measuring stage of the 
capacitance measurement board. As shown in this equation the non-ideal response is 
characterized by two zeros and three poles. Two of these poles are mainly dependent on the cut 

off angular frequency cw  of the op-amp and the feedback capacitor 
fC . The other pole depends 

on the stray capacitance 2sC . It may be noticed the if zT ,  
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      EQUATION 6.37 

  

SIMULATION RESULTS 

  To verify the theoretical non-ideal analysis, the frequency response of the measuring stage is 
obtained through circuit simulations using LTSpice. The typical parameters' values have been 
chosen based on the analysis presented earlier. The values for the feedback capacitor 

pFCf 10=  and the resistor 10=1R  are adjusted to eliminate the effect of the zero by 

locating its corner frequency GHzRCf fz 1.6=1/2= 1
 far from the operating frequency range 

1MHz-10MHz. The other parameters such as 160=i nR  and the open loop DC gain 1 0 63=A  

are obtained from the stockticker MAX4182 op-amp datasheet. The cut-off frequencies of the 
two poles coming from the non-ideal characteristic of the op-amp are calculated using Equation 
(6.32) as KHzfp 57.6=1

 and the other corner frequency is very far at GHzf p 4=2 . In 

comparison with the results from the LTSpice simulation, the first corner frequency 

KHzfp 53.5=1
 is shown very clearly in Figure 6.16, but the corner frequency of the zero and 

the other pole are beyond the operating frequency bandwidth of the op-amp. There is another 
corner frequency coming from the input section and calculated from Equation 6.34 as 

MHzRCf sp 159=1/2= 223
 using the following typical values pFCs 100=2

, pFCx 0.35= , 

10=2R  and 10=1R  to eliminate the effect of the offset voltage while the simulation result 

shows M Hzf p 1 5 8 .5=3  (see Figure 6.16). 
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FIGURE 6.16: FREQUENCY RESPONSE OF THE MEASURING CIRCUIT 

 

There are two significant advantages for the developed circuit obvious in the result of the 
frequency response shown in Figure 6.16. In the range between 200 KHz to 20 MHz, it is clear 
that the gain is constant and the phase shift is almost zero. Thus, the same board can be operated 
at any frequency within this frequency range. Multiple circuits can be operated simultaneously 
eliminating the need for time multiplexing. In the following section an application where the 
capacitance measuring circuit is utilized is explained.  

 

EXPERIMENTAL PROCEDURE AND RESULTS 

 

FOUNDRY TESTING 

 

The aim of the system is to measure the change in the capacitance values between the 
embedded transmitter and receiver pairs (sensors), which correspond to the changes in the 
molten metal flow inside the foam pattern. The model flask used in the application consists of a 
cylindrical flask with 8 electrodes mounted on the interior sides around the foam pattern as 
shown in Figure 6.17.  

The lost foam process consists of first making a foam pattern having the geometry of the 
desired finished metal part. Afterwards the pattern is dipped into a suspended refractory 
solution which creates a barrier between the course sand and the smooth foam surface. The 
refractory coating leaves a thin heat resistant layer that is air dried. The foam pattern is then 
attached to a long fiber sprue inside the casting flask and the path of the molten metal flow is 
grounded. As with the Lost Foam Casting process, the flask is then filled with sand and 
sufficiently vibrated to achieve good compaction.  
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FIGURE 6.17: CROSS-SECTION OF THE METAL CASTING FLASK WITH EIGHT ELECTRODES. 

The casting process is a counter-gravity, vacuum-assisted system whereby the vacuum is 
applied to the top of the flask through a sealed head and the metal is sucked out of the furnace 
and through a sprue to the foam pattern from the bottom of the flask. The more the vacuum 
applied to the system, the higher the metal flow rate and the lower the fill time. The sensor box 
is mounted on the outside of the flask and connected to the electrodes using BNC cables. Four 
capacitance measuring circuits are operated simultaneously in the sensor box to measure the 
mutual capacitance changes between the transmitter and receiver electrode pairs. As the 
amount of the molten metal inside the foam pattern increases, the mutual capacitance measured 
between the electrodes increases. These circuits work alongside a wireless sensor network for 
transmitting the measured data to a central PC running the application software for collecting 
and analyzing the data. Using wireless techniques significantly reduces the effect of stray 
capacitances since the length of the cables used to connect the sensors to the computer is much 
shorter. .  Figure 6.18 shows a flask, with the complete sensor box attached, being prepared for a 
metal fill. 

 

RESULTS 

 

A program designed using LabVIEW software is used to send commands to the measuring 
circuits for setting the values of various components during calibration and to collate the 
transmitted data. As the molten metal fills different parts of the foam pattern, the fill profile is 
obtained from the sensors. The result from each of the 28 sensors show close resemblance to the 
sensor plot displayed in Figure 6.19. The slope of the plot corresponds to the period of filling the 
portion of the foam in that vicinity. 

 



192 

 

  

FIGURE 6.18: FLASK READY FOR A COUNTER-GRAVITY CASTING. 

 

 

FIGURE 6.19:  THE RESPONSE OF ONE OF THE CAPACITIVE SENSORS. 

 

ISSUES ENCOUNTERED 

An issue that is encountered with this system during some metal pours is that little or negligible 
changes may be noticed in the readings of some sensors. The major cause of this is the 
positioning of the foam pattern inside the casting flask which places it in the vicinity of some of 
the sensors other than others. The outcome of these small output changes is that they do not 
provide any information about the filling process. Another issue is that some random occurrence 
during the casting process might cause high interference noises in the outputs of some sensors. 
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The former and the later phenomena affect the computation of the metal fill time. Since they 
cause wrong values to be obtained, these set of data are filtered out by using a novel outlier 
detection technique before the metal fill time is calculated.. The analysis of the statistical 
technique employed in real-time detection of these outlying responses is discussed later in this 
chapter. 

ALGORITHM FOR THE ESTIMATION OF THE METAL FILL TIME. 

 

A simple parameter that is usually used in the foundry for indicating the fill profile is the 
metal fill time. This single parameter is indicative of the consistency of the process and a large 
change in the fill time provides instantaneous and valuable feedback about the metal casting 
process. Existing methods used for monitoring the metal fill pattern are very expensive and 
invasive. These include the real-time X-ray machines or using hundreds of thermocouples 
(Hytros et al 1999).  

The design and steps taken in the development of this code is described henceforth. The 
algorithm for computing the metal fill time has been designed using LabVIEW software. It 
consists of different phases to filter and analyze the measured capacitance values and compute 
the metal fill time. The flowchart of the algorithm is shown in Figure 6.20.  

 

 

FIGURE 6.20: FLOWCHART OF THE METAL FILL TIME ALGORITHM. 

In the first phase, the signals from the different capacitance measuring circuits are imported 
in this program which can be run in both real-time and detached modes. The signals are 
normalized to fit the range [0, 1]. The normalized matrix calculation for each independent signal, 
CN(k), is carried out using the formula given in Equation 6.38. 
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where CF is the measured capacitance values when the imaging area is completely covered by 
the foam pattern, CM is the capacitance when the metal completely fills the foam pattern, and Ci

k 

is the received data for each independent signal. 
During the second phase, the measured signals are passed through a digital Infinite Impulse 

Response (IIR) filter to smooth the signal and remove any imposed high-frequency noise. 
Subsequently, the outliers in among these signals are filtered out from the data set using a 
statistical algorithm. These two filtering algorithms are described hereafter. 

INFINITE IMPULSE RESPONSE (IIR) FILTERING 

Infinite impulse response filters are useful in a wide range of applications where high selectivity 
and efficient processing of analog or digital signals are desirable (Lu et al 2003). The output of 
the filter depends not only on the input signal and a set of forward coefficients, but also on the 
output of the filter and an additional set of reverse coefficients-a kind of feedback. The main 
advantage of using this recursive filter is that the feedback permits more rapid cutoff transitions 
with fewer coefficients and hence fewer computations and a faster algorithm. This filter also 
supplements the anti-aliasing RC filter connected across the output of the capacitance measuring 
circuit. This is because analog filters are constructed with passive elements or a combination of 
both passive and active elements and the passive elements typically drift with time and ambient 
temperature, which adversely influences the frequency response of the filter (Yeary et al 2002). 
It was pertinent during the design of this filter to consider its nonlinear-phase response and to 
choose a set of coefficients that that will ensure the stability of the system, an avoidable fact with 
any feedback system. Theoretically, the impulse response of an IIR filter never reaches zero and 
is an infinite response. Equation 6.39 presents the general difference equation of IIR filters while 
Equation 6.40 defines the transfer function. 
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      EQUATION 6.40 

where bi is the set of forward coefficients, F is the number of forward coefficients, aj is the set of 

reverse coefficients, and R is the number of reverse coefficients. xn and yn are the current input 

and output respectively; while x n-i  and yn-j are the past inputs and outputs. In most IIR filter 
designs, the coefficient A0 is 1.  

There are straightforward methods concerning analog feedback filter design while there are 
hardly any for digital IIR filters. As a result, a set of analog filter coefficients, as specified by the 
Bessel filter model, are generated using the specified filter specifications before passing these 
coefficients to the IIR Cascade Filter. A Bessel filter is used because it has maximally flat 
response in both magnitude and phase, and nearly linear-phase response in the passband. This 
low-pass filter structure is second-order and the delay of the transient response is equal to the 
filter order.  
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FILTERING BASED ON OUTLIERS 

Outliers occur regularly in real-world measurement data to constitute a significant practical 
problem that is not adequately addressed by traditional smoothing filters designed to reduce the 
effects of high-frequency noise (Menold et al 1999). These outliers appear to be inconsistent 
with the remainder of the measured set of data. They may be as a result of negligible voltage 
changes or random occurrences in the outputs of some sensors. The statistical parametric 
method employed in detecting these outliers assumes a known underlying distribution of the 
observations. It is based on the absolute deviation of the summation of the individual elements 
of each measured signal vector from a computed mean vector. This mean vector provides 
information on the spatial distribution of the obtained signals. 

Given n measured signals, the individual points or elements of the mean vector, xi
m, is 

computed from the formula given in Equation 6.41:  
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        EQUATION 6.41 

 
where n is the number of independent measured signals (in this case, it is 28) and xi

n is the ith 
element from each of the signals. 
 
The absolute deviation of each of the measured signals from the mean vector is thus calculated 
using Equation 6.42: 
 

       EQUATION 6.42 

 
where j is the number of elements in each received signal vector. 

The outlier identification problem is then translated to the problem of identifying those 
observations that lie in a so-called outlier region. This boundary of this outlier region is 
determined heuristically from the computed deviation values and is given by Equation 6.43:  

 

109090 5.1 PPP       EQUATION 6.43 

where P10 and P90 are the 10th and 90th percentiles of the distribution. Hence, the outlying 
observations from the 28 measurements are those that satisfy the following definition in 
Equation 6.44. 
 

)(: nDnnout       EQUATION 6.44 

 
The third phase covers the computation of the signal derivative and the calculation of the metal 
fill time. The slope of each signal identifies the time corresponding to the flow of the molten 
metal through the foam pattern in the vicinity of the sensor. The first derivative of each signal 
has sharp transient response relating to the starting and ending of the casting process. The 
threshold for identifying these points is empirically determined from the mean of all the 
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elements for each signal. Figure 6.21 shows the derivative of a sensor signal while Figure 6.22 
shows the sensor signal with the start and end times indicated. The calculation of the metal fill 
time is obtained by finding the difference between the start and end times for each sensor. The 
overall pattern fill time depends on the minimum of the start times and the maximum of the end 
times for all the sensors.  

 

FIGURE 6.21: DERIVATIVE SIGNAL. 

  

FIGURE 6.22: SENSOR SIGNAL SHOWING START AND END TIMES. 

Figure 6.23 to Figure 6.26 show the data collected from different metal casting experiments. The 
distribution of the deviation values from each set of data collected are also plotted and the 
outlying value(s) can be easily identified from the computed boundary. Finally, the distribution 
of the start times and end times of all the sensors are shown on a histogram. Limits are also set 
to detect the times that appear to deviate markedly from other members of the sample. While 
Figure 6.23 presents data without any outlying values, other sets of data appear to have outliers. 
Since these values are filtered before the computation of the metal fill time, it can be clearly seen 
that these outlying values do not affect the start and end times of the metal casting. 
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FIGURE 6.23(A): RECEIVED SIGNALS FROM ALL THE SENSORS IN EXPERIMENT 1. 

 

 FIGURE 6.23(B): MEAN DEVIATION DISTRIBUTION IN EXPERIMENT 1. 

 

FIGURE 6.23(C): DISTRIBUTION OF THE START AND END TIMES IN EXPERIMENT 1. 
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FIGURE 6.24(A): RECEIVED SIGNALS FROM ALL THE SENSORS IN EXPERIMENT 2 WITH A CLEARLY 
DEPICTED OUTLYING RESPONSE. 

 

FIGURE 6.24(B): MEAN DEVIATION DISTRIBUTION IN EXPERIMENT 2. 

 

FIGURE 6.24(C): DISTRIBUTION OF THE START AND END TIMES IN EXPERIMENT 2. 
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FIGURE 6.25(A): RECEIVED SIGNALS FROM ALL THE SENSORS IN EXPERIMENT 3 WITH A CLEARLY 
DEPICTED OUTLYING RESPONSE. 

 

FIGURE 6.25(B): MEAN DEVIATION DISTRIBUTION IN EXPERIMENT 3. 

 

FIGURE 6.25(C): DISTRIBUTION OF THE START AND END TIMES IN EXPERIMENT 3. 
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FIGURE 6.26(A): RECEIVED SIGNALS FROM ALL THE SENSORS IN EXPERIMENT 4 WITH A CLEARLY 
DEPICTED OUTLYING RESPONSE. 

 

FIGURE 6.26(B): MEAN DEVIATION DISTRIBUTION IN EXPERIMENT 4.  

 

FIGURE 6.26(C): DISTRIBUTION OF THE START AND END TIMES IN EXPERIMENT 3. 
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SUMMARY OF METAL FILL TIME ESTIMATION 

A non-intrusive and ruggedized system for monitoring the flow of molten metal in LFC is 
presented. This method makes use of an array of capacitive sensors to detect the position and 
amount of the molten metal as it displaces the foam pattern. The developed iterative algorithm 
for the computation of the metal fill time makes use of filtration and outlier detection techniques 
for accurate estimation of the metal fill time.  
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7. METAL FILL VISUALIZATION 

 

EXPERT BASED FUZZY ASSISTED IMAGE RECONSTRUCTION ALGORITHM  

  

In this work, a novel approach is introduced to improve the quality of the reconstructed images 
from iterative image reconstruction techniques based on a Fuzzy Inference System (FIS). The 
proposed method utilizes fuzzy inference system to generate the first image for the iterative 
technique. It is the first time that an ECT system is used to generate images describing the 
ground metal distribution in the LFC process and a fuzzy system in the ECT image 
reconstruction techniques. The convergence rate of iterative techniques depends on the 
accuracy of the first image (Hytros et al 1999, Soleimani et al 2005, Chen et al 2004). The main 
idea of using a fuzzy system is to assist the iterative reconstruction techniques (Fabian et al 
1998, Jang et al 2006) to converge faster by providing a more accurate first image. The better the 
first image is the lower of the iterations number (Xie et al 1992). The algorithm is divided into 
three stages as shown in Figure 7.1. The final metal image should identify the location and the 
amount of the metal in the imaging area. The first stage is a pre-processing stage to filter and 
normalize the capacitance measurements in such a way that they can be applied as inputs to the 
fuzzy system. The second stage is the fuzzy inference system which takes m capacitance 
measurements and generates n outputs representing the amount of metal in each pixel in an 
image. The first image obtained from the fuzzy system and the original capacitance 
measurements are passed to an iterative reconstruction algorithm such as ILBP technique to 
reconstruct the final image describing the metal distribution in the last stage.   

 

 

FIGURE 7.1: BLOCK DIAGRAM OF THE FUZZY ASSIST ITERATIVE IMAGE RECONSTRUCTION ALGORITHM 
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ELECTRICAL CAPACITANCE TOMOGRAPHY 

  

SENSORS STRUCTURE 

  The structure of the capacitance sensors used for detecting the grounded metal profile is a little 
different from the general structure used in the regular ECT system. Generally, in the regular 
ECT system, there is an array of n  electrodes mounted on the periphery of the imaging area. The 

electrodes are externally shielded to eliminate the stray capacitance effects (Isaksen 1996, Yang 
1996). All independent mutual capacitance values are measured between a transmitter 
electrode connected to the source signal and the other receiver electrodes connected to the 
ground. Subsequently, the next electrode is made as a source and the same measurement 
process is employed (Donthi 2004, Gamio 2002). In the case of ECT system consisting of n  

electrodes, the number of the independent measurements is 1)/2(nn . 

The sensor array used in this study consists of 16 electrodes mounted uniformly around the 
three edges of the foam pattern. The foam pattern in the application of the lost foam casting is 
considered as the imaging area, where grounded metal will exist. Since the fourth edge is used to 
dump the sand from the flask and to get the final casting out, no electrodes can be placed on this 
edge. The distribution of the electrodes and the construction of the sensors are shown in Figure 

7.2. Each two adjacent electrodes work as a capacitive sensor (8 capacitive sensors 1S  to 8S ). 

One electrode is the transmitter and the other is the receiver. Simultaneously, all the 
transmitters in the 8 sensors are connected to the source voltage signal with different 
frequencies to eliminate the crossover talking between these transmitters. The eight 
measurements are collected concurrently between the transmitters and the receivers from all 
the sensors. In a harsh environment like the foundry, it is important to overcome the problem of 
running electrical wires from the ECT system to the computer where the data are analyzed; the 
image reconstruction algorithm is implemented and the image displayed. A wireless model has 
been developed and tested to make the setup more practical in the foundry environment (Bates 
et  1995, De-yun et al 2006, Chun et al 1997). 
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FIGURE 7.2: CROSS-SECTIONAL VIEW OF ECT ELECTRODES SYSTEM WITH 8 SENSORS 

 

As shown in Figure 7.2, there is a grounded metal flask 7204  where the foam pattern is 

embedded and surrounded by compressed sand. The flask is connected to the earth to prevent 

disturbances from outside environment. The grounded guards between the sensor sets ( 81...SS
) increase the dynamic range of the sensors and keep the electrical field uniform. In Figure 7.3, 

the electrical potential field distribution is shown after applying a constant voltage ( V10 ) on the 

transmitters while at the same time the flask and the guards are connected to the ground. The 
model design parameters such as the electrodes dimensions and material prosperities of the 
sand and the foam are listed in Table 7.1. 
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FIGURE 7.3: ELECTRICAL POTENTIAL FIELD DISTRIBUTION 

 

 

TABLE 7.1: MODEL DESIGN PARAMETERS 

   Parameter Value 

 Sand relative permittivity 4=s
 

Foam relative permittivity 1.05=f  

Electrodes thickness 0.5"=R  

Guards length 4.5"=GL  

Electrode separation distance 5"=D  
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ECT MODEL AND SENSITIVITY CALCULATIONS 

 Designing a model to determine the capacitance measurements of the ECT sensor given the 
grounded metal distribution in the region of interest is called forward model. The straight 
forward part in the ECT system is calculating the responses of the capacitive sensors by knowing 
the metal distribution. The relationship between the capacitance measurements and the metal 
distribution can be characterized by Equation 7.1:  

0=).( u
        EQUATION 7.1 

where  is the permittivity distribution in the sensing field, and u  is the electrical potential 

distribution. The permittivity distribution inside the imaging area represented by the foam is 
changed by putting the grounded metal instead of the foam. Modifying the ground metal 
distribution inside the imaging area changes the boundary conditions of the problem. Hence, the 

boundary conditions ( i ) for solving Laplace Equation in 7.1 are described as follows:  

    EQUATION 7.2 

where i  represents the spatial locations of the transmitting electrodes, k  are the location of 

the receiving electrodes, and k  takes the values ( 81,2, ), s  is the outside grounded flask, 
g

 

are the guards between sensors, e  represents the spatial locations of the elements where the 

grounded metal will replace the foam, and cV  is the voltage applied on the transmitter. The 

electrical potential distribution can be calculated numerically by using the finite elements 
method (FEM). The mutual capacitance can be calculated by using Gauss's law after calculating 
the charges on the received electrode  

      EQUATION 7.3 

where C  is the measured capacitance between two electrodes, V  is the potential difference 

between the source and the detector electrode, Q  is the electrical charges on the electrode, and 

Gamma  is the electrode surface. 

In all the iterative and the non-iterative image reconstruction techniques, the nonlinear 
relationship between the capacitance measurements and the metal distribution is approximated 
by a linear function [Isaksen 1996, Xie et al 1992). The discrete form of this linear relationship 
can be expressed as  

11 .= nnmm GSC
       EQUATION 7.4 

where  is a sensitivity matrix, C  is the capacitance measurements vector, G  is a vector 

representing the change in the metal distribution and the boundary conditions due to the change 
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in the metal fill. m  is the number of measurements, and  is the number of elements inside the 

imaging area which equals to 256 in the model used in this work. Figure 7.4 shows the finite 
element model of the metal fill problem by using ANSYS software. It shows the domain of 
solution divided into small elements. In this model the foam pattern is the imaging area, and it is 

a grid of 1616  elements generating 256 pixels in the final image. The total number of elements 

in the whole model is 2370 including all triangular elements around the imaging area. 

  

 

FIGURE 7.4: FINITE ELEMENT MODEL 

 

FORWARD PROBLEM SOLVER 

 The forward problem solver aims to compute the response of all the sensors by changing one 

element k  from foam to grounded metal and keeping the rest of the elements as foam. The finite 

element model developed using ANSYS in the previous section is used to calculate the effect of 
changing each element from foam to metal in the sensing area on all the measurements. This is 
why the output of the forward solver is called the sensitivity matrix. As described in the next 
section, the sensitivity matrix is used in generating the fuzzy rule in the fuzzy assisted image 
iterative reconstruction technique. The number of the sensors is eight, hence there are eight 
sensitivity matrices calculated according to Equation 7.5.  
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    EQUATION 7.5 
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where iS  is the sensitivity matrix for sensor i , n  is the number of elements, 256 in this work, 

inside the foam pattern. 
FC  is the capacitance measurement when the imaging area is 

completely foam, 
MC  is the capacitance when the metal completely fills the foam pattern, and 

kC  is the capacitance value after replacing just element k  in the foam pattern by grounded 

metal. The sensitivity matrices for the sensors 1 to 4 are shown in Figure 7.5. The response is 
very high around the sensor and decreases gradually by moving further from the sensor set. The 
rest of the elements around the imaging area have zero sensitivity because they represent the 
sand elements where there is no metal. Although the sensitivity area for the each sensor is small 
and limited to the elements in the neighbor because the distance between each two electrodes is 
small; this helped in this work since we are interested in the metal on the boundary. The sensor 
array is symmetric around x  axis along the foam pattern. Thus, four sensitivity maps are 

calculated for the upper sensors from 1S  to 4S  and all of the other maps for sensors 5S  to 8S  

can be derived from the sensitivity matrices of 1S  to 4S  by rotational transformation 
270  

clockwise. 

 

FIGURE 7.5: FOUR SENSITIVITY MATRICES FOR A SYMMETRICAL 8 CAPACITIVE SENSOR ARRAY SYSTEM, 
ALL DIMENSIONS IN X AND Y DIRECTIONS ARE IN INCHES. (A) SENSITIVITY MATRIX FOR SENSOR 1. (B) 
SENSITIVITY MATRIX FOR SENSOR 2. (C) SENSITIVITY MATRIX FOR SENSOR 3. (D) SENSITIVITY MATRIX 

FOR SENSOR 4 
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FUZZY ASSISTED ITERATIVE IMAGE RECONSTRUCTION ALGORITHM  

  

A novel fuzzy inference system to speed up the convergence rate in common iterative image 
reconstruction techniques is proposed. There is a direct correlation between the accuracy of the 
first image of the metal distribution and the convergence rate of the iterative technique. The 
proposed FIS is used to produce more accurate and a clear first image passed to the Iterative 
Linear Back Projection (ILBP) technique. The algorithm consists of three stages described 
hereafter.  

PREPROCESSING STAGE 

  The normalized measurements vector ( NC ) is calculated based on the following equation:  
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       EQUATION 7.6 

where FC , MC  are the capacitance measurement vectors when the imaging area is entirely 

filled by a foam and the metal, respectively. C  are the measurements corresponding to a certain 

grounded metal distribution, NC  is the vector of the normalized capacitance, and i  is the sensor 

number in range of (1 ,2 ,..,8). The maximum capacitance reading from the sensors is measured 

when the imaging area is filled by the foam or in other words there is no metal in the imaging 
area. While the minimum measurements from all the sensors is captured, the imaging area is 
completely filled by the grounded metal. Thus, the difference between maximum and minimum 
values of the capacitance is used here to normalize all the measurements between one and zero. 
The normalized measurements values are dependent on the metal distribution. Thus, for any 
sensor, the high normalized measurement means that the grounded metal is very near to that 
sensor, while that grounded metal at the same position will give medium effect on the adjacent 
sensors, and low effect on the far away sensors.  

 

FUZZY INFERENCE SYSTEM (FIS) 

  

Fuzzy systems play an important role in various applications and possess a universal tool to 
manipulate uncertain information. Fuzzy systems are considered as an attractive choice for 
modeling nonlinear and imprecise data, such as inexact measurements because of their 
robustness and ability to withstand noise. The fuzzy inference system is the main contribution in 
the proposed method. Usually, the fuzzy system is consisting of four modules (Jimenez 1995): 
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    • The crisp inputs variables, capacitance measurements in this application, are transformed 
into fuzzy variables through a proper fuzzification interface and assigns grades of membership 
to each fuzzy set defined for that variable.  

    • A knowledge base that comprises fuzzy rules, membership functions, and a database. The 
database is used in the fuzzification and defuzzification process.  

    • The fuzzy rules are evaluated by an inference engine.  

    • A non-fuzzy output, metal distribution image, is generated by suitable defuzzification 
method.  

 

Figure 7.6 shows the basic components of the fuzzy inference system. The rule base of a fuzzy 
system is consisting of IF--THEN rules in the following format: 

Rule i  IF  1X  is  AND 2X  is 
iA2  AND... kX  is 

i

kA  THEN Y  is 
iC  

where )0 ,1 , . . . .=( kjX j  are inputs and Y  is the output variable, )1,2,....,=( RiAi

j
,where R  is 

the size of the rule base, and 
iC  are linguistic values defined by fuzzy sets in the corresponding 

universe of discourse. Membership functions with different shapes are defined for the fuzzy sets 
based on the characteristic of the problem (Patil et al 2007). 

  

 

FIGURE 7.6: STRUCTURE OF THE FUZZY INFERENCE SYSTEM 

 

The final output is generated in the inference engine by running two types of the mathematical 
transformation. These transformations are the calculation of each rule's output and the 
aggregation of all rules outputs to obtain the overall output. The calculation of each rule's output 
requires the calculation of the firing strength or activation level of the rule. The membership 
degrees of a rule are combined through the triangular norms operators to calculate the 
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activation degree of the rule. The defuzzifier produces a crisp value corresponding to the fuzzy 
set. More details about the structure of fuzzy system can be found in (Patil et al 2007).  

 

FIS ASSISTED IMAGE RECONSTRUCTION TECHNIQUE 

  

The main contribution in this work is the implementation of the fuzzy system to assist the 
common iterative reconstruction algorithms used in the ECT system to generate the grounded 

metal distributions. The inputs of the proposed fuzzy system, defined as (
821 ,,, ininin  ), are the 

normalized capacitance measurements between the electrodes mounted on the periphery of the 
imaging area. There are eight inputs for the FIS since the ECT system consisting of sixteen 

electrodes and each two electrodes working as one capacitance sensor. The first input, 1in  is the 

normalized measurement between electrodes number 1 and 2 while the last input, 8in  is the 

normalized capacitance between the electrodes 15 and 16, respectively. 

On the other hand, the outputs of the fuzzy system stand for the possibility of existence of the 
metal in each pixel individually. Since the imaging area is divided into 256 pixels, the total 

number of the outputs is 256 labeled as ( 25621 ,,, outoutout  ). 1out  is a measure of 

existence of the metal in pixel 1 while  is the value in pixel number 256. All 256 fuzzy 

outputs combined together into one vector are considered as the estimated image ( estG ) of the 

metal distribution. 

The membership functions are chosen to be the same for all the inputs since the range and the 
characteristic are the same for all of them. Each normalized input is described by four 
overlapped triangular membership functions in range [0 1]. The fuzzy membership functions for 
input i , Zero (Z), Low (L), Medium (M), and High (H) are shown in Figure 7.7(a). A methodology 

for adjusting the membership function parameters for the FIS inputs (Xie et al 1989) can be 
summarized as follow: 

  

    • The capacitance measurements, input of the FIS system, are collected from all sensors based 
on a number of predefined grounded metal distributions and output of the FIS system in the 
imaging area. The ECT system is a nonlinear system. The response of the sensors is mainly 
dependent on the size and the location of the grounded metal. Thus, different metal distributions 
consisted of individual metal piece and multiple pieces distributed in different locations on the 
periphery of the imaging area are considered. 

 

    • A trial and error technique is used to optimize the membership function parameters. These 
historic data generated in step one are used as inputs to the fuzzy system. A fitness function 
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representing the Normalized Mean Square Error (NMSE) between the generated images from 
the fuzzy system and the actual distributions is calculated to estimate the performance of the 
system. The NMSE is calculated as given in Equation 7.7. 

act

actest

G

GG
NMSE=

       EQUATION 7.7 

 where estG  is a vector contains 256 metal estimated values from the FIS, actG  is the actual metal 

distribution as vector of 256 elements and .  is the second norm. The input and the output 

membership functions are shown in Figure 7.7.  

 

 

 

FIGURE 7.7: FIS INPUTS AND OUTPUTS MEMBERSHIP FUNCTIONS 
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The output membership function Zero (Z) means that the possibility of existence the metal in 
this pixel is zero. Low (L) membership indicates that the possibility of having any metal in this 
pixel is low, Medium (M) represents medium possibility, and High (H) membership 
corresponding to the maximum possibility. The area around each sensor is divided into high, 
medium, low, and zero sensitivity areas. The sensitivity matrix for each sensor is used to identify 
these different sensitivity regions. A threshold function is implemented to divide the area 
around each sensor and to capture the indexes of the elements in each area based on the values 
of the effect of each element on the reading from this specific sensor. The elements that have 

values greater than 70%  are considered as the high sensitivity region. The elements in range of 

70%  to 40%  are the medium effect region. The range of 40%  to 20%  represents the low 

effect area, and the zero sensitivity area has all the elements that have an effect less than 20%. 
All the elements in each sensitivity area are combined together to be handled as one fuzzy 
output based on the reading of the corresponding sensor. This means that when the fuzzy rule 
states, for example, that the high region for input 2 is high, all the predefined elements in the 
high region of this senor will be assigned to the high value. To illustrate the idea of dividing the 

sensitivity area around each sensor, Figure 7.8 shows different sensitivity regions for sensor 2S
.  

 

 

FIGURE 7.8: THE DIFFERENT SENSITIVITY REGIONS FOR 2S  

 

For all the eight sensors, after capturing all the indexes of the elements in all the regions for 
these sensors, the fuzzy rule base for the proposed FIS is generated as follows: 

There are four rules describing the relationship between every input of the eight inputs and the 
elements in each area of the four sensitivity areas. The size of the rule base is 32 rules, since 
there are 8 inputs and each input has four rules. In general these four rules for input i  are stated 

hereafter: 
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    • IF Zin i =  THEN all the elements in the high, medium, low and zero response regions= Z. 

    • IF Lini =  THEN all the elements in the high, medium response regions= L. 

    • IF Mini =  THEN all the elements in the medium response region= M. 

    • IF Hini =  THEN all the elements in the high response region= H. 

The consequence in each rule is different based on the indexes of the elements in the sensitivity 
region of each input. The crisp input measurements are fuzzified based on the membership 
functions through the calculation of the membership degrees of an input to the antecedents. In 
the implemented fuzzy system, the activation degree of a rule is calculated using the Min T-norm 
operation and its firing strength (conclusion) is computed using the Max-Min implication 
function. The defuzzification method to get the crisp possibility values again from the fuzzy 
system are computed using the centorid method. This method is considered the simplest of all 
defuzzification methods where for each output the weighted strengths of the output member 
function are multiplied by their respective output membership function center points and 
summed. Then, the crisp output is computed by dividing this summation by the sum of the 
weighted member function strengths (Phanishanker et al 2000, Camaro et al 2004)  
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       EQUATION 7.8 

where )( ii C  is the value of the membership at input , and kOut  is the value representing 

the possibility of existence the metal in pixel k . 

For example to illustrate how the fuzzy system works, the capacitance measurements from eight 
sensors are shown in Figure 7.9 when the grounded metal is distributed in the imaging area as 

shown in Figure 7.11. There are two pieces of grounded metal located around sensor 3S  and 

sensor 6S , respectively. The data shows that 3S  and 6S  give the maximum response 

compared by the rest of the sensors. Sensors 4S  and 5S  give medium response because the 

grounded metal is located in the medium response region of these two sensors, and the 
measured data is almost zero from the rest of the sensors because the metal pieces are far away 
from the sensitivity areas of these sensors. 
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FIGURE 7.9: THE CAPACITANCE MEASUREMENTS FROM THE 8 SENSORS WHEN TWO PIECES OF 
GROUNDED METAL EXIST BETWEEN SENSORS 3 AND 6 

 

The proposed fuzzy inference system is used to calculate the possibility of the metal distribution 

in all the pixels from the 8 measurements from all the sensors ( 81...SS ). Thus, depending on 

the fuzzy rules, the final fuzzy outputs are as follows: elements in the high effect region for 3S  

and 6S  are high, the elements in the medium region for  and 5S  are medium, and the rest 

of the elements are zero. The possibility of existence of the metal in 256 elements, represented 
in 3D format, in this particular case is shown in Figure 7.10. The colors are just to differentiate 
between the 16 rows-not to represent the value of the probability. 
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FIGURE 7.10: 3D FINAL IMAGE FROM FUZZY SYSTEM WHEN A PIECE OF METAL IS PLACED BETWEEN 
SENSORS 3 AND 4 

 

ITERATIVE RECONSTRUCTION TECHNIQUE ASSISTED BY FIS 

  Because of the high nonlinear characteristic between the grounded metal distribution and the 
measured capacitance, it is difficult to get accurate images without going through iterative 
procedure. Indeed, the inverse problem should be solved iteratively to increase the accuracy of 
the final tomography images. These iterative algorithms are based on calculating capacitance 
measurements from the current metal distribution, and updating the image based on the 
difference between the calculated and the actual measured capacitance. Calculating capacitance 
values (i.e. solving the forward problem) are carried out by multiplying the linear sensitivity 
map by the estimated image in each iteration. This process of solving the forward and the 
inverse problems alternatively is repeated until the error between the actual and the estimated 
capacitance reach a satisfactory limit. 

There are many iterative reconstruction techniques such as ILBP, iterative landweber, and 
iterative Tikhonov regularization. The ILBP technique is the simplest algorithm used to solve the 

inverse problem (Bates et al 1995). As shown, the sensitivity matrix ( nmS ) is not a square 

matrix. Thus, the ILBP technique works by multiplying the measurements vector ( 1mC ) by the 

transpose of the sensitivity matrix (
TS ) instead of the inverse to obtain the image of the metal 

distribution. The goal in the iterative technique is to find an image ( 1nG ) that minimizes the 
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error between the solution of the forward problem ( ) and the actual measurements ( actC ) 

as follows (Barone et al 2006, Meyer 1996):  

).().(
2

1
=)( a c t

T

a c t CGSCGSGf

    EQUATION 7.9 

where nmS  is the sensitivity matrix, (
1nG ) is the metal distribution, ( actC ) is a vector contains 

all the actual measurements from all the sensors. The gradient of )(Gf  is calculated as  

).(=)( act

T CGSSGf
      EQUATION 7.10 

 The steepest gradient descent method is used to produce the iteration procedure  

).(=1 a c tk

T

kkk CGSSGG
     EQUATION 7.11 

where 1kG is the estimated image at iteration 1k , kG  is the image from the previous 

iteration k , and k  is a positive value, which adjusts the step size at iteration thk . To 

increase the quality of the reconstructed image and to speed up the iterative algorithm, the 
image obtained from the fuzzy system in the previous section will be the first image passed to 
the ILBP algorithm. A threshold level is applied to the result of the fuzzy system to get rid of all 
the small values that would affect the computations of the location and the amount of the metal. 

The first image calculated by the linear back projection ( CST . ) and the image calculated based 

on the fuzzy inference system are shown in Figure 7.11 to illustrate how the image from the 
fuzzy system is more accurate compared by the first image from the LBP technique. The two 

images are obtained by placing two metal pieces around sensors ( 43 ,SS ) and ( 65 ,SS ) 

simultaneously. It is clear in the first image from the fuzzy system that the high possibility values 

are concentrated around sensors  and 6S  and the rest of the pixels' have zero values. On 

the other hand, the pixels distribution is spread out in the calculated image based on LBP as 
shown in Figure 7.11(a). The first image in the LBP is obtained by multiplying the transpose 
sensitivity matrix by the actual measurements. 

 

FIGURE 7.11: (A) CALCULATED IMAGE BY LBP (B) CALCULATED IMAGE BY FIS 
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RESULTS AND DISCUSSION 

 

  ANSYS finite elements software package (Tadeusz et al 2006) is used to model the ECT system 
and to simulate the effect of the grounded metal on the response of the sensors. A friendly user 
interface LabVIEW toolbox is developed to calculate the sensitivity matrix, identify the 
sensitivity regions for each sensor (outputs of the fuzzy system), apply the fuzzy assisted ILBP 
technique and plot the final images. Different pieces of grounded metal located in different 
positions within the sensing domain are used to test the proposed reconstruction technique. 

Figure 7.12 shows the actual profiles of the metal in the first column, and the estimated images 
for the metal distributions from the common ILBP and the ILBP assisted by the fuzzy system 
reconstruction algorithms are shown in the second and third columns, respectively. A piece of 

grounded metal is located in front of sensor 2S , center of the top edge of the imaging area, in 

Figure 7.12(a) first column. The final result from the fuzzy based algorithm is more accurate 
than the image obtained from the common ILBP, as shown in the next two images at the same 

row. Figure 7.12(b) shows the images of the actual metal around sensor 3S  and sensor 6S  

simultaneously. The result shows the ability of the fuzzy based ILBP reconstruction technique to 
detect the location of the two pieces better than the ILBP technique. As stated before, there is no 
sensor located on the left edge of the imaging area because the sand is dumped from this side. 
Hence, the result shown in Figure 7.12(c) is the most important one because the proposed 

algorithm is able to detect two pieces of metal located in front of sensors  and 8S  without 

having a middle sensor to give more information. The final image from the ILBP based on the FIS 
has high quality compared with the ILBP result. The fuzzy based algorithm is able to 

discriminate between three pieces of grounded metal located around sensors 21 ,SS , and 3S  

as shown in Figure 7.12(d). The result from the iterative linear back projection shows that the 
response from the three sensors is interpreted as the response corresponding to just one big 
piece located around these three sensors. 

To evaluate the performance of the proposed fuzzy image reconstruction technique numerically, 
the root mean square error between the actual measurements and the estimated measurements 
is computed based on the following Equation 7.12 (Yang et al 2007, Isaksen 1996)  

act

estact

C

GSC
MSE

.
=

       EQUATION 7.12 

where actC  is a vector of the actual measurements, S  is the sensitivity matrix, estG  is the 

estimated image vector, and .  is the second norm. Figure 7.13 shows the convergence rate of 

the common ILBP and the fuzzy based one when the metal piece is placed in the front of sensor 

2S  as shown in Figure 7.12(a). It is obvious from the figure that the ILBP based on the FIS 

algorithm converges faster than the ILBP. It takes 270 iterations to reach to the minimum error 
0.01, while it takes around 370 iterations from the common ILBP to converge to the same error 

value. Although the two algorithms reached 1%  error, the result of the metal distribution is 

different because the inverse problem is an ill posed problem. This means that there are many 
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solutions for the ill posed problem that can give the same error ratio. Using the fuzzy inference 
system to calculate the first metal distribution helps the regular iteration image reconstruction 
procedure to speed up and to produce more precise images. Another statistical parameter is 
used to evaluate the correlation between the estimated and the actual images in Figure 7.12. 
This correlation coefficient is calculated in the following equation:  
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    EQUATION 7.13 

where G  is the actual grounded metal distribution, Ĝ  is the reconstructed metal image, Ĝ  and 

G  are the mean values of G  and Ĝ , respectively and n  is the number of pixels. The 

correlations coefficients for all the test patterns in Figure 7.12 are listed in Table 7.2. The 
correlation coefficients for all the images generated by fuzzy assisted ILBP are higher than the 
values from common ILBP technique. 
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FIGURE 7.12: RECONSTRUCTION RESULTS USING FUZZY TECHNIQUE FOR DIFFERENT PIECES OF METAL 
DISTRIBUTIONS 
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TABLE 7.2: CORRELATION COEFFICIENT 

Case ILPB Fuzzy based ILPB 

1 0.78 0.82 

2 0.80 0.85 

3 0.36 0.86 

4 0.30 0.90 

   

 

(a) 

 

(b) 

FIGURE 7.13: MEAN SQUARE ERROR FOR (A) ILBP (B) ILBP TECHNIQUE BASED ON FIS  
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SUMMARY 

In this work, a fuzzy inference system is introduced to assist iterative image reconstruction 
technique in the ECT system. The new technique is applied in reconstructing the profile images 
of the grounded metal in Lost Foam Casting (LFC) process. The technique is based on a fuzzy 
inference system to detect the possibility of existence of the grounded metal in each pixel in the 
first image passed to the iterative technique ILBP. The proposed FIS generates a better image 
than the LPB that increases the convergence rate of the ILBP technique and assists in obtaining a 
precise final image. Simulations by ANSYS based on the FEM method are carried out to construct 
the sensitivity matrix. Images of different metal distributions show that the metal position can 
be discriminated and the inference of the relative object size is possible. The results show the 
proposed technique increases the convergence rate and reduces the system complexity where 
few measurements are used. The introduced system is more suitable for metal casting 
application since we are interested in the metal on the periphery of the imaging area. 
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8. COMMERCIALIZATION 

 

OVERVIEW OF KEY TECHNOLOGIES 

 

As detailed in the previous chapters, four (4) key technologies were aggressively pursued for 
commercialization; (1) Foam Quality Control (via imaging of surface defects), (2) Metal Fill 
Monitoring, (3) Lost Foam Sand Compaction, and (4) Non-Destructive Greensand Mold 
Inspection. Each of these key technologies has been tested at industrial sites with varying levels 
of success and industrial adoption. Although prototypes were developed and tested, as in every 
technology development exercise there are refinements and continued validation required to 
transition research from the laboratory into product developments available in the marketplace. 
The commercialization efforts of this project were severely constrained by a shrinking national 
casting market and reduced allocations from initial project forecasts. Despite these hurdles there 
have been significant progress towards commercialization including one patent pending and 
another provisional patent awaiting final patent application submission. Both of these efforts 
will see future efforts by the project team and the university to locate commercialization 
partners or create a spin-off to offset patent and other project expenses. In addition, the Center 
for Manufacturing Research, which played a key role in cost sharing of the project, is seeking 
user interface refinement and product improvements of the Lost Foam Sand Compaction to 
further enhance its future commercial value. The remainder of this section will detail each of the 
key technologies in regards to both past and future commercialization efforts.  

FOAM QUALITY CONTROL 

Three methods for quantitative analysis of foam quality were developed with varying levels of 
interest from industrial partners. The two methods are based on capacitive measurements and 
image analysis of foam patterns saturated with water and colored water, respectively.  The two 
methods show that there are quantifiable differences in the foam patterns with different foam 
quality.  

Capacitance measurement technique is a quick method to characterize the foam quality.  The 
design of the capacitive sensor is an important aspect in this method.  Changing the size of the 
sensors will change the resolution of the measurement.  Large sensors are used for finding the 
average foam quality over the foam pattern.  By using small size sensors the foam quality profile 
of the foam pattern can be evaluated. Using single sided capacitive sensors makes it easier to 
take the measurement.  Single sided electrodes can be easier to adapt for use on more complex 
foam shapes as well. They also provide a technique by which the foam quality distribution along 
the thickness of the foam can be characterized. 

Small business partner, Walford Technologies, demonstrated some partial commercial success 
with an offshoot of the capacitive sensor technology in ancillary foam-based industries such as 
in large block foam production and small boats with fiberglass and foam hulls. Initial metal 
casting trials using the capacitive measurement technique coincided with delays in funding and 
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the exit of General Motors from lost foam casting as a long-term casting process. As a result the 
development and commercialization process of the capacitive measurement technique was 
halted in favor of image visualization of surface defects that seemed to have a more immediate 
impact on quality issues. 

The foam surface defects method for characterizing surface quality of the lost foam patterns has 
proven to have many advantages. Thus, this research contributed toward the determination of 
the foam surface quality, one of the most important factors affecting the lost foam casting 
process. The developed method is inexpensive and nondestructive and thus is applicable to the 
foundry floor.  The time required for performing the test is relatively short. The procedure is 
divided into two stages.  The first stage is detecting all the defects on the pattern surface, and the 
second stage is the defects analysis, which makes classification for the defects based on the size. 
Also this technique has the possibility to identify different defects sizes and calculates the ratio 
of defects size to the pattern size.  The tests were performed on the flat patterns and curved 
patterns. The technique gives good results for detecting the surface foam defects in both 
patterns.  

A prototype camera setup, operational process, and software program were developed for two 
industrial trials. The first trial was conducted at a lost foam cast-iron facility dealing with large 
castings and the second trial was at a lost foam aluminum casting facility2 with smaller but more 
complex parts. In both cases the process was demonstrated to be useful, however, due to limited 
resources, a full-fledged process for prototype refinement and documentation of correlated 
quality improvements were not realized. 

The Center for Manufacturing Research at Tennessee Tech University plans to update the 
camera setup and refine the operational procedures in concert with the lost foam aluminum 
facility to develop a set of documented impact statements in support of transitioning the 
technology to an appropriate “white side” technology supplier as a quality control procedure. 

 

METAL FILL MONITORING 

One of the main disadvantages in Lost Foam Casting is mainly associated with incomplete filling 
of the foam pattern due to slow escape of gases from the pyrolytic zone. Therefore one of the 
motivating challenges of this project has been, visualizing how the molten metal fills inside the 
foam pattern in order to improve the quality of the final products. Non-invasive imaging of the 
metal filling process provides process critical parameters such as time needed to fill the pattern 
as well as the molten metal velocity. Electrical Capacitance Tomography (ECT) is a novel 
technique to capture the molten metal profile. ECT sensor enables the casting manufactures to 
visualize and image the replacement of the foam pattern by the molten metal. Furthermore, it 
can be used as a feedback sensor to convert the LFC process to a closed loop control system. 

                                                             

2
 Existing Non-Disclosure Agreements prevent disclosure of the company identities. 
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Significant project resources and time was devoted to solving and testing a capacitive sensing 
metal fill monitoring system. Results within the laboratory provided very promising results, 
however whenever industrial trials were attempted (GM, two other smaller casting facilities) the 
system required specialized adjustments and modifications. In each case these adjustments 
required significant TTU engineering resources and industrial commitment in order to modify 
existing flasks. Talks were underway with GM to reach an agreement for advanced development 
of such a system when their interest in lost foam casting started to wane and the collapse of the 
economy in general limited involvement by other industries. 

The maturity of the system is such that further engineering effort is required to determine 
individualized methods for placement of ECT sensors while still enable its use in a rugged metal 
casting environment. Future efforts will be made to consult with flask manufacturers such as 
Vulcan Engineering Co. to collaborate on further development. 

 

LOST FOAM SAND COMPACTION 

One of the latter technologies developed during this project, the lost foam sand compaction has 
the potential for the easiest to transfer into commercial practice. The research results included 
an online method for monitoring sand compaction in the lost foam casting process. A differential 
approach, intended to reduce the deviation in sensor evaluation of compaction effectiveness due 
to environmental factors, was developed and tested in both a lost foam aluminum casting and 
lost foam cast iron facilities.  

The design of the sensor allows sand to fill the bottom channel to an ideal compaction under 
modest compaction recipes whereas the filling of sand in the top channel will take place in 
accordance with the effectiveness of the compaction recipe. The sensor can provide the 
compaction details of the areas hard to compact and easy to compact simultaneously. The sensor 
is coupled with a user-friendly software interface so that a non-technical person can also use the 
sensor to monitor the sand compaction. As the online monitoring of the sand compaction 
process is possible with the help of this sensor, any aberration in the process can be detected 
immediately. This presents a big advantage over the current offline monitoring processes used.   
From the ANSYS simulation and experimental tests it is proven that the values read by the 
sensor match the simulated data and the trends shown by both the channels are similar to the 
ideal one. Number of tests conducted proves the sensors ability to produce repeatable data for 
compaction time and percentage compaction achieved under similar test conditions. Tests also 
prove that the proposed sensor can be useful in detecting the vibrator link failures during the 
sand compaction process. Also tests have shown that the sensors response to change in the 
motor RPM speeds. As the precise sand compaction is necessary for LFC process, the sensor can 
be very helpful in determining vibration parameters to obtain the good quality castings. The 
presented sensor will be very helpful in determining the ideal compaction time for a particular 
recipe and will be able to continuously monitor the sand compaction process.  

The designed sensor provides a convenient method for lost foam foundries to monitor the 
effectiveness of the compaction recipe in achieving the desired level of sand compaction. The 
sensor provides a way to monitor the effect of changes in the different environmental 
parameters, sand properties and composition on the effectiveness of the compaction under a 
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given recipe. The differential aspect of the sensor helps to reduce the effect of environmental 
changes. The proposed sensor provides repeatable compaction time and percentage compaction 
achieved under similar test conditions.  The sensor could be used in the foundries to monitor the 
repeatability of sand compaction process. The sensor could be used to measure the effectiveness 
of a compaction recipe versus another. The sensor could be very useful in the measurement of 
effective compaction time for patterns.  

Although extensive testing and validation was conducted in industrial settings, additional 
development and “industrial hardening” are required to further develop the technology. 
Wireless transmission of data and placement of the sensor on the outside of the flask are further 
areas of development are warranted to truly make the technology feasible in the metal casting 
environment. Additional feedback at another lost foam brass casting facility indicated the desire 
to retrieve compaction data from various levels and locations within the flask. Finally, due to the 
lateness of the development in the project, insufficient resources were developed to improve the 
data representation and user interface. 

Tennessee Tech University filed a provisional patent entitled, “Online Differential Sand 
Compaction Sensor,” with additional action underway to formalize the utility patent filing. This 
technology would be a relatively inexpensive, non-invasive method for ensuring quality 
assurance that compaction is consistent and conforming to acceptable levels based on previous 
recipes/experience. The Center for Manufacturing Research will seek a commercializing partner 
to complete these remaining development objectives. 

 

NON-DESTRUCTIVE GREENSAND MOLD INSPECTION 

While the earlier technologies suggested for commercialization are somewhat limited to lost 
foam casting (representative of approximately 2% of total cast metal), this last key technology 
has the ability to impact a much greater market of cast metal – estimated at ~ 80% of total 
tonnage. As the cost of energy rises and competition for higher quality casting increases, the 
ability to reduce scrap rates and identify process irregularities that affect quality become more 
important. The Non-Destructive Greensand Mold Inspection device measures the capacitance 
and resistance of vertical flaskless greensand molds in-situ. The device has been tested on two 
separate occasions at the Lodge cast iron foundry in South Pittsburg, TN. Placed between the 
mold machine and approximately seven molds before the pour, the device takes measurements 
when the line is stopped while pouring and does not slow the process. Whereas greensand 
measurements are normally bulk measurements of the sand and only indirectly affect mold 
integrity, the technology developed in this project directly assesses a quantitative measure of 
mold variations.  

This research has been successful in demonstrating the usefulness of an impedance 
measurement device for greensand mold inspection. It has been shown that the device can be 
used as a flagging device to prevent pouring of molds with a high probability of producing a 
defective mold. More importantly, this research shows that the developed device can be used to 
observe the molding process and diagnose problems that may occur in the system. In the 
particular foundry where this instrument was tested, management can now try to solve the 
problem of large greensand changes which occur at the muller batch separation and use the 
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device to confirm the problem is fixed or can install a device to reject molds and prevent them 
being poured. 

The data collected in later experimental tests demonstrated that changes in the operation of the 
molding machine are detectable with the Mold Inspection Instrument. This indicates the 
instrument can be useful in controlling the squeeze and blow pressures to keep a consistent 
sand mold. It also can be used for tracking operator error in setting the controls of the mold 
machine.  

Of the four (4) key technologies suggested for commercialization, the Non-Destructive 
Greensand Mold Inspection device was the most thoroughly tested and was changed in multiple 
design iterations to improve accuracy and utility. Tennessee Tech University has a utility patent 
pending entitled, “A system for monitoring and evaluating greensand molds” (Application date 
9/29/2009). There remain additional development tasks including ruggedizing the instrument, 
adding sensors, and additional testing, however these can be transferred to a commercializing 
partner such as DISAMATIC®. This is the next and final step that will be pursued once the patent 
is finalized. 

SUMMARY OF FUTURE COMMERCIALIZATION ACTIVITES 

 

Despite problems with respect to funding amounts/timing and overall economic contractions, 
there are several technologies that have been developed with significant market potential. The 
Center for Manufacturing Research and Tennessee Tech University is fully invested in the 
continued commercialization of these results and has invested in support of a full-time graduate 
student and allocation of R&D Engineer resources to continue commercialization efforts beyond 
the current scope of the project. Several activities are currently under development and will be 
executed by the graduate student and other staff with the Center for Manufacturing Research 
(CMR) including but not limited to the following: 

1. Dissemination through CMR website – Highlights of the technologies discussed in this 
section will be highlighted on the CMR website with appropriate contact information for 
those interested in partnership and commercialization. 

2. Focused Identification of Commercialization Partners – Throughout this section, 
potential commercialization partners have been suggested such as Vulcan Engineering, 
Disamatic, Walford Technologies, and other for-profit foundry partners. In the first 
quarter of CY 2011, the graduate student will catalog various commercialization 
channels including the partners listed above but also small business and AFS Divisions. 
This will be followed up with emails, phone calls and letters to gauge potential interest in 
the key technologies. 

3. Licensing Technologies – As patents are awarded, TTU and CMR will aggressively seek 
partners that would be interested in licensing these technologies.  It is in the best 
interests of the university to license technologies to offset legal and other costs in 
support of the patentable technology.  
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4. Small Business Partners – Continued identification of small business partners and the 
potential of creating a spin-off small business to submit SBIR proposals in support of 
commercialization.  
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APPENDIX A: INSTALLATION, CONFIGURATION, AND OPERATION 
MANUAL OF THE FOAM IMAGING SYSTEM 

 

INSTALLATION OF THE FOAM IMAGING SYSTEM 

The foam imaging system was written in LabVIEW 2009 with National Instruments IMAQ 
support. A standalone executable would require separate purchase of an IMAQ runtime library. 
For the reference implementation of the imaging system, first install LabVIEW 2009 (or possibly 
a later version) and Vision, and then copy the imaging system folder to a writable location. 

 

CONNECTING THE FOAM IMAGING SYSTEM TO AN ACCESS DATABASE 

 

The foam imaging system uses the Open Database Connectivity (ODBC) standard to store test 
results for later review. To set up an ODBC data source for the foam imaging system, use the 
following steps: 

Go to the Windows Control Panel, and find the Administrative Tools folder. Then double-click 
the Data Sources (ODBC) icon. 

 

 

 

The ODBC Data Source Administrator dialog appears. Click on the tab labeled System DSN, 
then click the Add button. 
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When the Create New Data Source dialog appears, scroll down the list of drivers to find the 
appropriate one for your data source. Our reference implementation used a Microsoft Access 
2007 database file (extension .accdb), so we selected Microsoft Access Driver (*.mdb, 
*.accdb), and clicked the Finish button. 

 

 

 

On the ODBC Microsoft Access Setup dialog, we used a Data Source Name called Foam. Note: 
changing the name to something other than Foam will require changes to the LabVIEW code. After 
setting the name, we used the Database Select button to locate the database file used to store the 
results. 
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Locate the .accdb or .mdb file to store the results, and then click the OK button. 

 

 

Verify that the Database entry is set to the .accdb or .mdb file you selected previously. Click the 
OK button. At this point, the LabVIEW code can use ODBC to save results in the selected 
database. 
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OPERATION OF THE FOAM IMAGING SYSTEM 

 

Clicking the LabVIEW Run icon at the top of the window starts the program. Each set of analyses 
on a particular part is considered a job. Click the New Job button to enter information about this 
job. 

 

 

You can enter all the relevant job details on the dialog that pops up, including date, time, shift, 
part number, bead and tooling information, etc. To avoid errors in data entry, the program 
creates drop-down menus for each entry from tables in an ODBC data source (an Access 
database, by default). Click the Save button after verifying all the job information. 
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Click New Image on the main program dialog, and you will be prompted to locate an image for 
analysis. Select it and click the Open button. 
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Once the image is loaded, you can examine it to identify a specific region of interest (if any), or 
analyze the entire image. 

 

 

If you select a region of interest, the program will zoom into that region. Once you have the 
region selected, click the OK button to begin the image analysis. 
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The image analysis results are shown at the left of the image. You can identify bead voids by total 
area, size, or any other criteria available to National Instruments’ Image Acquisition libraries. 
Once you’ve selected your criteria and range for identifying voids, click the Stop Analysis button 
to finish the analysis. 
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The analysis results are stored in several ways. First, each job’s results are held in individual 
folders: 

 

 

Information about all jobs is saved in an Excel spreadsheet named all.xls, in the jobs’ parent 
folder: 
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The same data is also stored in an ODBC data source named Foam, which is tied to an Access 
database in our implementation. This allows for more polished reports and better integration 
with other quality data used in the company. 
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APPENDIX B: METAL FILL MONITORING HARDWARE MANUAL  

 

Conventions 
 

The following documentation conventions are followed within this document.   

Bold underlined text signifies notes or comments to the reader. 

Italicized text signifies file names, directories or programs. 

Bold italicized text signifies a reference to another document. 
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B1. INTRODUCTION 

The following document serves a manual on how to use the MetalFillMonitoring application to 
control the metal fill monitoring process.   

B1.1 OVERVIEW  

The metal fill profile for lost foam casting (LFC) is a significant factor that affects metal cast 
quality.  The metal fill profile itself is affected by numerous factors and several casting defects 
may result due to an improper metal fill process.  Thus, it is essential to characterize and, if 
possible, control these factors during the metal fill process for lost foam casting.  The 
MetalFillMonitoring application utilizes a set of capacitance measuring sensors to monitor the 
casting process. 

The MetalFillMonitoring application works alongside a set of MicaZ wireless sensor network 
nodes, one of which runs a SamplingNode program while the other runs a BaseStation program.  
The SamplingNode program is responsible for controlling the sensor boards during the metal fill 
as well as collecting readings during the metal fill process.  The BaseStation program serves as a 
gateway between the wireless sensor node running the SamplingNode program and the PC 
running the MetalFillMonitoring application.  A CalibrationNode program is also provided as an 
optional way to read the calibration voltage, which may helpful when setting the 
instrumentation amplifier in the MetalFillMonitoring. 

This document specifies how to install and set up the MetalFillMonitoring application as well as 
the SamplingNode, BaseStation, and CalibrationNode programs.  The following sections are 
contained within this document: 

 Chapter 2: instructions on how to download and install the MetalFillMonitoring application 

 Chapter 3: description of the hardware 

 Chapter 4: an example foundry setup 

 Chapter 5: instructions on how to use the MetalFillMonitoring application 

 Chapter 6: various notes and issues regarding the sensor hardware and MetalFillMonitoring 
application 

 Appendix: terminology 

B1.2 REFERENCE DOCUMENTS 

 TinyOS Community:  http://www.tinyos.net/ 

 TinyOS Wiki:  http://docs.tinyos.net/index.php/Main_Page 
 

http://www.tinyos.net/
http://docs.tinyos.net/index.php/Main_Page
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B2. SOFTWARE INSTALLATION 

The following chapter describes how to install and set up the various software programs 
(MetalFillMonitoring application, SamplingNode, CalibrationNode, and BaseStation) used to 
monitor the metal fill process.   

B2.1 DOWNLOADING AND INSTALLING 

Once you have downloaded the MetalFillMonitoring application archive, and unzipped the files, 
the following directory/file structure is created: 

./wsn/ – root directory 

./wsn/ADC – data sampling implementation 

./wsn/BaseStation – TinyOS community provided BaseStation implementation 

./wsn/CRS – Cauchy Reed-Solomon implementation 

./wsn/Lock – resource locking implementation 

./wsn/PinController – pin hardware controller implementation 

./wsn/RadioQueue – radio queue implementation 

./wsn/Reset – node restart implementation  

./wsn/SamplingNode – SamplingNode program implementation 

./wsn/Labview – Contains the MetalFillMonitoring application source and installer 

 

B2.2 INSTALLATION 

 

B2.2.1 INSTALLING THE METALFILLMONITORING APPLICATION 

To install the MetalFillMonitoring program, click on the installer icon and follow the installation 
instructions that are displayed on your screen. 

B2.2.2 INSTALLING THE WIRELESS SENSOR NODE PROGRAMS 

In order to compile and install the SamplingNode, BaseStation, and CalibrationNode programs, 
one must first setup the TinyOS 2 environment.  See 
http://docs.tinyos.net/index.php/Getting_started for installation and setup instructions for 
TinyOS 2 as well as directions for installing programs on your specific wireless sensor node and 
base station card platforms.  

http://docs.tinyos.net/index.php/Getting_started
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INSTALLING THE SAMPLINGNODE PROGRAM 

The SamplingNode program can be found under ./wsn/SamplingNode and contains a Makefile for 
compiling and installing the SamplingNode program.  Note that the provided Makefile should be 
used as it sets up the path information to the supporting implementation directories needed 
when compiling. 

INSTALLING THE BASESTATION PROGRAM 

The BaseStation program can be found under ./wsn/BaseStation.  This program is an unmodified 
copy of the sample BaseStation application project that comes with the TinyOS 2.1 development 
environment.  The author provided Makefile (found along with the program) should be used to 
install the program. 

INSTALLING THE CALIBRATIONNODE PROGRAM 

The CalibrationNode program can be found under ./wsn/CalibrationNode.  The CalibrationNode 
is an optional method of measuring the calibration voltage.  These measurements can be 
displayed by the MetalFillMonitoring application and are useful for setting the potentiometer 
(see Section 0 on “B5.2Setting the Calibration Voltage”).  A Makefile is provided for compiling 
and installing the CalibrationNode program. 

INSTALLATION EXAMPLE 

The following is an example of how to compile and install a TinyOS 2 program using a Makefile 
assuming the IP address of the MIB600 is 149.149.120.65 and the desired node ID is 4: 

 

Note that the node ID is important as it is used by the MetalFillMonitoring application to 
communicate with the desired node.  The SamplingNode and the CalibrationNode must 
have different node IDs to distinguish between them.  At the time of writing, the 
SamplingNode id is assumed to be 0 and the CalibrationNode id is assumed to be 1.  The id 
of the BaseStation does not matter. 

 

make micaz install,4 eprb,149.149.120.65 
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B3. HARDWARE OVERVIEW 

A novel, high frequency circuit for measuring capacitance has been developed to monitor the 
metal fill profile during lost foam casting.  This low cost sensor is capable of sensing the level of 
molten metal in the vicinity.  It captures the molten metal characteristics during the casting 
process and gives a good estimation of the metal fill time. 

B3.1 SENSOR BOX INTERIOR 

The sensor box is comprised of several different circuit boards that work together to monitor 
the metal fill profile during lost foam casting.  The components that make up the sensor box are 
described in the following sections. 

 

 

FIGURE B3.1: BLOCK DIAGRAM OF THE SENSOR BOX. 
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FIGURE B3.14: SENSOR BOX INTERIOR. 

 

B3.1.1 CAPACITANCE MEASURING SENSOR BOARDS 

The capacitance measuring sensor boards make up the major components in the sensor box.  
These four sensor boards operate simultaneously to capture capacitance changes between the 
sensors.  The capacitance readings correspond to changes in the level of molten metal as it 
displaces the foam pattern.  These sensor boards are able to measure small capacitance 
variations based on a differential charging/discharging method.  The sensor boards are designed 
in such a way that small variations in the position of the molten metal will produce noticeable 
changes in output voltage as the molten metal displaces the foam pattern.  The fundamental 
advantages of using the sensor boards are high resolution, stray immunity, fast data collection 
rate, high linearity, wide operating frequency band, and robustness against external noise 
sources.  The sensor boards are used to measure the capacitance readings between eight 
embedded electrodes in the molten flask.  There are twenty-eight possible combinations of 
transmitter/receiver pairs among these electrodes and switching between the different pairs is 
accomplished using a multiplexer circuit board.  The sensor boards also consist of a digital 
oscillator, instrumentation amplifier, and programmable gain amplifier. 
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 FIGURE B3.15: CAPACITANCE MEASURING SENSOR BOARD. 

 

DIGITAL OSCILLATOR 

The digital oscillator is used to drive both the transmitter electrodes as well as provide the clock 
signal for the synchronous detector.  The frequency range of the oscillator is from 100 kHz to 
33MHz, which allows several of these sensors to be used in close proximity without interference.  
A manual switch (labeled U6 on the sensor board) is provided on each sensor board to set the 
resistors which affect the frequency.  Table B3.3 shows the latches on the switch and the 
corresponding resistor values connected across them.  Table B3.4 shows the frequency values 
that are obtained from different combinations of the latches.  The 8th latch corresponds to the 
most significant bit (far left bit) while the 1st latch corresponds to the least significant bit (far 
right bit). 

 

TABLE B3.3: RESISTOR VALUES FOR DIGITAL OSCILLATOR. 

Latch Position 1 2 3 4 5 6 7 8 

Resistor Value (Ω) NONE 1 M 499 K 200 K 100 K 51 K 20 K 10 K 



246 

 

 

TABLE B3.4: RESISTOR VALUES FOR DIFFERENT RESISTOR COMBINATIONS. 

Position F(KHz) Position F(KHz) Position F(KHz) Position F(KHz) 

00000000 0  00000010 10  00000100 20  00000110 30 

00001000 50  00001010 60  00001100 70  00001110 80 

00010000 100  00010010 110  00010100 120  00010110 130 

00011000 150  00011010 160  00011100 170  00011110 180 

00100000 196  00100010 206  00100100 216  00100110 226 

00101000 246  00101010 256  00101100 266  00101110 276 

00110000 296  00110010 306  00110100 316  00110110 326 

00111000 346  00111010 356  00111100 366  00111110 376 

01000000 500  01000010 510  01000100 520  01000110 530 

01001000 550  01001010 560  01001100 570  01001110 580 

01010000 600  01010010 610  01010100 620  01010110 630 

01011000 650  01011010 660  01011100 670  01011110 680 

01100000 696  01100010 706  01100100 716  01100110 726 

01101000 746  01101010 756  01101100 766  01101110 776 

01110000 796  01110010 806  01110100 816  01110110 826 

01111000 846  01111010 856  01111100 866  01111110 876 

10000000 1000  10000010 1010  10000100 1020  10000110 1030 

10001000 1050  10001010 1060  10001100 1070  10001110 1080 

10010000 1100  10010010 1110  10010100 1120  10010110 1130 

10011000 1150  10011010 1160  10011100 1170  10011110 1180 

10100000 1196  10100010 1206  10100100 1216  10100110 1226 

10101000 1246  10101010 1256  10101100 1266  10101110 1276 

10110000 1296  10110010 1306  10110100 1316  10110110 1326 

10111000 1346  10111010 1356  10111100 1366  10111110 1376 

11000000 1500  11000010 1510  11000100 1520  11000110 1530 
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11001000 1550  11001010 1560  11001100 1570  11001110 1580 

11010000 1600  11010010 1610  11010100 1620  11010110 1630 

11011000 1650  11011010 1660  11011100 1670  11011110 1680 

11100000 1696  11100010 1706  11100100 1716  11100110 1726 

11101000 1746  11101010 1756  11101100 1766  11101110 1776 

11110000 1796  11110010 1806  11110100 1816  11110110 1826 

11111000 1846  11111010 1856  11111100 1866  11111110 1876 

 

The frequency of the digital oscillator is obtained from the following formula: 

setR
f

10

K10
M Hz10OSC

      EQUATION B3.1
  

where Rset is the parallel combination of the selected resistors.  The frequency that is used for 
this application has been determined heuristically to be around 700 KHz (corresponding to the 
ON states of latches 7 and 8 on the switch). 

 

INSTRUMENTATION AMPLIFIER 

The output voltage of the instrumentation amplifier, hereafter referred to as the calibration 
voltage, is controlled using a digital potentiometer.  The digital potentiometer must be set using 
the MetalFillMonitoring application (see Section 0). 

A manual switch on the sensor board (labeled U4) is also available for controlling the calibration 
voltage.  The manual switch consists of four latches; each latch will increase the calibration 
voltage by a different amount.  The first latch has the least affect on the calibration voltage while 
the fourth latch has the largest.  Combinations of these latches can also be used to achieve the 
desired calibration voltage. 

 

PROGRAMMABLE GAIN AMPLIFIER 

The programmable gain amplifier is set using the MetalFillMonitoring application (see Section 
B.0). A manual switch (labeled U18 on the sensor board) is also provided to set the output of the 
programmable gain amplifier.  To change the programmable gain amplifier settings, the fourth 
latch must be switched to the ON position.  Then the other latches can be set to the desired 
positions.  After the desired settings have been adjusted, the fourth latch needs to be switched 
back to the OFF position to lock in the new value.  Note that the MetalFillMonitoring 
application will not be able to set the programmable gain amplifier correctly if any of the 
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latches on the manual switch are pressed OFF.  Hence, it is advisable to leave all the latches in 
the OFF position and set this amplifier from the application program. 

 

B3.1.2 MULTIPLEXER CIRCUIT BOARD 

As later discussed in Section B0, eight electrodes need to be mounted inside the metal fill flask.  
Each of these electrodes can act as either a transmitter or receiver.  The multiplexer circuit 
board is used to control which electrode acts as a transmitter; there is only one transmitter at 
any given time.  The multiplexer circuit board makes it possible for several signals to share the 
same output line, hence contributing to the overall cost savings.  Figure B3.16 depicts the 
multiplexer circuit board, while Table B3.5 illustrates the different transmitter/receiver 
electrode pairs measured by each circuit board for a given multiplexer setting.  Note that the 
multiplexer position cannot be controlled directly by the user, but rather it is set by the 
mote running the SamplingNode program. 

 

TABLE B3.5: MULTIPLEXER OPERATION SUMMARY FOR TRANSMITTER AND RECEIVER. 

Control Signal Lines Transmitter 
Electrode 

Receiver Electrode 

  Sensor 1 Sensor 2 Sensor 3 Sensor 4 

000 1 2 3 4 5 

001 2 3 4 5 6 

010 3 4 5 6 7 

011 4 5 6 7 8 

100 5 6 7 8 GND 

101 6 7 8 1 GND 

110 7 8 1 2 GND 

111 8 1 2 3 GND 
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FIGURE B3.16: MULTIPLEXER CIRCUIT BOARD. 

 

B3.1.3 MICAZ INTERFACE BOARD 

The MicaZ interface board (MDA 100) serves as an interface for connecting a MicaZ mote 
running the SamplingNode program to the sensor box.  This is the point inside the sensor box 
where the SamplingNode should be connected.  The four sensor boards are connected to each 
via a ribbon cable which is then connected to the MicaZ interface board as seen in Figure B3.14.  
A picture of the MicaZ interface board is shown in Figure B3.17. 
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FIGURE B3.17: MICAZ INTERFACE BOARD. 

 

The ribbon cable allows the SamplingNode connected to the MicaZ interface board to collect 
data from the sensor boards as well as send commands to the sensor boards.  The mote running 
the SamplingNode program is attached to the interface slot (labeled J3 in Figure B3.17) on this 
board.  The terminal block on the MicaZ interface board (labeled J2 in Figure B3.17) is wired to 
the terminal board on the Multiplex Circuit Board using jumper wires (labeled J9 in Figure 
B3.16).  The order the wires should be connected is depicted in Figure B3.18. 

 

  

FIGURE B3.18: TERMINAL BLOCK CONNECTION. 
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B3.2 SENSOR BOX EXTERIOR 

  

FIGURE B3.19: SENSOR BOX EXTERIOR (SIDE VIEW). 

  

FIGURE B3.20: SENSOR BOX EXTERIOR (TOP VIEW). 
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B3.2.1 TRANSCEIVERS 

Eight BNC transceiver terminals can be found together on top of the box, as seen in Figure B3.8, 
and are part of the multiplexer circuit board.  The BNC cables from the flask are connected to 
these jacks during a metal casting process.  (see Section B4.1). 

A3.2.2 TRANSMITTER TERMINALS 

The four transmitter terminals on the top of the sensor box are connected to each other using 
short BNC cables and T-adapter connectors, as seen in Figure B3.20.  A long BNC-to-SMA(12") 
cable connects one of the transmitter terminals to the transmitter SMA female jack on the 
multiplexer circuit board (labeled U53 as seen in Figure B3.16 and Figure B3.21). 

  

FIGURE B3.21: TRANSMITTER TERMINAL CONNECTED TO MULTIPLEXER CIRCUIT BOARD. 

B3.2.3 RECEIVER TERMINALS 

The four receiver terminals are also located on top of the sensor box.  A BNC-to-SMA(12") 
connects each of these terminals to a female SMA jack on the multiplexer board.  Receiver 
terminals 1 through 4 are connected to U49, U50, U51, and U52 respectively on the multiplexer 
board (see Figure B3.16 and                                                                                                                              
Figure B3.22). 

                                                                                                                              
FIGURE B3.22: RECEIVER TERMINALS CONNECTED TO MULTIPLEXER CIRCUIT BOARD.  
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B3.2.4 CALIBRATION VOLTAGE TERMINALS 

The calibration voltage terminals are the gray banana jacks on the top of the sensor box.  They 
are labeled 1 though 4 and are used to read the output calibration voltage using the 
CalibrationNode box (see Section B3.3 and Section B5.2). 

 

B3.2.5 FINAL OUTPUT VOLTAGE TERMINALS 

The final output voltage terminals are the green banana jacks found on the top of the sensor box.  
The final output voltages can be read using a multimeter.  However, the outputs of these 
terminals are collected using the MetalFillMonitoring application. 

 

B3.2.6 LATCH BUTTONS 

The four latch buttons are used to set the level shifting voltage reference.  It is fairly difficult to 
set the correct level shifting voltage using these buttons and they were added for mainly 
troubleshooting purposes.  The MetalFillMonitoring application automatically performs the level 
shifting before data collection starts.   

 

B3.2.7 POWER SUPPLY 

The sensor box is powered by sixteen 9V Nickel Metal Hydride (Ni-MH) rechargeable batteries; 
the batteries are connected in parallel inside the sensor box to ensure a longer run time between 
charges.  A toggle switch on the outside of the hardware system is used to power on and off the 
sensor boards.  An LED indicator on the outside of the system indicates whether or not the 
system is powered on.  Two female banana jacks are attached on the side of the hardware 
system are provided for recharging the batteries.  The ideal voltages for recharging the batteries 
are +10.5V for the positive supply (red banana jack) and -10.5V for the negative supply (black 
banana jack). Thus, these batteries should be recharged when any of the positive or negative 
power supply drops below 9.8V. The ground (reference) signal can be connected to the sensor 
box container.  Figure B3.19 shows the exterior of the sensor box.  The power toggle switch, 
LED indicator, and banana jacks used for charging can all be seen on the side of the box. 

 

B3.2.8 ANTENNA 

This is used for sending and receiving data or signals between the MetalFillMonitoring 
application and the sensor box.  It is connected to the SamplingNode mote inside the box. 
Covering or rubbing the antenna when the system is running might obstruct the operation of the 
wireless sensor. 
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B3.3 CALIBRATIONNODE BOX 

The CalibrationNode box houses the mote running the CalibrationNode program.  The 
CalibrationNode can be used with the MetalFillMonitoring application when setting the 
calibration voltage (see Section B0).  To collect calibration voltage output, connect the four gray 
female banana jacks on the output of the CalibrationNode box to the female banana jacks on the 
sensor box via cables.  Also remember to connect the ground terminal on this box (black 
banana jack) to the ground of the sensor box. 

 

FIGURE B3.23: CALIBRATIONNODE BOX. 

 

B3.4 BASESTATION BOX 

The BaseStation box houses a node running the BaseStation program attached to a MIB600 
gateway board.  The BaseStation box has ports to connect a power supply and an Ethernet cable. 
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FIGURE B3.24: BASESTATION BOX. 
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B4. FOUNDRY SETUP 

When performing a metal pour, the MetalFillMonitoring application attempts to capture 
capacitance changes between embedded electrodes inside the metal flask.  This is accomplished 
though the use of the SamplingNode and the BaseStation programs.  The mote running the 
SamplingNode program is attached MicaZ interface board.  The SamplingNode controls the data 
collection process using commands sent to it from the MetalFillMonitoring application. 

Using commands sent to it from the MetalFillMonitoring application via the BaseStation program, 
the SamplingNode controls the data collection process.  Figure 6.18 illustrates a flask, with the 
complete sensor box attached, being prepared for a metal fill. 

 

  

FIGURE B4.1: FLASK READY FOR A COUNTER-GRAVITY POUR. 

 

B4.1 MODIFYING A METAL CASTING FLASK 

In order for the proposed system to be used in a new environment, some modifications should 
be made to the existing metal casting flasks.  This process is a one-time setup for any given flask.  
The following steps needed to setup of the flask: 

1. Eight electrodes must be mounted to the interior sides of the flask; electrodes should 
be evenly spaced around the flask.  It is important that the electrodes be insulated 



257 

 

from the body of the flask (which serves as a ground) by leaving at least half an inch 
between the electrodes and the body of the flask.  This can be achieved through the 
use of plastic spacers and plastic screws.  All electrodes should be the same size, 
since capacitance values obtained from the electrodes are proportional to their size.  
Ideally, the electrode should be long enough to span from the top of the flask to the 
bottom; the width of the electrode should be about one-tenth the diameter of the 
flask, and the thickness should be between 0.2 to 0.5 inches. 

2. The electrodes must be shielded from each other by placing a thin metal sheet 
midway between electrodes.  The metal shields must be grounded with the flask; this 
can be done by attaching them with metal screws.  See Figure 2 below. 

3. Holes need to be drilled to allow Eight BNC cables to be connected to the electrodes 
inside the flask.  The ground terminals of the BNC cables need to be connected to the 
flask body or the metal shields, while the positive terminals need to be connected to 
the electrodes inside the flask.  The BNC cables are used to connect the electrodes to 
the sensor box. 

 

 

FIGURE B4.2: ELECTRODE ARRANGEMENT INSIDE THE FLASK. 
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B4.2 OUR CASTING PROCESS 

The metal fill is performed using a counter-gravity system where a vacuum is applied to the top 
of the flask.  The vacuum is used to draw the metal though a sprue into the foam pattern.  The 
following sections describe the setup of our already-modified metal casting flask.   

B4.2.1 FOAM PATTERN PREPARATION 

First the foam pattern is coated with a refractory material. The refractory coating helps to create 
a barrier between the coarse sand and the smooth foam surface.  It also helps control the 
permeability of the gas created when the metal displaces the foam during the pour.  The foam 
pattern is then glued to a long fiber sprue.  Note that the point at which the foam pattern is 
attached to the sprue should not be coated with the refractory material.  The molten metal 
must be grounded as it flows inside the foam pattern.  The connection to ground is achieved by 
connecting one end of a thin strip of wire to either one of metal shields or the flask body, while 
the other end should be inserted into the fiber sprue so that the molten metal makes contact 
with it on its way to the foam pattern.  This grounding step is very important; failure to 
ensure the metal is grounded with the flask as it displaces the foam pattern will invalidate 
the data collected.  At this point, the flask is carefully filled with sand and vibrated to ensure 
good sand compaction. 

B4.2.2 SENSOR BOX MOUNTING 

After the flask has been filled with sand and significantly vibrated to achieve good 
compaction, the sensor box is mounted onto the outside of the flask.  To prevent damaging the 
components in the sensor box, the box should not be mounted to the flask before the flask is 
vibrated.  The BNC cables are then attached to the transceivers on the sensor box.  If the optional 
CalibrationNode is to be used, it is now attached to the sensor box.  At this point the sensor box 
can be switched on and the MetalFillMonitoring application must be used to complete the setup 
process. 

B4.2.3 BASESTATION BOX SETUP 

To set up the BaseStation box, first connect one end of an Ethernet cable to the BaseStation box 
and the other to a router or the PC it is to be used with.  Then, plug the appropriate ends of the 
power cable into a power outlet and into the power slot in the BaseStation box.  The BaseStation 
box should be placed a safe distance away from the metal furnace being used (between 10 to 20 
feet).  Ideally, there should be no obstructions between the BaseStation box and the sensor box 
to achieve a good wireless signal between the two.  See Chapter B5 for instructions on using the 
MetalFillMonitoring application.  The flowchart below depicts a summary of the steps required 
in setting up the system during a metal casting. 
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FIGURE B4.3: FLOWCHART OF THE METAL CASTING PREPARATION. 
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B5. METALFILLMONITORING APPLICATION 

The purpose of the MetalFillMonitoring application is to configure a node running the 
SamplingNode program for data collection, start the collection process, analyze the data, and 
save the results.  The ability to control this process is accomplished using various user-specified 
parameters described in this section. 

B5.1 INITIALIZATION 

The MetalFillMonitoring application will start up in the initialization stage (see Figure B5.25).  
During this stage of the program, one specifies the IP address of the BaseStation node to connect 
to.  Upon pressing the “START” button, the program will connect to the BaseStation and send 
commands to the SamplingNode to turn the circuit boards on.  A command will be sent to start 
sampling the calibration voltage.   

 

 

FIGURE B5.25: INITIALIZATION STAGE. 
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B5.2SETTING THE CALIBRATION VOLTAGE 

In this stage, the MetalFillMonitoring application should look similar to Figure 26.  If the 
CalibrationNode is running, the output of the calibration voltage will be displayed on the screen; 
otherwise, the plot will appear blank.  Note that these values can also be read manually by 
connecting a multimeter to the banana jacks provided on the sensor box.  The calibration 
voltages for the four sensor boards can be set by entering the desired values in their respective 
fields provided on the upper pane and clicking the “SET” button.  Valid values are numbers in the 
range 0-64.  The higher the value specified, the lower the resulting output voltage.  A value of 
zero indicates not to change the calibration voltage value for that particular board.  The input 
fields retain the last non-zero values entered from the previous run.  Also, a record of the values 
entered is stored in a file found in the POTvalues directory, which is located in the same 
directory as the MetalFillMonitoring application.  The current calibration voltage readings can be 
viewed on the graph under the Calibration tab on the lower pane.  Ideally, the calibration 
voltage should be set between 1.0V and 1.5V.  To move onto the B5.3 Programmable Gain 

Amplifier stage, click the “NEXT” button.  Clicking the “CANCEL” button will power down the 
circuit boards, reset the wireless motes, and returns the MetalFillMonitoring application to the 
B5.1 Initialization stage. 

 

 

FIGURE B5.2: SETTING THE CALIBRATION VOLTAGE. 
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B5.3 PROGRAMMABLE GAIN AMPLIFIER 

At this point, the MetalFillMonitoring application should look similar to Figure 26.  In this stage, 
the user should see four different plots representing the different circuit boards.  Depicted in 
each plot are current readings from the eight different multiplexer positions for each of the 
boards.  This amplifier acts as a linear multiplier to scale the values of the final voltage readings.  
The user can enter the desired programmable gain amplification values in their respective fields 
provided on the upper pane, and click “SET.”  Valid values are numbers in the range 1-7.  The 
higher the gain setting specified, the higher the resulting output voltage.  The input fields retain 
the last non-zero values entered from the previous run.  The current output voltage readings can 
be seen on the application program by clicking the ADC 1-4 tab on the lower pane.  Desired 
output values should not exceed 1.0V.  After setting the desired programmable gain 
amplification values, click the “NEXT” button to move onto the B5.4 Data Collection stage.  As 
before, clicking the “CANCEL” button will return the MetalFillMonitoring application to the B5.1 

Initialization stage. 

 

 

FIGURE 26: PROGRAMMABLE GAIN AMPLIFIER. 
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  B5.4 DATA COLLECTION 

At this stage, the MetalFillMonitoring application is ready to start sampling data for the metal 
pour.  As the data is collected, it is displayed on screen (see Figure).  As the application is 
running, it is possible for the data sent wirelessly from the SamplingNode to be lost.  Voltage 
values of -1 represent lost data (do not worry if -1V values appear in the plots).  The 
MetalFillMonitoring application will attempt to recover lost data as it detects it.  As the molten 
metal fills the foam pattern, the output voltage values increase.  The signals for particular ADC 
channels can also be seen by selecting the appropriate tab on the lower pane. The Data tab 
shows all the received unfiltered signals plotted on the same graph.  In the Listbox-Data 
Analysis tab, one can select any number of sensor signals that he or she wants to be displayed 
from the provided listbox.  Additional signals can be displayed on the same graph by holding 
down the “CTRL” button before selecting the additional combination from the listbox. 

When the metal casting has been completed, click the “STOP” button before turning off the 
sensor box.  At this point, the MetalFillMonitoring application will attempt to recover the 
remaining lost data packets (if any).  After all data has been recovered, the MetalFillMonitoring 
application will return to the B5.1 Initialization stage. 

 

 

FIGURE B5.4: DATA COLLECTION. 
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 B5.5 METAL FILL TIME 

Under the Normalized Response tab, the user can see the time for filling the foam pattern as 
well as the normalized (and filtered) signals on the graph.  The cursors on this graph show the 
starting and ending times of the casting process 

 

 

FIGURE B5.5: METAL FILL TIME. 

 

B5.6 OBTAINING THE SAVED DATA  

The data from each sensor board is saved in excel format inside a folder called Result, under the 
application directory.  The format that is used for the filenames is as follows: 

 <time>_ADC_<sensor board>.xls, 

where time is the year, month, day, hour, minute, and second the data collection process started 
and sensor is number representing one of the four sensor boards. Note that this same format is 
used for saving the calibration voltage values (see Section A0). Figure  shows a sample of the 
filename and its naming format. 
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FIGURE B5.6: DATA FILE FORMAT. 

 

The data file will contain eight rows where each column represents the data that is collected 
from a particular sensor (electrode combination), while the columns represent the change in 
voltage over time.  Table  shows the format of the saved data in the four excel files for the 
different sensor boards.  

 

TABLE B5.1: SAVED DATA FORMAT. 

Column
s 

Sensor 1 Sensor 2 Sensor 3 Sensor 4 

1 1-2 1-3 1-4 1-5 

2 2-3 2-4 2-5 2-6 

3 3-4 3-5 3-6 3-7 

4 4-5 4-6 4-7 4-8 

5 5-6 5-7 5-8 N/A 

6 6-7 6-8 6-1 N/A 

7 7-8 7-1 7-2 N/A 

8 8-1 8-2 8-3 N/A 
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B6. NOTES/ISSUES 

The following section discusses various notes and issues. 

Why do none of the readings make any sense? 

If the metal is not grounded as it displaces the foam patter, the readings taken will not make any 
sense.  Make sure as the metal enters the sprue, it comes in contact with the metal wire 
grounded with the flask. 

 

Why are no values displayed during the B5.2Setting the Calibration Voltage phase? 

If the CalibrationNode Box is not turned on, no values will be sent back to the 
MetalFillMonitoring application to be displayed.  If the CalibrationNode Box is turned on, then 
the command to start sampling was not received.  Make sure that the CalibrationNode Box’s 
antenna is within line of sight of the Sensor Box’s antenna.   

 

Why am I not able to correctly set the Programmable Gain Amplifier from the 
MetalFillMonitroing application? 

If any of the latches on the manual switch (labeled U18 on the sensor board) in the ON position 
override the values set by the MetalFillMonitoring application.  Make sure all of the manual 
switches are turned OFF when setting the Programmable Gain Amplifier from the 
MetalFillMonitoring application. 
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B7. APPENDIX - TERMINOLOGY 

The following terminology was referenced in this document: 

 

Base Station – a node running the BaseStation program attach to a standard PC interface or 
gateway board (MIB501, MIB520, or MIB600) 

Electrode – thing metal plate mounted inside the metal fill flask 

Lost-foam casting (LFC) – a type of evaporative-pattern casting process that takes advantage of 
the low boiling point of foam for the pattern molding 

Node – a MicaZ wireless sensor node 
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APPENDIX C: METAL FILL MONITORING SOFTWARE MANUAL  

 

Conventions 
 

The following documentation conventions are followed within this document.   

Bold underlined text signifies notes or comments to the reader. 

Italicized text signifies file names, directories or programs. 

Bold italicized text signifies a reference to another document. 
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C1. INTRODUCTION 

The following document serves a manual on how to use the MetalFillMonitoring application to 
control the metal fill monitoring process.  

C1.1 OVERVIEW 

The metal fill profile for lost foam casting (LFC) is a significant factor, among several others, that 
affect metal cast quality. The metal fill profile itself is affected by numerous factors and several 
casting defects may result due to an improper metal fill process. Thus, it is essential to 
characterize and, if possible, control these factors in the metal fill process for lost foam casting. 
The MetalFillMonitoring application utilizes a set of capacitance measuring circuits to monitor 
the casting process. 

The MetalFillMonitoring application works alongside a set of MicaZ wireless sensor network 
nodes, one of which runs the SamplingNode program while the other runs the BaseStation 
program.  The SamplingNode program is responsible for controlling the hardware during the 
metal fill as well as collecting readings during the metal fill process.  The BaseStation program 
serves as a gateway between the wireless sensor node running the SamplingNode program and 
the PC running the MetalFillMonitoring application.  A CalibrationNode program is also provided 
as an optional way to read the calibration voltage, which may helpful when setting the first stage 
gain amplifier in the MetalFillMonitoring application. 

This document specifics how to install and setup the MetalFillMonitoring application as well as 
the SamplingNode, BaseStation, and CalibrationNode programs.  The following sections are 
contained within this document: 

 Chapter Two: instructions on how to download and install the Metal Fill Node application. 

 Chapter Three: experimental setup. 

 Chapter Four: describes the steps to run the MetalFillMonitoring application.  

 Chapter Five: implementation details of the TinyOS software program. 

 Appendix: terminology 

C1.2 REFERENCE DOCUMENTS 

 TinyOS Community:  http://www.tinyos.net/ 

 TinyOS Wiki:  http://docs.tinyos.net/index.php/Main_Page 
 

http://www.tinyos.net/
http://docs.tinyos.net/index.php/Main_Page
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C2. SOTWARE INSTALLATION 

In order to build and run the Metal Fill Monitoring application, you must first download the 
appropriate files.  

C2.1 DOWNLOADING AND INSTALLING 

Once you have downloaded the MetalFillMonitoring application archive, and unzipped the files, the 
following directory/file structure is created: 

./wsn/ – root directory 

./wsn/ADC – data sampling implementation 

./wsn/BaseStation – TinyOS community provided BaseStation implementation 

./wsn/CRS – Cauchy Reed-Solomon implementation 

./wsn/Lock – resource locking implementation 

./wsn/PinController – pin hardware controller implementation 

./wsn/RadioQueue – radio queue implementation 

./wsn/Reset – node restart implementation  

./wsn/SamplingNode – SamplingNode program implementation 

./wsn/Labview – Contains the MetalFillMonitoring application source and installer 

 

C2.2 INSTALLATION 

 

C2.2.1 INSTALLING THE METALFILLMONITORING APPLICATION 

To install the MetalFillMonitoring program, click on the installer icon and follow the installation 
instructions that are displayed on your screen. 

 

C2.2.2 INSTALLING THE WIRELESS SENSOR NODE PROGRAMS 

In order to compile and install the SamplingNode, BaseStation, and CalibrationNode programs, one 
must first setup the TinyOS 2 environment.  See http://docs.tinyos.net/index.php/Getting_started 
for installation and setup instructions for TinyOS 2 as well as directions for installing programs on 
your specific wireless sensor node and base station card platforms. 

 

http://docs.tinyos.net/index.php/Getting_started
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INSTALLING THE SAMPLINGNODE PROGRAM 

The SamplingNode program can be found under ./wsn/SamplingNode and contains a Makefile for 
compiling and installing the SamplingNode program.  Note that the provided Makefile should be 
used as it sets up the path information to the supporting implementation directories needed when 
compiling. 

INSTALLING THE BASESTATION PROGRAM 

The BaseStation program can be found under ./wsn/BaseStation.  This program is an unmodified 
copy of the sample BaseStation application project that comes with the TinyOS 2.1 development 
environment.  The author provided Makefile (found along with the program) should be used to 
install the program. 

INSTALLING THE CALIBRATIONNODE PROGRAM 

The CalibrationNode program can be found under ./wsn/CalibrationNode.  The CalibrationNode is 
an optional method of measuring the calibration voltage.  These measurements can be displayed by 
the MetalFillMonitoring application and are useful for setting the potentiometer (see Section 0 on 
“B5.2Setting the Calibration Voltage”).  A Makefile is provided for compiling and installing the 
CalibrationNode program. 

INSTALLATION EXAMPLE 

The following is an example of how to compile and install a TinyOS 2 program using a Makefile 
assuming the IP address of the MIB600 is 149.149.120.65 and the desired node ID is 4: 

 

Note that the node ID is important as it is used by the MetalFillMonitoring application to 
communicate with the desired node.  The SamplingNode and the CalibrationNode must have 
different node IDs to distinguish between them.  At the time of writing, the SamplingNode id 
is assumed to be 0 and the CalibrationNode id is assumed to be 1.  The id of the BaseStation 
does not matter. 

 

 

 

 

 

 

 

 

make micaz install,4 eprb,149.149.120.65 
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C3. EXPERIMENTAL SETUP 

This chapter describes the hardware using in the metal fill process. 

C3.1 HARDWARE DESCRIPTION 

The MetalFillMonitoring application uses a set of high frequency, lost cost circuits for measuring 
capacitance.  Based on the differential charging/discharging method, the circuits are able to detect 
small changes in capacitance and produce proportional voltage readings as the molten metal 
displaces the foam pattern.  The capacitance is measured between eight electrodes embedded 
inside the metal fill flask.  The switching between pairs of electrodes to obtaining the capacitance 
measurements is done using a multiplexer circuit. Figure C3.1 depicts the schematic of the 
capacitance circuit while Figure C3.2 shows the four circuits linked together.   

  

FIGURE C3.1: SCHEMATIC DIAGRAM OF THE CAPACITANCE MEASURING CIRCUIT. 

C3.2 METAL FILL PROCESS 

The actually metal fill is performed using a counter-gravity system wherein a vacuum is applied to 
the top of the flask.  The vacuum is used to pull the molten metal out of the furnace, through a 
ceramic sprue, and into the foam pattern.  As the metal fills the foam patter, the MetalFillMonitoring 
application attempts to capture, from the circuits, capacitance changes between transmitters and 
receivers embedded inside the metal fill flask.  This is accomplished though the use of the 
SamplingNode and the BaseStation programs.  The mote running the SamplingNode program is 
attached to the four capacitance sensing circuit boards.  Using commands sent to it from the 
MetalFillMonitoring application via the BaseStation program, the SamplingNode controls the data 
collection process.  Figure C3.13 illustrates a flask, with the circuit boards attached, being prepared 
for a metal fill. 
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FIGURE C3.2: CAPACITANCE MEASURING CIRCUIT BOARDS. 

 

 

  

FIGURE C3.3: FLASK READY FOR A COUNTER-GRAVITY POUR. 
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C4. EXECUTING 

The purpose of the MetalFillMonitoring application is to configure a node running the 
SamplingNode program for data collection, start the collection process, analyze the data, and save 
the results. The ability to control this process is accomplished using various user-specified 
parameters described in this section. 

C4.1 INITIALIZATION 

The Metal Fill Monitoring application will start up in the initialization stage (see Figure B5.251). 
During this stage of the program one specifies the IP address of the BaseStation node.  Upon 
pressing the “START” button, the program will connect to the BaseStation and send commands to 
the SamplingNode to turn the circuit boards on.  If the CalibrationNode is running, a command will 
be sent to start sampling the output of the first stage gain amplifier.  At this point the Metal Fill 
Monitoring application will move into the C4.2 First Stage Programmable Gain Amplifier stage. 

 

 

FIGURE C4.1: INITIALIZATION STAGE. 
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C4.2 FIRST STAGE PROGRAMMABLE GAIN AMPLIFIER 

In this stage the MetalFillMonitoring application should look similar to Figure 26.  In this stage, one 
is able to set the first stage gain amplifier.  If the CalibrationNode is running, the output of the 
amplifier will be displayed on the screen; otherwise, the plots will appear blank.  From here, the 
first stage amplification values can be entered into their respected fields and clicking the “SET” 
button.  Valid values are numbers in the range 0-64.  A value of zero indicates no change.  To move 
onto the B5.3 Programmable Gain Amplifier stage, click the “NEXT” button.  Clicking the 
“CANCEL” button will power down the circuit boards, reset the motes, and return the Metal Fill 
Monitoring application to the B5.1 Initialization stage. 

 

FIGURE C4.2: FIRST STAGE GAIN AMPLIFIER. 

C4.3 SECOND STAGE PROGRAMMABLE GAIN AMPLIFIER 

At this point, the MetalFillMonitoring application should look similar to Figure C3.1.  At this stage 
the, user should see the four different plots representing the different circuit boards.  Depicted in 
each plot are the eight different readings from each of the multiplexer positions.  Now the user can 
enter the desired second stage amplification values in their respective fields, and click “SET.”  After 
setting the desired second stage amplification values, click the “NEXT” button to move onto the 
B5.4 Data Collection stage.  As before, clicking the “CANCEL” button will return the Metal Fill 
Monitoring application to the B5.1 Initialization stage. 
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FIGURE C4.3: SECOND STAGE GAIN AMPLIFIER. 

C4.4 DATA COLLECTION 

At this stage, the MetalFillMonitoring application is ready to start collection calibration data for the 
metal pour.  As the data is collected, it is displayed on screen (see Figure C4.4).  When the pour has 
completed click the “STOP” button.  At this point, the Metal Fill Monitoring application will attempt 
to recovery, from the SamplingNode mote, any packets that were lost during the pour.  If one does 
not wish to wait for the lost data to be recovered, simply click the “CANCEL” button.  After all data 
has been recovered or the “CALCLE” button is clicked, the user will be prompted on where to save 
the data.  After saving the data, the Metal Fill Monitoring application will return to the B5.1 

Initialization stage. 
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FIGURE C4.4: DATA COLLECTION. 

 

C4.5 METAL FILL TIME 

Under the Normalized Response tab, the user can see the time for filling the foam pattern as well 
as the normalized (and filtered) signals on the graph.  The cursors on this graph show the starting 
and ending times of the casting process 
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C5. IMPLEMENTATION DETAILS 

This chapter describes some of the implementation details of the Metal Fill Monitoring application 
as well as the SamplingNode packet structure. 

C5.1 METAL FILL MONITORING APPLICATION 

This section provides a description of the program structure for the MetalFillMonitoring 
application. This program is written using LabVIEW software from National Instruments. 

 

C5.1.1 INITIALIZATION STAGE 

During this stage, all values and variables are set to default values. For instance, it is necessary to 
reinitialize the arrays that store the received values in the LabVIEW program such that previously 
received data would not interfere with the current values being obtained. Afterwards, the TCP 
network connection is opened with the IP address and remote port name. Finally, the 
RESTART_MOTE command is sent to both the CalibrationNode and SamplingNode to clear the 
buffers and subsequently sending the POWER_ON command to switch on the SamplingNode. 

 

C5.1.2 CALIBRATION STAGE 

It is necessary to ensure that the values of certain components on the capacitance measuring circuit 
are maintained within certain boundaries throughout the duration of any test. This ensures that the 
results are accurate and consistent. The different settings carried out during the calibration stage 
are: 

SETTING THE DIGITAL POTENTIOMETER 

The digital potentiometer is used to set the first stage programmable gain amplifier (calibration 
voltage). While setting this gain, one must ensures that the value of the amplifier will not saturate 
throughout the duration of the experiment. The digital potentiometer takes values between 1 and 
64. As the value of the digital potentiometer increases, the calibration voltage decreases. In the 
LabVIEW program, the POT_SET command is used to send the values specified by the user to the 
SamplingNode. There is provision in the program to save these values to a file so that they can be 
reused later. The digital potentiometer is connected in parallel to a manual switch that can also be 
used to set the calibration voltage. However, the manual switch can only be set when the box is 
opened. 

LEVEL SHIFTING 

In each circuit, a subtractor subtracts the readings from the eight multiplexer position values from 
the reading captured from one of the multiplexer positions. The problem with this setup is that this 
value may be higher than some of the values obtained from the other multiplexer positions; hence, 
these readings cannot be correctly measured by the mote, which cannot measure negative voltages. 
A voltage level shifting technique is used to ensure that the smallest voltage necessary to make all 
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subtractors outputs positive. The mote needs to be in the sensing mode before the level shifting can 
be done. After sending the START_SENSING command, the LEVEL_SHIFT command is sent to the 
mote. 

 SETTING THE SECOND STAGE PROGRAMMABLE GAIN AMPLIFIER (PGA) 

This amplifier is used to scale the measured readings (acts as a multiplier). The PGA takes up values 
between 1 and 7. As the value of the PGA increases, its output increases. The GAIN_SET command is 
used to send the inputted values to the SamplingNode. 

 

C5.1.3 DATA COLECTION STAGE 

 

 CLEARING THE TCP BUFFERS 

It is necessary to clear the buffers before actual sampling is started. This ensures that the values 
measured during the calibration stage are not stored with the values obtained during obtained 
during the actual sampling. To achieve this, first a STOP_SENSING command is sent.  Then any 
messages still on the TCP buffers are read before sending a START_SENSING command.  

 

RECEIVING DATA 

The packets that are received by the BaseStation are continuously read using by the Read_Packet 
LabVIEW subVI.  These received packets are deciphered to obtain the actual payload. After this, the 
field from the payload that contains the actual data is extracted and saved in the Received Data 
queue if it is from the sensor node; and displayed if it is from the calibration node. This loop runs in 
parallel with the loops for the  

Data Collection and Data Recovery which are described in the next sections. 

 

DATA COLLECTION 

Here, any recovered Lost Packets (from the Recovered Data queue) are inserted into the data 
cluster used for storing all the readings for the eight different multiplexer positions from all the 
circuits. This data cluster contains the raw code packet packets, raw data packets, and the 
converted data packets for the four ADC channels. Afterwards, the packets from the Received Data 
queue are separated and a check is performed to determine if there were any Lost Packets before 
current received packet. If there are any, their values in the data cluster are replaced with ‘-1’ 
before appending with the corresponding elements in the data cluster. Also, the ADC number, block 
number and block position of the Lost Packets are stored in the Lost Packets queue. These three 
values are used to for data recovery or to request for retransmission if need arises (explained in the 
next section). The obtained readings that are stored in the data cluster are plotted on graphs and 
stored in excel files. 
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DATA RECOVERY 

Data recovery takes care of any packets that are lost during transmission. Here, the Lost Packets 
queue is constantly checked for any lost packets; Cauchy Reed-Solomon decoding is used to 
recovery any lost packets. The CRS algorithm is able to recover up to two data packets out of every 
twelve packets (ten data packets and two code packets) from the same block. The conditions 
necessary to perform CRS recovery are: 

- One lost data packet and no lost code packet. 

- One lost data packet and one lost code packet. 

- Two lost data packets and no lost code packet. 
 

If there are more than two lost data packets in the retrieved block, the lost packet is requested for 
retransmission using the Retransmit command and is inserted into the data cluster when received. 
This retransmitted packet can be used to recover the remaining lost packets (if it now satisfies the 
above stated conditions; if not, the lost packet is retransmitted). All the recovered packets using 
CRS are stored in the Recovered Data queue. 
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FIGURE C5.1: PROGRAM FLOW CHART. 

 

C5.2 SENSOR NODE PACKETS 

This section provides a description of the Command Messages sent to the SamplingNode and the 
Mote Messages sent from the SamplingNode to the Metal Fill Monitoring application via the 
BaseStation.  Note that all fields in the packets are in network byte order (big-endian). 

C5.2.1 COMMAND MESSAGE STRUCTURE 

A Command Message is a packet sent from the Metal Fill Monitoring application to the BaseStation, 
which then forwards it on to the SamplingNode.  See Figure C5 for the SimpleCmdMsg structure 
definition. 
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FIGURE C5.2: COMMAND STRUCTURE. 

 

 

SRC 

The src field is a two byte integer specifying the source of the message.  At the time of writing the 
src field is not used.  If multiple instances of the MetalFillMonitoring application are ever runing in 
close proximity, this src field would be needed to allow the modes to specify where the data they 
are collecting should be sent. 

DST 

The dst field is a two byte integer specifying the destination of the message.  A SamplingNode will 
only accept commands where the dst field matches its own TOS_NODE_ID.  The TOS_NODE_ID is set 
during compile time.  At the time of writing, the MetalFillMonitoring application assumes that the 
main collection node will always have an ID of 0.  To allow for multiple MetalFillMonitoring 
applications to run in close proximity, they must each be addressing a different destination node. 

typedef nx_struct simple_cmd_msg_t 

{ 

 nx_uint16_t src; 

 nx_uint16_t dst; 

 nx_uint8_t seq_num; 

 nx_uint8_t hop_count; 

  

 nx_uint8_t action; 

 nx_union 

 { 

  Start start; 

  RetransmitRequest retransmit; 

  GainSet gain; 

  PotSet pot; 

  MuxSet mux; 

 } args; 

} SimpleCmdMsg; 



 

284 

 

SEQ_NUM 

The seq_num field is a one byte integer specifying the sequence number of the packet.  At the time 
of writing, the MetalFillMonitoring application does not set this field and the SamplingNode does 
not check it for lost packets.  This was included as it would (probably) be needed for multihop 
transmission. 

HOP_COUNT 

The hop_count field is a one byte integer specifying the number of hops before the packet should be 
dropped.  This is not currently used but would (probably) be needed if we were doing multihop 
transmission. 

 

ACTION 

The action field is a one byte integer that specifies the type of command message.  The value of this 
field determines what structure is stored in the args union. 

POWER_ON 

An action value of 1 tells the mote to power on the circuit boards.  The mote will always respond to 
this command.  The args field is ignored given a POWER_ON action. 

POWER_OFF 

An action value of 2 tells the mote to power off the circuit boards.  The mote will always respond to 
this command.  It is possible to turn the circuit boards off in the middle of a pour using this 
command.  The args field is ignored given a POWER_OFF action. 

RADIO_QUIETER 

An action value of 3 tells the mote to decrease the signal strength of the radio.  The mote will always 
respond to this command.  This command is not currently implemented on the mote. 

RADIO_LOUDER 

An action value of 3 tells the mote to increase the signal strength of the radio.  The mote will always 
respond to this command.  This command is not currently implemented on the mote. 

START_SENSING 

An action value of 5 tells the mote to start sampling.  The mote will respond to this packet only if it 
is not currently sampling data.  The Start structure in the args field is examined when a 
START_SENSING command is received by the mote.  See  

Figure C5.3 for the Start structure definition. 
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FIGURE C5.3: START STRUCTURE. 

 

The Start structure specifies a two byte period.  When a START_SENSING command is received by 
the mote, the time between sampling is the value of period in milliseconds.  If the hardware is 
unable to sample fast enough, the time between samples will be as small as possible.   

START_SENSING_R 

An action value of 6 tells the mote to take 1 sample from each ADC channel and transmit the data.  
The mote will respond to this packet only if it is not currently sampling data.  No recovery is 
available if the data sent in response to this packet is lost.  This command is not currently 
implemented on the mote. 

STOP_SENSING 

An action value of 7 tells the mote to stop sensing.  The mote will only respond do this command if 
it is sampling data. 

RETRANSMIT 

An action value of 8 tells the mote to retransmit data.  The mote will respond to this command only 
if it is not currently handling a retransmit request and the request is valid.  The RetransmitRequest 
structure in the args field is examined when a RETRANSMIT command is received by the mote.  See 
Figure C5.4 for the RetransmitRequest structure definition. 

 

 FIGURE C5.4: RETRANSMITREQUEST STRUCTURE. 

typedef nx_struct retransmit_request_t 

{ 

 nx_uint8_t adc; 

 nx_uint8_t block_num; 

 nx_uint8_t block_pos; 

} RetransmitRequest; 

typedef nx_struct start_t 

{ 

 nx_uint16_t period; 

} Start; 
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The RetransmitRequest structure specifies a one byte adc channel, block number, and block 
position of the data to be retransmitted.  The RETRANSMIT_REQUEST is only valid if data for these 
given fields has been transmitted by the mote since the most recent START_COMMAND received.   

GAIN_SET 

An action value of 9 tells the mote to set the gains on the circuit boards to the specified values.  The 
mote will always respond to this command.  The GainSet structure in the args field is examined 
when a Gain_SET command is received by the mote.  See Figure C5.5 for the GainSet structure 
definition. 

  

FIGURE C5.5: GAINSET STRUCTURE. 

 

The GainSet structure specifies a one byte gain value for each of the four circuit boards.  Valid gain 
values are between 0 and 7, inclusive.  For this reason, the 3 least significant bits are using to set the 
gains.  Values above 7 will still result in gain values being set using only the 3 least significant bits. 

POT_SET 

An action value of 10 tells the mote to set the potentiometer on the circuit boards to the specified 
values.  The mote will always respond to this command.  The GainSet structure in the args field is 
reused POT_SET command is received by the mote.  The structure is the same as Figure C5.5, but 
the values are assumed to be between 0 and 64. 

MUX_SET 

An action value of 11 tells the mote to set the multiplexer position to the specified value.  The mote 
will only respond to this command if it is not currently sampling.  The MuxSet structure in the args 
field is examined when a MUX_SET command is received by the mote.  See Figure C5.6 for the 
MuxSet structure definition. 

typedef nx_struct gain_set_t 

{ 

 nx_uint8_t  board0; 

 nx_uint8_t  board1; 

 nx_uint8_t  board2; 

 nx_uint8_t  board3; 

} GainSet; 
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 FIGURE C5.6: MUXSET STRUCTURE. 

The MuxSet structure specifies a two byte position.  The multiplexer position is set to the value 
specified by the 3 least significant bits of the position field. 

LEVEL_SHIFT 

An action value of 12 tells the mote to level shift the circuit boards.  If the mote is currently 
sampling upon receiving this command, it will level shift at the beginning of the next round of 
sampling.  If the mote is not sampling, it will wait until it receives a start command before it level 
shifts.  Note that the samples taken during level shifting will be inconsistent which each other. 

RESTART_MOTE 

An action value of 13 tells the mote to restart itself.  The mote will always respond to this command. 

STOP_MOTE 

An action value of 14 tells the mote to shut down.  The mote will always respond to this command.  
This command is not currently implemented on the mote. 

 

 

C5.2.2 MOTE MESSAGE STRUCTURE 

A Mote Message is a packet sent from the SamplingNode to the BaseStation, which then forwards it 
on to the Metal Fill Monitoring application.  See Figure C5.7 for the Mote Message structure 
definition. 

 

 

 

 

 

 

typedef nx_struct mux_set_t 

{ 

 nx_uint8_t pos; 

} MuxSet; 
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 FIGURE C5.7: MOTEMESSAGE STRUCTURE. 

 

SRC 

The src field is a two byte integer specifying the source of the message.  The SamplingNode will set 
src to its TOS_NODE_ID (which is specified when the SamplingNode program is installed on the 
mote. 

DST 

The dst field is a two byte integer specifying the destination of the message.  A SamplingNode will 
copy the src field from the START_SENSING packet (see 0) into the dst field of all data packets it 
sends. 

SEQ_NUM 

The seq_num field is a one byte integer specifying the sequence number of the packet.  The 
SamplingNode will set the seq_num to 0 at boot time and increments it for every packet sent.  At the 
time of writing, the Metal Fill Monitoring application does not check this field for lost packets.  This 
was included as it would (probably) be needed for multihop transmission. 

 

typedef nx_struct mote_message_t 

{ 

 nx_uint16_t src; 

 nx_uint16_t dst; 

 nx_uint8_t seq_num; 

 nx_uint8_t hop_count; 

  

 nx_uint8_t action; 

 nx_union 

 { 

  Reading data; 

  Calibration calibration; 

 } args; 

} MoteMessage; 
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HOP_COUNT 

The hop_count field is a one byte integer specifying the number of hops before the packet should be 
dropped.  This is not currently used but would (probably) be needed if we were doing multihop 
transmission. 

 

ACTION 

The action field is a one byte integer that specifies the type of data message.  The value of this field 
determines what structure is stored in the args union. 

DATA_T 

An action value of 0xDA (218) specifies that the packet is a readings packet.  The Reading structure 
in the args field will be set.  See Figure C5.8 for the Reading structure definition. 

 

FIGURE C5.8: READING STRUCTURE. 

 

The Reading structure specifies a one byte adc channel, block number, and block position as well as 
eight two byte samples from the specified adc channel.  The block number and the block position 
are used as part of the Cauchy Reed-Solomon encoding/decoding. 

CODE_T 

An action value of 0xC0 (192) specifies that the packet is a code packet.  The Reading structure in 
the args field will be reused (see Figure C5.8).  The encoding values are stored in the samples field. 

 

typedef nx_struct reading_t 

{ 

 nx_uint8_t adc; 

 nx_uint8_t block_num; 

 nx_uint8_t block_pos; 

  

 nx_uint16_t samples[BUFFER_SIZE]; 

} Reading; 
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RETRANSMIT_T 

An action value of 0xAD (173) specifies that the packet is a retransmit packet.  The Reading 
structure in the args field will be set (see Figure C5.8).  Retransmit packets are sent in response to 
RETRANSMIT_COMMANDS of the command message. 

CALABRATION_T 

An action value of 0xCA (202) specifies that the packet is a calibration packet.  The Reading 
structure in the args field will be set (see Figure C5.8).  Only the first four values in the samples 
filed will contain the calibration voltages while the last four values will be zeros. 
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C6. APPENDIX - TERMINOLOGY 

The following terminology was referenced in this document: 

 

Base Station – a node running the BaseStation program attach to a standard PC interface or 
gateway board (MIB501, MIB520, or MIB600) 

Node – a MicaZ wireless sensor node 

Lost-foam casting (LFC) - a type of evaporative-pattern casting process that takes advantage of the 

low boiling point of foam for the pattern molding 
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