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ABSTRACT 

 

 Worn out or broken parts are often too costly to replace.  Due to downsizing and mergers, 

the original manufacturer of the component may not even exist.  Also, with the world economy, 

it is possible that the original manufacturer might be an off shore vendor.  As a result, timely 

replacement of worn or broken components may be difficult or impossible.  To complicate this 

picture, it is desirable for the replacement part to be of equal or superior quality such that the life 

of the replacement part is at least equivalent, but ideally superior to that of the original 

mechanical component.  This program focused on the concept of Intelligent Component 

Evaluation, a subset of reverse engineering.  Reverse engineering is recreating an existing part in 

the absence of technical drawings. Component evaluation adds engineering judgment to the 

reverse engineering process.  Using this approach, a procedure for capturing the geometry of a 

broken or worn machined part and/or existing broken forging die, using a reverse engineering 

techniques has been established.  If the actual component or forging die exists, the procedure 

involves using a digitizing arm and reverse engineering software to capture the geometry of the 

components.  If CAD drawings exist, the reverse engineering approach is to convert 2D or 3D 

drawings into a format that can be utilized by any 3D CAD modeling software.  

RSP Tooling LLC developed a beta test machine to fabricate production quality tooling 

in prototype time.  In this study, the methodology used was to capture the geometry of the worn 

or broken forging die, restore the solid model to the original part geometry, apply shrink factors 

and draft angles to the die and to build a prototype.  These processes can be used in RSP tooling 

process to quickly manufacture a forging die, via CNC machining a soft pattern or other rapid 

prototyping process such as steriolithography.  
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Another goal of this project was to provide engineering assistance to RSP Tooling in the 

initial development stage of their beta machine to help determine heat loads and heat dissipation 

rates. The process uses molten metal, heated gas, and a heated pattern. This generates a great 

deal of heat that must be dissipated quickly so that the cooling rate of the molten metal can be 

maintained. This analysis was performed by CSU. 
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1.0 Introduction 
 

In many cases documentation of mechanical components such as drawings, specifications 

and engineering analyses are lost.  It is often required to replace worn or broken parts in which 

this documentation does not exist.  In industry today, short lead-time is demanded to satisfy this 

need.  As a result application of reverse engineering approaches for speeding up the product 

realization process is currently gaining momentum.  It significantly reduces the production lead-

time and the costs of the part duplication processes.  In this program, two different technologies 

were married together to address the problem of rapidly fabricating replacement parts for 

components that are given worn or broken service.  These two technologies are component 

evaluation which is reverse engineering combined with engineering judgment and Rapid 

Solidification Process (RSP) Tooling. 

 There are many practical applications where reverse engineering is necessary are 

explained briefly as follows: 

1. Old products for which the engineering drawings have been lost. Technical data of the 

part is not available or is in an incomplete state. Products designed before CAD/CAM 

existed are typical examples. Another example is where dies were originally out-sourced 

because of lack of internal manufacturing capability and where neither engineering 

drawings nor electronic data are available in-house. 

2. Products modified in production without anyone recording the changes. Where a 

prototype of the final product has been modeled manually and therefore no CAD model 

of the prototype exists. 

3. Overseas products imported from foreign countries.  Either these items have no 

documentation, or the information comes in a form not suitable for American production. 
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4. Part drawings may have deteriorated and/or inadequate documentation on the original 

design.  

5. Restoring parts of vintage automobiles or aircrafts can be very difficult when parts like 

critical forgings are no longer available as spares from the manufacturer.  

6. To obtain replacement of components from the original vendor is too costly or time 

consuming.  Also, the original vendor may no longer be in business, or is impossible to 

trace due to corporate mergers and takeovers.  

7. Original CAD model is not sufficient to support redesign or new manufacturing. Original 

supplier is unwilling to provide additional sample parts.  

 
The second of the two technologies, RSP Tooling, is a process that permits the rapid 

fabrication of forging dies.   The RSP Tooling machine melts the tool material (normally tool-

steel), which is discharged into a gas stream. The gas breaks up the metal into very small 

droplets.  These droplets cool rapidly as they leave the nozzle and travel to the ceramic pattern. 

When the droplets hit the pattern they conform to its shape and solidify immediately. The 

ceramic pattern is manipulated in the spray to uniformly build up a thick deposit of metal. 

Because of the rapid solidification of the very small particles, the as-deposited tool has a very 

uniform, fine-grained structure with properties comparable to, or better than, those of a 

conventional tool made from forged metal.  This process is illustrated in Figure 1. 
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Figure 1 – Schematic of the RSP Tooling Process 
 

 
The RSP Tooling production process, which is illustrated in Figure 2, normally starts 

with a CAD model of the tool. A pattern adjusted for shrink is produced by stereolithography (or 

any other method that produces a rigid model). A ceramic cast is then poured and fired. This is 

placed in the RSP machine and sprayed with molten metal. The as sprayed tool is then “squared 

up” and fit into the die. A unique benefit of RSP is that the properties of many tool steels 

(including H13) can be tailored using relatively low temperature aging treatment, thereby 

eliminating distortion. H13, when age hardened, shows an increase in strength over 

conventionally heat treated material, both at room and elevated temperatures. 

 

Figure 2 – RSP Tooling Production Process 
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The RSP Tooling process was developed and patented by Dr. McHugh of INEEL (Idaho 

National Engineering and Environmental Laboratory). RSP Tooling, LLC, is commercializing 

the process and has acquired an exclusive license for the technology. The lab equipment can 

produce a tool that is 4 x 4 x 2 inches. The Beta production which is machine that is shown in 

Figure 3 increases that to 7 x 7 x 4 inches and produces an insert every two hours. The planned 

up scaling will be to a machine that can produce tools in the 15 x 15 x 10 inch size and at a rate 

of one a day. 

The benefits of the process are: 
 

1. It is faster - For the particular tool component it can reduce lead time by up to 50% 

2. It is less costly- For the particular tool component it can reduce cost by up to 75% 

3. Quality- Tools made from the process have increased tool life by 25% 

 

 

 

Figure 3 – The Beta RSP Tooling Machine  
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 The purpose of this program is to involve graduate students in the area of Rapid 

Solidification Process (RSP) Tooling, and to make a meaningful contribution to this area.  The 

RSP tooling process is a method to produce production quality tooling in prototype timing.  The 

process atomizes molten metal and deposits it on to a ceramic negative of the tool.  Because of 

the rapid cooling rate, the tool is very accurate and has metallurgical quality better than the 

standard machined tool. 
 

This program is targeted towards two tasks that make major contributions to assist the 

forging industry in bringing this about - engineering development associated with fabricating the 

beta production machine and developing the engineering methodology to interface effectively 

with forging companies.  These tasks are: 

 
Task 1 - Assistance for Prototype Machine Development 

The first task that RSP Tooling LLC has undertaken is to build a beta production machine 

that can be marketed to the tool and die industry. The machine is being designed and built by 

Belcan Corp. This company specializes in the design and build of specialty machines.  However, 

engineering assistance is needed in the initial development stage to help determine heat loads and 

heat dissipation rates. The process uses molten metal, heated gas, and a heated pattern. This 

generates a great deal of heat that must be dissipated quickly so that the cooling rate of the 

molten metal can be maintained.  

 

Task 2 - Intelligent Component Evaluation  

This task is directed to utilizing reverse engineering techniques.  This permits the 

development of the 3D CAD model directly from various input sources.  This can be done 

rapidly without costly CMM inspection processes or manual inspection of the part or re-drawing 
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it in the CAD system.   

Once the 3D geometry of a forging is established, stock for machining can be added, 

appropriate shrink factors can be applied and a 3D model of the dies can be made.  At this point, 

the dies can be manufactured by the RSP tooling process in less that a week 
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2.0 Results 

2.1 Intelligent Component Evaluation and Prototyping 

 In this section the reverse engineering tools that were used in this study are discussed and 

two examples are presented.  The first example started with a chipped ceramic component, the 

geometry was captured using reverse engineering techniques, and a forging die was designed 

utilizing the results of this effort.  The second example is based on the hypothesis that if one 

simply captures the geometry of a broken component and builds a new part based on that 

geometry, he will eventually have another broken component. 

 

2.1.1 Reverse Engineering Tools  
 

 The reverse engineering tools used in this study were: 

• SolidWorks – The 3D CAD software. 

• RevWorks – The reverse engineering software that works directly with 

SolidWorks. 

• MicroScribe Digitizing Arm – The physical device used to capture the geometry 

of the component. 

RevWorks adds direct reverse engineering capability to SolidWorks by connecting 3D 

digitizers to Solid Works.  By selecting options presented within the familiar SolidWorks 

interface, point data and features from the actual component are directly captured into part and 

assembly documents.  The strength of this approach is to collect only the data needed to model 

the part.  Further, once a feature is collected, the measured dimensions can be immediately 

adjusted to preferred values.  RevWorks interacts directly with SolidWorks to place the geometry 

it creates from digitized data directly onto sketch planes and 2D sketches.   The RevWorks 

provides an additional toolbar on the SolidWorks display.  
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Figure 4 -  Digitizing Arm, MicroScribe G2 

 MicroScribe G2 is the digitizing arm that was used in this program.  It is an accurate 3D 

digitizing system, which captures the physical properties of three-dimensional objects and 

accurately translates them into complete 3D models.  Figure 4 shows the digitizing arm, 

MicroScribe G2. 

 The process of utilizing these engineering tools to create a pattern that can be used in the 

RSP tooling process is illustrated in Figure 5.  The actual facility used in this program is shown 

in Figure 6. 
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Figure 5 -  The Flowchart of Component Evaluation Methods  
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Figure 6 - Component Evaluation Facility  

 
2.1.2 Component Evaluation of an Actual Part 
 

 For this study, the ceramic part shown in Figure 7 was used.  It may be assumed to be a 

broken or worn component that has to be replaced.  It is actually a ceramic pattern that was 

obtained from RSP Tooling LLC.  It is chipped in several places and one of the larger chipped 

areas is shown to the right in the figure.  The subject was selected to demonstrate the component 

evaluation procedure. 
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Figure 7 - A Worn or Broken Part Showing Chipped Region. 
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The digitizing of 3-D shapes was performed as described above, thereby restoring the 

original geometry of the part.  The features were digitized using a MicroScribe 3D Digitizing 

Arm.  Accurate numerical methods, based on geometric triangulation, calculate coordinates and  

the software transforms this on the surface of the models.  The CAD model of the reconstructed  

part is shown in Figure 8. 

 

Figure 8 -  Solid Model Generated from Scanned Point Data with SolidWorks 

 Shrink factors were applied to account for shrinkage of the forging as well as the ceramic 

pattern.  This is illustrated in Figure 9. 

 
After the model is designed, a prototype can be built using Stereolithography apparatus.  

The one used at Cleveland State University is the Fused Deposition Modeling (FDM) machine.. 
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Figure 9 - Part / Die Showing Applied Shrink Factors  

 
The finished CAD model of the die is then modeled in Solid Works.  Figure 10 shows the 

finished model of the die and the die that was fabricated by the Rapid Solidification Process.  

Since the RSP Tooling die for this case was fabricated before the CAD model was made (this is 

not the normal procedure) it can be seen that the component evaluation steps were performed 

correctly. 
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Figure 10 – CAD Model of the Die and RSP Tooling Die 

 
2.1.3 Engineering Considerations  
 
 The difference between reverse engineering and component evaluation is engineering 

judgment.  If a mechanical component fails in service because it is over stressed, simply 

fabricating a new part just like the original one, will result in another broken part. This second 

example is a hand lever, a forged part which was obtained for component evaluation and 

analysis.  The part was digitized using MicroScribe G2 Digitizing Arm and the 3D-CAD model 

was built in Solid Works as illustrated in Figure 11.  

 Figure 12 shows the finished prototype obtained from the Fused Deposition Modeling 

machine. 
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Figure 11 -  Prototype Model of the Handle 

 

 

Figure 12 - Prototype  Model of the Handle with Support Material 
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.A finite element stress analysis of the handle was performed.  The results of this analysis 

are shown in Figure 13.  From this figure it can be seen that there are two high stressed areas on 

the part.  Prudent engineering practice is to modify the design such that these stresses are lower 

in the new handle. 

Evaluating the results of the analysis, it can be seen that the highest stresses are  located 

in the zone A and B.  .  The B zone present acceptable stresses, but in A zone the stress is 

critical. To reduce the maximum stress in A zone it is necessary to increase the diameter of the 

handle bar from 0.55 to 0.75 inches. A fillet was also introduced at the joint in order to reduce 

the stress concentration. The second simulation by FEM is shown in Figure 14. 

 

Figure 13 – Finite Element Analysis, Original Design 
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Figure 14 – Finite Element Analysis, Modified Design 
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The increased radius has allowed a reduction of 110 MPa in the maximum stress making 

the stress field more uniform, thus maintaining the mechanical performance of the handle.  

 The modified 3D-CAD model from Reverse Engineering can be sent to different rapid 

prototyping machines to create re-engineered forging dies.  

 

2.2 Engineering Support to RSP Tooling 

This study presents the results of an engineering study that was performed to determine 

the heat dissipation rates for the RSP Tooling beta machine.  The existing cooling system is 

inadequate, leading to unstable coolant temperature and high cabinet temperature. Both the 

above problems are treated independently and solutions are suggested. 

 The primary technique used here is energy balance. This technique studies the heat 

flowing in and out of the system. The results of the above were used to the calculate cooling 

system requirements.  The amount of heat energy absorbed is defined as the product of the mass 

flow rate of the fluid, specific heat of fluid and the difference in temperature between two points 

in the medium.  This definition is mathematically represented as: 

 

E = Q*S*(?T) kJ/min 

Where:  

 E  Energy, Joules  

 Q Mass flow rate of water in coolers, kg/min 

 S Specific heat of water, J/kg°C 

 ? T Temperature difference, °C 
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 The amount of heat energy absorbed is analyzed by calculating the individual amount of 

heat energy absorbed by all the heat disipitating elements in the system at different time 

intervals.  Figure 15 is a schematic of the entire system, and illustrates the individual elements 

where heat is dissipated. 

From Table 1and Figure 16 it can observed that the highest amount of heat energy 

absorbed by the fluid flowing through the crucible, which was initially at 11º C, is 1654.908 

kj/min. At this point RSP Tooling turned on the City water to provide additional cooling to the 

system. 

Similarly, the greatest heat energy absorbed by the fluid flowing through nozzle, nitrogen 

pre-heater, feed tube and exhaust tube was calculated for different time intervals.  This is 

document in Tables 2 thru 5 and Figures 17 thru 20. 

Now the total amount of heat absorbed by the fluid i.e. water flowing through all the 

tubes joined together was calculated.  The average temperature, Th , for every time interval was 

calculated as follows:  

 

Th = [Tcr+Tn2+Tnz+Tft+Tex]/5 

 

This Th was subtracted from the inlet temperature of fluid at every time interval to get 

?T.  ?T was then used to calculate the amount of heat energy absorbed for each time interval.  

Table 6 and Figure 21show the amount of total heat energy absorbed for every time interval. 

From this table, it can be seen that the highest amount of heat energy absorbed is 3338.44kj/min; 

therefore, to have an energy balance, the amount of heat generated must be equal to the amount 

of energy absorbed. 
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As the initial temperature of the fluid varies according to the surroundings, the overall 

time taken to reach the undesirable temperature of the fluid also varies.  This may be analyzed by 

considering the same calculation required to calculate the amount of heat energy absorbed for 

water starting at a different temperature.  This will help us in understanding the time taken to 

reach the undesirable temperature and will give us the highest amount of heat energy absorbed 

for different initial temperatures of the fluid.  This analysis will provide assistance in designing 

the chiller. 
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Figure 15 – Schematic Diagram for RSP Tooling Beta Machine  
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Table 1 – Heat Energy Absorbed at the Crucible 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

Figure 16 – Crucible ?T vs. Energy Absorbed 
 
 
 

Time, min Temperature, ºC ? T, ºC Energy absorbed, 
kj/min 

-15 11 0 0 
0 10.5 0 0 
7 27.2 16.2 1282.752 
10 30.6 18.2 1441.116 
15 33.9 18.4 1456.952 
25 38.3 18.7 1480.707 
30 41.1 18.9 1496.544 
35 43.9 19.5 1544.053 
40 45 18.7 1480.707 
45 47.8 19 1504.462 
49 49.4 19 1504.462 
55 48.9 20.9 1654.908 
60 42.8 16.2 1282.752 
65 43.9 17.8 1409.443 
78 28.9 4.8 380.0746 
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Table 2 – Heat Energy Absorbed at Nitrogen Pre -Heater 
 

Time, min Temperature, ºC ? T, ºC Energy absorbed, 
kj/min 

-15 11 0 0 
0 10.5 0 0 
7 11.1 .1 7.91822 
10 16.1 3.7 292.9741 
15 18.3 2.8 221.7102 
25 26.1 6.5 514.6843 
30 30.6 8.4 665.1305 
35 36.1 11.7 926.4317 
40 39.4 13.1 1037.287 
45 43.3 14.5 1148.142 
49 46.7 16.3 1290.67 
55 48.3 20.3 1607.399 
60 45 18.4 1456.952 
65 45 18.9 1496.544 
78 34.4 10.3 815.5767 

 

 

Figure 17 – Nitrogen Pre-Heater ?T vs. Energy Absorbed 
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Table 3 – Heat Energy Absorbed at the Nozzle 
 

Time, min Temperature, ºC ? T, ºC Energy absorbed, 
kj/min 

-15 11 0 0 
0 10.5 0 0 
7 11.1 .1 6.3345 
10 12.8 .4 25.338 
15 15.6 .1 6.3345 
25 21.7 2.1 133.0245 
30 24.4 2.2 139.359 
35 27.2 2.8 177.366 
40 29.4 3.1 196.3695 
45 31.7 2.9 183.7005 
49 33.9 3.5 221.7075 
55 33.3 5.3 335.7285 
60 33.3 6.7 424.4115 
65 33.9 7.8 494.091 
78 26.7 2.6 164.697 

 

 
 

Figure 18 – Nozzle ?T vs. Energy Absorbed
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Table 4 – Heat Energy Absorbed at Feed Tube 
 

Time, min Temperature, ºC ? T, ºC Energy absorbed, 
kj/min 

-15 11 0 0 
0 10.5 0 0 
7 12.2 1.2 76.014 
10 13.9 1.5 95.0175 
15 17.8 2.3 145.6935 
25 22.2 2.6 164.697 
30 24.4 2.2 139.359 
35 27.8 3.4 215.373 
40 31.7 5.4 342.063 
45 33.9 5.1 323.0595 
49 36.1 5.7 361.0665 
55 33.3 5.3 335.7285 
60 31.1 4.5 285.0525 
65 30 3.9 247.0455 
78 26.1 2 126.69 

 

 

Figure 19 – Feed Tube ?T vs. Energy Absorbed
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Table 5 – Heat Energy Absorbed at Exhaust 
Time, min Temperature, ºC ? T, ºC Energy absorbed, 

kj/min 
-15 11 0 0 
0 10.5 0 0 
7 11.1 .1 3.167 
10 12.4 0 0 
15 15.6 .1 3.167 
25 20.6 1 31.67 
30 22.2 0 0 
35 24.4 0 0 
40 26.7 .4 12.668 
45 28.9 .1 3.167 
49 31.1 .7 22.169 
55 28.9 .9 28.503 
60 26.7 .1 3.167 
65 26.7 .6 19.002 
78 24.4 .3 9.501 

 

 

Figure 20 – Exhaust ?T vs. Energy Absorbed 
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 Table 6 – Average Coolant Temperature vs. Energy Absorbed  

Time, min. Th, , ºC Inlet 
temperature , 

ºC 

? T,  ºC Energy 
absorbed, 

kj/min 
-15 11 11 0 0 
0 10.5 10.5 0 0 
7 14.54 11 3.54 1121.26 
10 17.6 12.4 5.2 1647.048 
15 20.24 15.5 4.74 1501.348 
25 25.78 19.6 6.18 1957.453 
30 28.54 22.2 6.34 2008.132 
35 33.88 24.4 9.48 3002.695 
40 34.44 26.3 8.14 2578.264 
45 37.12 28.8 8.32 2635.277 
49 39.44 30.4 9.04 2863.33 
55 38.54 28 10.54 3338.44 
60 36.18 26.6 9.58 3034.369 
65 35.9 26.1 9.8 3104.052 
78 28.1 24.1 4 1266.96 

 

 

Figure 21 - Average Coolant Temperature vs. Energy Absorbed 


