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ABSTRACT 
 
 My senior project was to design and build a linear displacement measuring device for 
facture toughness testing. After reviewing and analyzing several proposals, an LVDT style 
system was selected. Several advantages of this system include linearity, cost, ease of 
calibration, temperature range, and accuracy. Another advantage of this device is its ability to 
perform in an aggressive, high temperature, and highly corrosive environment where traditional 
extensometers are not able to be used. The device was assembled from components both 
purchased and manufactured in Metcut’s machine shop. The device was then calibrated and used 
to perform a fracture toughness test at Metcut. The results of this test showed an improvement 
over the old style clip gage.  
 The device that was built is going to be used for the test method that covers the 
determination of fracture toughness (Kᵢc) of metallic materials under predominantly linear-
elastic, plane-strain conditions using fatigue precracked specimen having a thickness of 1.6 mm 
(0.063 in) or greater subjected to slowly, or in special (elective) case rapidly, increasing crack-
displacement force. To use this device important recommendations and requirements for Kᵢc 
testing should be considered such as information on loading fixture design, special requirements 
for individual specimen configurations and detailed procedures for fatigue precracking. 
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Proof of Design Agreement 
Linear Displacement Measuring Device 

Safety 
 The measuring device will meet the requirements of the Occupational Safety and Health 

Administration (Related Terminal Operations and Equipment 1917). 
Reliability 

 Device will withstand up to 43% relative humidity. 
Calibration/Adjustment 

 Device will be calibrated to an ASTM standard (class C extensometry). 
 Electrical tuning/adjustment/calibration will take the operator less than 15 steps. 
 Electrical tuning/adjustment/calibration will take the operator less than 2 hours. 

Easy Manufacture 
 Device will weigh less than 5 lb. 

Low Cost:  
 The cost of the design will be less than $1400.00. 

Precision/Repeatability 
 LVDT will provide extremely linear measurements for static testing within ASTM 

standards (class C extensometry). 
Operation Temperature 

 The device will operate with a minimum temperature range of 73°F to 2100°F. 
 

STUDENT 

Pavel A Rozenfeld 

Signature __________________________________Date_____________ 

ADVISOR 

Janac Dave, PhD 

Signature __________________________________Date_____________ 
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Introduction 
 

Background 
 

Metcut Research Inc. is the world's premier independent materials engineering and 
testing organization (1). The company offers expertise and laboratory facilities in a broad field of 
materials evaluation - including both metallic and nonmetallic structural materials. Metcut was 
founded in 1948 with the objective of developing and disseminating technical information in the 
science of machinability.  
 Metcut has anticipated industry's changing materials testing needs, offering services for 
the mechanical testing of materials - for example, tensile, fatigue, stress rupture and creep 
rupture. A major contribution to these fields was the development of advanced fatigue and crack 
growth testing to enhance the evaluation of high performance materials. Fracture toughness and 
fatigue crack growth evaluation have been an integral part of Metcut Research material testing 
services since the development of standardized testing specifications. Metcut continues to 
expand its DC Electric Potential Drop (EPD) testing capability. FTA (Fracture Technology 
Associates) is a company that has developed a combined testing and analysis program that 
utilizes this EPD capability. These fully computerized systems provide automated test control 
and data acquisition for crack growth and fracture toughness testing. Careful placement of 
monitoring probes permits test gage lengths as small as 0.035 in. Crack initiation (Ni) studies 
indicate an ability to reliably detect small cracks.  
 To accurately determine and evaluate material properties, a test system requires the 
capability to measure values such as load, strain, displacement, crack length, and to control their 
rate of change with accuracy. Many variables can be measured from the pull bars and adapters, 
rather than just from the specimen. However, a variable like crack length is most accurately 
determined when measured directly from a specimen by direct contact or non-contacting 
instruments. This is not an easy task, and is becoming more difficult because the trend is toward 
increased testing performed under demanding conditions that approximate the service 
environment. The result is a need for instrumentation capable of performing precisely under a 
broad spectrum of conditions.  
 The focus of this design project is to re-design the existing instrumentation to be exposed 
to thermal environments from cryogenic -320°F temperatures to 2200°F (1200°C), humidity up 
to condensation, inert or corrosive mediums, liquids and gasses, vacuum to high pressure, and 
even nuclear radiation. Properties may require measurement statically or dynamically, axially, 
diametrally, internally and externally. A prototype will be manufactured and tested at Metcut 
Research, 3980 Rosslyn Drive, Cincinnati, OH 45209. 
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Standard Laboratory Report Procedures 
 
 Fracture toughness testing is provided to ensure the reliable and accurate testing in the 
load, strain and torque control fatigue testing on servo-hydraulic test equipment. Compliance 
with the procedure described within should result in valid, reproducible data, which is mandatory 
in materials testing. Customer instructions contrary to this procedure are encountered and will be 
accommodated. All records will be completed in black ink. This is required to maintain 
conformance to customer specifications. The only exception will be manual calculations from 
the evaluation of load vs. COD records, where pencil is permitted. 

Fatigue crack growth rate measurement testing section summarizes the procedures for 
measuring fatigue crack growth rate in the Compact Tension (CT) and the Middle-Tension (MT) 
sample, although other specimens are capable of being used provided that the proper K-solution 
is available. There are three methods used for measuring fatigue crack length. The Visual 
Technique using a traveling microscope, the Compliance Method using a clip gauge 
extensometer, and the DC Electric Potential Drop Method (DCEPD). This procedure is provided 
to ensure the reliable and accurate testing in the load, strain and torque control fatigue testing on 
servo-hydraulic test equipment. 
 In the case of a fatigue machine, mechanically align the split grips at a low crosshead 
position. Elevate the crosshead to the desire test position. Alignment will utilize an alignment 
transducer, ¾-16 threads master couplers. The couplers, assembled in the test frames with the 
pull rods that will be used for the test project will have freedom of movement to pass each other 
in a circle. 

Align verification will be printed, countersigned by a supervisor, with one copy on the 
machine and the original placed in the machine calibration folder. This is a Tier 1 alignment. The 
bending limit is 10%, Class 10. All requirements of Metcut Specifications 500.1, section 1 
through 5 will be adhered to for this specification. 
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Existing methods of measurements  

Clip on Displacement Gages 
 

Special configurations are available to meet the requirements of ASTM E399 for fracture 
toughness (3).The modified groove design complies with E1820 tests where greater stability and 
accuracy results from the sharper groove root. Clip-on gages are used for a variety of fracture 
mechanics tests, including compact tension, arc shaped, and disk shaped, bend specimens or 
other specimen geometries in compliance with ASTM and other standards organization’s test 
methods. Clip-on gages can be used directly on test specimens where the knife edges are integral 
with the test specimen or, alternately, with optional bolt-on knife edges mounted on the test 
specimen (Fig.2). 
 

 
 
Figure 1 Clip on Displacement Gage 
 

 Full bridge, 350 ohm strain gauged design for compatibility with nearly any test system. 
 Fully enclosed gages to protect from accidental damage. 
 All standard units meet existing ASTM requirements for accuracy. 
 Sharp grooves per ASTM E1820 and E399 for improved stability when mounted. 
 Includes high quality foam lined case. 

All capable of high frequency operation (50 Hz or faster, depending on version). In in-house 
testing, the small measuring range 3541 units (+2.5/-1.0 mm) 
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Clip-on Displacement 

Nickel Base 
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Clip on gage 632.02 
 

The model 632.02 clip-on gages are designed specially to meet ASTM E399 and are 
suitable to perform tests to determine Kic, Jic, crack growth rates, etc. (1). They can be used with 
a variety of specimens including compact tension, round compact tension. C-shaped, bend 
specimen and other common specimens or panels. These types of systems are of a double 
cantilever design, and do not use a cross-flexure design (Fig.4). 
 

 
 
Figure 2 Model 632.02 clip on gage 
 
 
 
 
 
 
 
 
 
 

Clip-on 
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Summary 
 

Fatigue crack growth tests characterize the rate at which pre-existing cracks in metals, 
ceramics, composites and other materials propagate as a function of a cyclic driving force, most 
commonly the range of applied stress intensity. Automation of crack size measurement is 
frequently done through compliance or potential drop techniques. Tests are often conducted in 
thermal and chemical environments that represent those seen in service to account for the 
synergistic effects these factors have on fatigue crack growth. Fatigue crack growth tests 
generate data that can be used as a basis for setting inspection intervals in components designed 
for damage tolerance. 
 Based on the above criteria, a QFD (Appendix C) was developed to focus the design and 
establish the direction of the project. The next section will discuss the Survey Analysis. 
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Customer feedback, features and objectives 
 

Survey Analysis 
 
 Based on the QFD results of 25 Metcut employees, the designer made decisions that 
impact the final importance. According to Designer Multiplier, some improvements were made 
which reflected on a Relative Weight. It gives the designer a good idea what the most important 
decisions have to be achieved to guarantee the complete satisfaction for the design using general 
important characteristics that the customers were served on (ease of manufacture, operation, 
adjustment and low cost etc.) The most important improvements the designer will focus on are 
precision, repeatability and reliability of the devise, respectably 12-14%.  These parameters are 
recognized as very important components of the design and must be taken for the maximum 
consideration. So these characteristics should demand better performance. Characteristics such as 
operational temperature, easy of calibration and ease of adjustments 9-11% should be more 
advanced and recognized because these are main components of the projected design. Only 7-8% 
improvements supposed to be done in order to meet designer’s requirements to identify and 
realize that there is a good sense of agreement between the people and designer. 
 

 
Table 1 Designer Impact 
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Repeatability 4.8 3.1 1.2 3.7 1.2 14%

Precision 4.9 3.0 1.1 3.9 1.3 14%

Reliability 4.5 3.3 1.2 3.8 1.2 12%

Operational Temperature 4.5 3.0 1.2 3.5 1.1 11%

Ease of calibration 3.5 2.7 1.2 3.3 1.2 10%

Ease of adjustment 3.3 3.2 1.2 3.7 1.2 9%

Ease of manufacture 3.7 3.7 1.1 3.9 1.1 8%

Ease of operation 3.4 3.5 1.1 3.9 1.1 8%

Low Cost 2.7 3.3 1.2 3.8 1.2 7%

Safety 2.9 3.6 1.1 3.9 1.1 7%

Abs. importance 58.8 100%

Rel. importance 100
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Planned Satisfaction 
 The planned-satisfaction was established based on customer importance and satisfaction 
with the current product. The purpose of this is to help determine to customers’ thoughts on the 
conversion from a clip gage to a LVDT on a servo-hydraulic test frame. The evaluation includes 
product features divided by categories for the best exploitation of the future device. Below are 
Tables 2 and 3 of the survey, that represent the average values of customer importance and 
satisfaction, based on a scale of 1 to 5 with 5 being the most important. 

Applying the quality function deployment method builds the QFD diagram. Customer 
Importance (Table 2) is qualitative while engineering characteristics are quantitative. It is 
desirable to have a clear relationship exist between the customer needs and the engineering 
characteristics. Table 3 represents Customer current Satisfaction. 

 
 

 
Table 2 Customer Importance 
 

 
Table 3 Current Satisfaction 
 
  

Customer Importance AVG

Precision/ Repeatability 4.8

Reliability 4.5

Operational Temperature 4.5

Ease of manufacture 3.7

Ease of calibration/adjustment 3.4

Ease of operation 3.4

Safety 2.9

Cost 2.7

Current Satisfaction AVG
Ease of manufacture 3.7

Safety 3.6
Ease of operation 3.5
Reliability 3.3
Low Cost 3.3
Ease of adjustment 3.2
Repeatability 3.1
Precision 3.0
Operational Temp. 3.0
Ease of calibration 2.7
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Customer Importance and Satisfaction 
 

 
Table 4 Importance/Satisfaction 
 

 
 
 
Both customer importance and satisfaction averages were summarized in descending order based 
on planned satisfaction factors. The most popular satisfaction item was the Precision with score 
of 4.8 and 3.7, respectively. This shows that linearity of the designed assembly is the most 
important aspect for the customer. Less shows emphasis was given to reliability and test 
operation, score 4.5 and 3.5, respectably. The minimum concern cost was with an importance 
satisfaction of 2.7 and 3.0, respectively.  This demonstrates that customer would not mind paying 
a higher price for the product (Table 4). 
 
 
 
 
 
 
 
 
 
 
  

  CUSTOMER IMPORTANCE AND SATISFACTION

Planned satisfaction Importance Satisfaction 
Precision 4.8 3.7
Reliability 4.5 3.3
Operational Temperature 4.5 3.2
Manufacture 3.7 3.0
Calibration/adjustment 3.4 3.2
Operation 3.4 3.5
Safety 2.9 3.6
Cost 2.7 3.3

Maximum 

Minimum
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Engineering Characteristics 
 
 When we examine Table 4 it becomes obvious that engineering characteristics such as 
proper connection and wiring, humidity resistance and cost do not play a huge role in any of the 
customer needs. The relative importance is not greater than 3%. This is an indication that this 
engineering characteristic is not extremely needed and could not be used to drive design 
decision. Similarly, customer is not concerned about physical structure of the device and results 
are shown as 5 and 6 % of the relative importance. This tells the engineer that an additional 
engineering characteristic is not needed to capture these needs. 
 Also, improving mechanical parameters will improve performance and that the 
interaction between these two characteristics is judged to be strong 10-11% respectably. In 
addition, the improvement of engineering characteristics such as calibration and adjustment 10-
11% will positively impact dynamic performance 7% and linear measurement 10%. Set up time 
6% and temperature 7% characteristics depend on operator’s performance which make the 
engineer logically reflect before making a proper decision for the design. 
 
 

 
Table 5 Engineering Characteristics 
 

Relative importance of the various customer requirements and engineering characteristics 
helps guide the engineer in making tradeoffs and in deciding which feature to emphasize and 
which feature to sacrifice. 
  

Engineering Characteristics
Relative 

Importance (%)
Tuning/adjustments Mechanical  stops 11.0
Linear measurement 10.0
Calibration 10.0
Dynamic performance 7.0
Temperature operation 7.0
Operational limits 6.0
Set up time 6.0
Insensitive to vibration 5.0
Installation 5.0
Absorb unusual testing shocks 5.0
Avoid malfunction or failure 4.0
Elimination of spring force 4.0
Mechanical  stops 4.0
Weight 4.0
Spring force 4.0
Proper connection and wiring 3.0
Humidity resistance 3.0
Low cost 2.0

100.0
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Product Objectives and Characteristics 
 
  Linear Displacement Measuring Device 
 
 The following is a list of product objectives. It involves methods for evaluating the 
objectives to guarantee that the target of the project is met. The product objectives will focus on 
fracture toughness test environmental devices that will be used in combination with servo-
hydraulic test equipment. 
 
Precision (14%) / Repeatability (14%) 
 1.)  1-3 lb of weight target to aid in maneuverability and give excellent static 
performance. 
 2.)  Device will provide very linear measurements for static testing. 
 3.)  The device will be insensitive to the vibration noise that is inherent to servo-   
hydraulic systems. 
 4.)  Intrinsic null point is due to the nature of the design product. 
Reliability (12%) 
  1.)  Reliability of the device will be improved by a design which will eliminate the added 
spring force caused by the force exerted by the spring pressure from a clip gage by utilizing the 
following materials: 
  - Al, In-718 
  -Connector 
  -Unlimited mechanical life 
  -Ultra flexible cable 
 2.)  Superior moisture and humidity resistance (up to 43 HR). 
 3.)  Capability to absorb unusual testing shocks by more robust than the current system. 
Operation Temperature (11%) 
 1.)  High temperature operation from ambient up to 2100 °F. 
 2.)  Materials and design will be appropriate to avoid overheating. 
 A load frame mounting bracket will be required for support of the stationary heat shield. 
The device will be suited for a wide range of testing applications including thermal mechanical 
fatigue, low cycle fatigue, elevated temperature tension and compression testing, and high 
temperature fracture mechanics.   
Calibration (9%) / Adjustment (10%) 
 1.)  Calibration tools (dial indicator, tape measure/ruler, optical detector, and encoder) 
also will be calibrated to an industry standard.  
 2.)  Electrical tuning/adjustment/calibration will take the operator less than 15 steps. 
Easy Manufacture (8%) 
 1.)  Will be designed with no more than 150% of the weight of the current product.  
Easy Operation (8%) 
 1.)  Will have less than 10 lb spring force. 
 2.)  Gage length will be achieved using a calibrated standard. 
 3.)  Will be installed using standard lab tools (e.g. allen wrench, screwdriver, etc.). 
 4.)  Time to setup will be less than the current system. 
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Safety (7%) 
 1.)  Mechanical stops reduce the possibility of damaging the assembly when extending 
the rod beyond the measuring tensile or compressive range. 
 2.)  All connectors and wiring will be proper to plug into the electronics. 
 3.)  Connect the power supply and the display/output device in accordance with the safety 
regulations for electrical equipment. 
 4.)  The sensor cable will be protected against damage by relocating it to a different 
location on the test frame. 
 5.)  The measuring system may only be operated within the limits specified in the 
technical data. 
 6.)  The system would be used in such a manner as to avoid malfunction or failure to 
personnel or machinery. 
Low Cost (7%) 
 1.)  Standard “off the shelf” components will be used to minimize the cost of material. 
 2.)  Machining/fabrication components will be done manually or with machining   
equipment. The total cost will be no more than the current system. 
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Concept Generation and Selection 
 

Three criteria were selected to decide which concept would be the most suitable for the 
design. These concepts are the Scissors concept, Duck Bill concept and LVDT concept, all of 
which are displayed in Appendix G. All concepts were rated by the same criteria. There are 
advantages and disadvantages which were scored to determine the best one.  

Based on the selected concepts, three advantages and disadvantages were considered. The 
first one for consideration was the Scissors concept. It is an inexpensive design, very easy to 
install, durable and does not take much time to manufacture. But the main disadvantage of this 
design is its lack of linearity, weight and counterweight requirement. Also, it requires adding a 
fixture to the test frame to secure to the Pull bar. Another big disadvantage is that the 
temperature range is limited; it cannot go over 800°F. 

The Duck Bill concept is also inexpensive, more linear than the Scissor concept, can be 
calibrated to a wider displacement range and considerably a better design. But it also requires 
adding a fixture to secure to the Pull bar. Also, it consists of a two spring assembly, which is 
more complicated. Its temperature range is also limited, not able to go over 1800°F. This design 
is more expensive than Scissors design, but much better. 

And finally, the LVDT concept only has one spring that makes it easier to assemble. The 
device has improved linearity and precision. It would utilize LVDT, which is superior to both 
previous concepts in measurement precision. A key element for this concept is that it would 
include extended blades that will increase the temperature range up to 2200°F. Also, it can be 
built with advanced materials. There are some disadvantages for this concept, it would be 
expensive, and it still would have a spring assembly; but overall it is more practical and 
advanced.  

For each concept there was a table made with the ratings and scores based on different 
criteria. For the scissor concept the best criteria were cost (.61), safety (.53) and manufacturing 
(.46). The Duck bill concept was a significant better design with respect to reliability (.53), 
operation (.53), and adjustment (.53). Safety and cost for both concepts were equal (.53), which 
shows no difference in progress or modernization of the product compared to the existed one that 
is currently in use. The third concept was the Spring concept. This one shows significant 
improvements in reliability (.68), precision (.68) and repeatability (.68). Based on the criteria for 
all three concepts the results are the best for the spring concept. Overall scores for all concepts 
are shown in the table above. The Scissor concept is 3.95, Duck Bill concept is 5.24 and Spring 
concept is 5.85.  

After analyzing all concepts the Spring concept was selected based on the highest score 
and highest quality advantages compared to the Scissors and Duck bill concepts. It will be the 
best concept to improve and modernize the existing product for better usage in the company.  
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Material Selection and Calculations 
 

The spring calculation was done to ensure the operating height of the spring would work 
for my designs envelope and the deflection of the spring would not bottom out. In order to 
calculate the deflection, I had to find the spring constant (k). Usually, the spring constant is given 
by the spring supplier, but in my case I picked the helical spring “off the shelf” and it was 
necessity to work backwards to calculate the constant (k). I had enough information such as 
material of the spring, modulus of rigidity of spring material, wire diameter and number of active 
coils. I was able to calculate the constant using equation k = Gd⁴ / [8nD³] and came up with 
result of 1.661 lb/in for the constant. Using this constant, I calculated the spring deflection using 
equation D

d
 = D

s
 – F/k. I used known aspects such as force, free-standing length and calculated 

constant (k). Output was 0.194in in length which is enough to apply 3lb of force to seat tightly 
against the knife ages of the testing specimen. 

The stress for cantilever beam was calculated to insure there was no plastic deformation 

on the beam during use across all temperature ranges. I used equation s =
∗

, using applied load, 

distance and section modulus of the cross-section of the beam. To calculate the section modulus, 
I used equation (c/I). However, the moment of inertia was calculated using thickness and width. 
Information about temperature and yield strength was gathered from my work place by 
experimental testing. So, when the stress was calculated, I could compare the maximum stress to 
the experimental at the highest temperature. The results show that at the maximum test 
temperature, the stress would not exceed the point where the material yields 4.01ksi vs. 8.45ksi. 

The calculated deflection of the beam was done to guarantee no interference with the 
elements of the design. In addition, I used the modulus of Elasticity (based on temperature), also 
experimental by the company. Also, it is known the clearance of the size of the furnace window 
which is 2in and calculated deflection at the highest temperature of 2100°F is .00540in. It clearly 
stated that under highest temperature the deflection of the blades under extreme conditions will 
not interfere with other objects. 
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Assembly Design Details 
 
 The linear measurement device as shown in Appendix K will be provided to ensure the 
reliable and accurate testing in the load and displacement on servo-hydraulic equipment. It will 
measure the fracture face at the center and quarter points and record the results on the 
appropriate data storage. The assembly will be performed using the automated DC Electric 
Potential Drop Method, current leads and EPD leads must be affixed to the specimen in the 
required location. The current leads must withstand the expected current without overheating. If 
the testing will perform Automated Compliance Method then knife-edges must be affixed to the 
face of the specimen at the required gage length, so that a device can be mounted securely.  
The performance of assembly will be monitored to ensure that the system is tracking the crack 
length correctly. This task can be done by measuring the crack optically during the test with a 
calibrated traveling microscope.  
 The linear device will be able to display the data acquisition automatically on a computer 
screen. It will record all measurements throughout the test while the machine is running. It will 
provide a table of stress intensity range vs. crack growth rate and both methods will give 
tabulated data measuring compliance.  
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Manufacturing 
 
 The manufacturing process was completed in Metcut Research’s machine shop using 
several pieces of equipment such as: Manual Lathe, Milling Machine and Electrical Discharge 
Machining (EDM) Wire Cutting machine. Five different types of material were used to make the 
parts for the measuring device: a multipurpose aluminum alloy 6061 was used to manufacture 
the L-Bracket, Base Tube, LVDT Housing and various types of caps such as the Spring Caps and 
End Caps. Inconel 718 was used to manufacture the Inner rod, 0.060 in steel shims were made by 
the EDM Wire Cut machine. Rene N5 was used to manufacture the Knife Edges.  
 A Manual Lathe machine was used to manufacture all the round parts. A 7/8 -18 diameter 
die was used to make the threads on the aluminum tube. The LVDT housing threads were made 
by chasing ½-20 threads onto the outer diameter of the tube. 0.40 diameter and 0.625 diameter, 
single point, tools were used to chase the threads onto the caps. To make the outer threads on an 
Inconel 718 rod, a 3/8-24 diameter, single point, tool was used. The Manual Lathe machine was 
used to turn and face parts to desired dimensions. The machine has a concentricity tolerance of 
0.0005 in. The turning speed was 620 RPM, and the feed rate was 0.0035 in per minute. A boring 
bar was used to bore holes to the desired size. The speed used for the boring bar was 380RPM. 
 

 
 

Figure 3Manual Lathe 
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 A milling machine was used to remove a ½ in thick amount of material at a speed of 1600 
RPM. The machine was used to mill, drill and tap all square parts such as the L-Bracket and the 
aluminum nut to hold the L-Bracket in place. This machine can hold a center line tolerance of 
0.001 in. The feed rate of the machine is 10 in per minute. To manufacture the parts a 3 in shell 
hill was used with a speed of 600 RPM and a feed rate of 16 in per minute. 

 

 
Figure 4 Milling Machine 
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 An EDM wire cut machine was used to cut the slots in the shims. These shims are used to 
secure the device to the test frame and prevent the device from moving laterally. Also, the shims 
are used to keep the device parallel to the test frame rod and to avoid any twisting movements. 
The shims are secured with screws to the collars. One shim is located on the test frame rod, while 
the other is fixed to the base tube. The L-Bracket is designed with four through holes and a 
special gap for the top knife edge, and secured to the top of the inner rod with a nut. The spring 
caps are to keep the springs in place. One cap has threads. The purpose of these threads is to 
make adjustments to the spring pressure depending on the type of test being conducted. The End 
Cap No Probe (knife edge) allows the LVDT to be adjusted when the LVDT needs to be zeroed 
out. The Knife Edges were manufactured out an extremely high temperature resistant material, 
Rene N5. This material can withstand temperatures up to 2200°F. Miscellaneous items such as 
screws and washers were purchased, and there was no need to modify them. 
 

 
Figure 5 EDM Wire Cut Machine 
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Calibration 

Calibrating Machine and Force Measurement  
 
 The calibration of the testing machine will be verified in accordance with ASTM 
Standards. The test machine will have provisions for autographic recording of the force applied 
to the specimen or computer data acquisition system that may be used to record force and 
CMOD (crack mouth open displacement) for subsequent analysis. The calibration of the fatigue 
machine and force-indicating device will be verified statically. If the machine cannot be 
calibrated and verified statically, the applied force will otherwise be known to ±2.5 %. Careful 
alignment of the specimen and featuring is necessary to encourage straight fatigue cracks. The 
fixturing will be such that the stress distribute is uniformed across the specimen thickness and 
symmetrically about of the prospective crack. 

Calibrating LVDT 
 
 The LVDT electrical output represents relative displacement of two precisely located 
gage positions spanning the crack starter notch mouth. Exact and positive positioning of the 
knife edges on the specimen is essential, yet the knife edges must be released without damage 
when the specimen breaks. Knife-edge designs will provide for free rotation of the points of 
contact between the gage and the specimen. 
 The specimen will be provided with a pair of accurately machined knife edges to support 
the gage arms and serve as displacement reference points. The knife edge may be machined 
integral with the specimen or they may be separate pieces affixed to the specimen. The design 
features a knife edge spacing of 5 mm (0.2 in). The effective gage length is established by the 
points of contact between the screw and the hole threads. 
 LVDT will be verified for linearity using an extensometer calibrator or other suitable 
device. The resolution of the calibrator at each displacement interval will be within 0.00051 mm 
(0.000020 in). Readings will be taking at ten equally spaced intervals over the working range 
based on 10 volts full scale. The verification procedure will be performed two times, in the 
calibration fixture after each run. The required linearity will correspond to a maximum deviation 
of 0.003 mm (0.0001 in) of the individual displacement readings from a least-squares-best-fit 
straight line through the data. The absolute accuracy is not important in this application, since the 
test method is concerned with relative changes in displacement rather than absolute values. 
Verification of LVDT calibration will be performing at the temperature of test ±5.6 °C (10°F). 
The LVDT will be verified during the time the LVDT is in use at the time intervals defined by 
established quality assurance practices.  
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Calibration Comparison Clip Gage vs. LVDT 

 
 
Table 6 Clip Gage Calibration  
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Table 7 LVDT Calibration 
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Based on a 10 volt, full scale system that is used at Metcut, a comparison was made between the 
old calibration, using the clip gage, and the new one, using the LVDT. The main issue with the 
old calibration system was the effective range which the clip gage would perform. This range is 
supposed to cover a linear displacement of ±10 volts, but often it would only go up to 10 volts 
positive and -4 volts negative, which is only 70 % of the full scale. The new calibration device 
can cover all ±10 volts with the same linear displacement. Another major advantage of the new 
device is a significant improvement in precision. The clip gage percentage relative error was 
0.90% and 0.70%, which is still acceptable; but the nominal percentage error should not go over 
0.50%. The new LVDT device exhibits a much better calibration. After making two runs 
(company procedure) it had a relative percentage error of only 0.46% and 0.36%. This is under 
the 0.50% limit that is required for a valid calibration.  
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Testing 

General Procedure 
 

The following step-by step execution will be applied to both Compliance and DCPD 
testing. These steps will be a guideline only: a thorough knowledge of governing ASTM 
standards is essential. These steps will include the number of tests, specimen measurement, 
loading rate, test record, calculation and interpretation of results.  

Number of Tests is recommended that triplicate tests, minimum, be made for each 
material condition. Specimen Measurements essential to the calculation of Kᵢc  are specimen 
thickness, B, crack size, a, and width, W. Specimen thickness, B, will be measured before testing 
to the nearest 0.03 mm (0.001 in) or 0.1 %, whichever is larger. Specimen width, W, will be 
measured, in conformance with the procedure of the annex (ASTM Book) appropriate to the 
specimen configuration. Specimen crack size, a, will be measured after fracture to the nearest 
0.5% at mid-thickness point. For the straight-through notch starter configuration, no part of the 
crack front will be closer to the machined starter notch than 0.025W or 1.3 mm (0.050 in), 
whichever is larger, furthermore, neither surface crack size measurement will be differ from the 
average crack size by no more than 15 % 
and their difference will not exceed 10 % 
of the average of the crack size. For the 
chevron notch starter configuration, the 
fatigue crack will emerge from the 
chevron on both surfaces; furthermore, 
neither surface crack size measurement 
will differ from the average crack size by 
more than 15 %, and their difference will 
not exceed 10 % of the average crack size. 

The plane of the fatigue precrack 
and subsequent 2 % crack extension will 
be parallel to the plane of the starter notch 
to ±10° and there will be no evidence of 
multiple cracking. 

Loading Rate – for conventional 
(quasi-static) tests, the specimen will be 
loaded such that the rate of increasing of 
stress-intensity factor is between 0.55 and 
2.75 MPa√m/s (30 and 150 ksi√in./min) 
during the initial elastic displacement. 
Loading rates corresponding to these 
stress-intensity factor rates are given in 
Annex (ASTM Book) appropriate to the 
specimen being tested. 

 
      Figure 6 Measuring Device 
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Test Record - a record will be made of the output of the force-sensing transducer versus 
the output of the displacement gage. The data acquisition system will be set such as that not less 
than 50 % of full range is used for the test record. If an autographic recorder is used, it will be 
adjusted such that the slope of the initial portion of the force- CMOD record is between 0.7 and 
1.5. Alternatively, if a computer data acquisition system is used, it will be programmed to 
capture enough data to permit the calculations. The test will be continued until the specimen can 
sustain no further increase in applied force. The maximum force (Pmax) will be noted and 
recorded. 

Calculation and Interpretation of Results 
 

Interpretation of Test Record and Calculation of Kᵢc – in order to substantiate the validity 
of a Kᵢc determination, it is first necessary to calculate a conditional result, Kq, which involves a 
construction on the test record, and then to determine whether this result is consistent with the 
size and yield strength of the specimen. When an autographic recorder is used , the conditional 
value Pq is determine by drawing the secant line OP5 through the origin ( point 0) of the test 
record with the slope (P/V)5 equal to 0.95(P/V)O, where (P/V)O is the slope of the tangent 0A to 
the initial linear portion of the record. The force Pq is then defined as follows: if the force at 
every point on the record which precedes P5 is lower than P5, then P5 is Pq (Force vs. 
Displacement Curve).  

When a computer data acquisition system is used, the data reduction program will 
determine the same forces (Pq and Pmax) as above. The algorithms for doing this are 
discretionary. The ratio Pmax/Pq, where Pmax is the maximum force the specimen was able to 
sustain, will be calculated. If the ration does not exceed 1.10, proceed to calculate Kq. If 
Pmax/Pq does exceed 1.10, then the test is not a valid Kᵢc test and the user is referred to Test 
Method E 1820 on elastic-plastic fracture toughness. 

 

  
Figure 7 Compact (CT) Specimen 
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Calculations of Kᵢc 
 

Calculation of Kq – Compact specimen Kq is calculated in SI or inch-pound units of 
Pa√m (psi√in). 

   Kq=
√

∗  

where: 
  

f
2 0.886 4.64 13.32 14.72 5.6

1 3
2

 

 
For which: 
P = force as determined, N (lbf) 
B = specimen thickness as determine, m (in) 
W = specimen width (depth) as determined, m (in) 
a = crack size as determined, m (in) 
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Force vs. Displacement Curve 

 
Graph 1 Force vs. Displacement 
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Summary of Test Method 
 This test method covers the determination of the plane-strain fracture toughness of 
metallic materials by increasing force tests of fatigue precracked specimens. Force is applied 
either in tension or three-point bending. Force verses crack-mouth opening displacement 
(CMOD) is recorded digitally or autographically. The force at a 5% secant offset from the initial 
scope (corresponding to about 20% apparent crack extension) is established by a specified 
deviation from the linear portion of the record. The value Kᵢc is calculated from this force using 
equation that have been established by elastic stress analysis of the specimen configuration 
specified in this test method. The validity of the Kᵢc value determined by this test method 
depends upon the establishment of a sharp-crack condition at the tip of the fatigue crack in a 
specimen having a size adequate to ensure predominantly linear-elastic, plane-strain conditions. 
To establish the suitable crack-tip conditions, the stress intensity factor level at which specimen 
fatigue preckracking is conducted is limited to a relatively low value. 

 



LINEAR DISPLACEMENT MEASURING DEVICE Pavel Rozenfeld 

34 

Conclusion 
 
 The linear displacement measuring device was tested at both laboratory and elevated 
temperatures, under monotonic loading conditions, and was proven to precisely monitor the 
CTOD as a function of the applied load. Valid post-test values of fracture toughness were then 
calculated in accordance with the applicable standard (ASTM E-399) from the recorded test data. 
 While testing the device the Metcut requires that each affected employee uses appropriate 
eye protection to guard against eye injury. Such eye equipment complies with the American 
National Standards Institute Standard, ANSI Z-87.1-1989, "Practice for Occupational and 
Educational Eye and Face Protection." The reliability of the device has been shown to be 
resistant to moisture and humidity. It withstood a relative humidity (RH) of up to 43%. The usual 
variation of RH in the laboratory is between 28 to 43 %, which is a typical, required range for a 
testing laboratory. The device was calibrated to an ASTM standard (class C extensometry), 
which provides significant improvement in linearity for static testing purposes. Linearity data is 
provided in the Calibration section. The graphical difference is shown by comparing the two 
calibrations: Clip Gage and LVDT (tables 6 and 7). The improvement of the new device over the 
previous method was 44%, based on two runs that were performed to calibrate the device. The 
time required to tune and adjust the device also decreased. By following the standard operating 
procedure it took the operator less than two hours to make both electrical adjustments and 
physical tuning to the device. Ten steps were needed to setup the entire device, which saved the 
operator close to 30 minutes. This time savings offers more efficiency to the company over all. 
Most of the components of the device were made out of aluminum, which helped to reduce 
weight. Only 2.8 pounds of weight is added to the hydraulic test frame. This has practically no 
effect on the performance of any tests that are conducted. The device is very resistant to the 
vibrational noise inherent in servo-hydraulic systems. The actual cost of the device is acceptable 
for the company’s needs (Budget section). The total price was $ 1.323.14, which is 5.5 % less 
than the forecasted budget amount. This offers financial flexibility for any future improvements. 
According to ASTM Standard E-399, the device has shown to be extremely precise and linear, 
which were important results of the survey. The device was built to operate in a high temperature 
environment, from ambient up to 2200 °F. The 5 in long Knife Edges were manufactured to keep 
the device away from the furnace when conducting tests at elevated temperatures. The knife 
edges were made out of Rene N5, which is capable to withstand temperatures up to 2200°F. All 
materials, and the design itself, were selected to avoid overheating. 
 A load frame mounting bracket was designed and manufactured to address the 
requirement for support of the stationary heat shield. The device is suited for a wide range of 
testing applications including thermal mechanical fatigue, low cycle fatigue, elevated 
temperature tension and compression testing, and high temperature fracture mechanics. 
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Schedule and Preliminary Budget 
 
 The project schedule begins November 23, 2011 with the completion of a weighted 
objective method and proof of design statement. The project time line covers 27 weeks and ends 
June 9, 2012 with the presentation of the final report. 
 
Key milestone dates: 
Proof of Design Agreement to Advisor  Nov  23 2011 
3-D Modeling      Dec  11-31  2011 
Design Freeze      Jan  29 2012 
Oral Design Presentation    Feb  24  2012 
Order Components     Mar  04-10  2012 
Manufacture and assemble device   Mar  11-31  2012 
Design Report Due     Mar  10  2012 
Prototype and Testing     Apr  08-28  2012 
Demo/Proof Design     May  06 2012 
Tech Expo      May  13  2012 
Oral Report      Jun  02  2012 
Final Report Due     June  09  2012 
  

 
 
Table 8 Project Schedule 
 
 
 
 
 
 
 
 
  

November December January February March April May June

Concept Development

3‐D Modeling

Calculation/Selection

Manufacture/Assemble

Testing

Report
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Table 9 Preliminary Budget 
 

Schedules and budgets are very important to the movement of a project.  In order to 
display the progress the individual describes and applies tools and techniques for establishing 
more realistic cost and schedule estimates (Appendix D). Apply tools for effective time and cost 
management and techniques for identifying, acquiring and managing project resources. Schedule 
and budget identify and manage risks associated with managing schedules and costs. 
 
 
 
 
  

Components Forecasted Cost

Schaevitz Sensors 200.00
Rod-Unpolished Mill Finish 23.00
Sheet-Unpolished Mill Finish 110.00
Rectangular Bars - Unpolished Mill Finished 120.00
Tubing 17.00
Hardware 25.00
Wiring 25.00
Labor 850.00
Miscellaneous Expenses 23.00
Total Expenses 1393.00
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APPENDIX A – RESEARCH 
 

 
 
Model 4215-L Smart Indicator designed for the 
measurement and control of dual-channel LVDT (Linear 
Variable Differential Transformer) measurement fixtures 
(5). The Model 4215-L combines two simultaneous 
sample LVDT channels, print capabilities, and RS232/485 
serial communication into a versatile platform that can be 
customized to deliver the most powerful and affordable 
instrumentation in its class.  

Provides all excitation and signal conditioning 
necessary to operate dual LVDT expansion 
measurement features. 
The average extension is computed automatically 
and displayed. 
The model 4215-L features analog outputs. 
Support mixing and matching of strain gage and 
LVDT sensor inputs 
The system provides full speed data acquisition 
and plotting and its comparable with Windows XP 
Pro 

 
Analog output 
Limit switching 
Individual unit conversion 
Two –line display 
Fully bipolar range 
Good linearity 0.05% 
Auto set up 
Data software ready 
All methods of calibration 
Data acquisition is  at 60 Hz 
 
 

 
 

http://www.prlog.org 
 
09/25/2011 PRLOG 
Press Release 
Distribution 
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The LD320 Series displacement sensors have a stainless 
steel body with improved IP67-rated sealing, coupled with 
new polymer guides with rigid carriers (6). These 
transducers are accurate and reliable. Large bore-to-core 
clearance is maintained throughout the range, even on 
transducers fitted with on-board signal conditioning.  
 

Residual Voltage at Null Position: <0.5% FSO 
Storage Temp: -40 to 120°C (-40 to 248°F) 
.25% maximum non-linearity 
Operating Temp: -40 to 120°C (-40 to 248°F) 
Vibration (Sinusoidal Frequency): 
     10 to 50 Hz: 1 to 10 g rms linear 
     50 Hz to 1 kHz: 10 g rms linear 
 

 
Tolerable cost $275.00 
Accurate and reliable 
Low operating temperature 
High tolerance for linearity 
Desire wave frequency 
 

http://www.omega.com 
 
09/25/11 High Accuracy 
AC LVDT 
Displacement Sensors 
omega.com 
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Mill Duty Housing -The Gemco 950MD Mill-Duty 
Housing is stainless steel housing designed to protect 
LDTs in harsh or high temperature environments such as 
those found in heavy industrial plants and processes (6). 
In addition, it is also used where Nema 4 protection is 
required or where mounting limitations exists. 

 
High physical protection 
High environmental protection 
Corrosion resistant 
Light weight 
Precise linearity 
Limited connectors (2) 
Repeatable 
Low temperature operation 
Low cost 

 
 
 

 
 
Model 9234-A Linear Variable Displacement 
(5)Transformer with linear travel of 2.54mm (0.100 
inches) including a quick disconnect male plug and an 
1828mm (72 in.) length of shielded cable. 
 

 
Small linear travel 
Quick disconnect mail plug 
High temperature range 
Low cost 
Low temperature operation 
Low cost 

http://www.ameteka
pt.com 
09/25/11 950MD 
Mill Duty Housing 
LDT 
ametekapt.com 

http://www.ameteka
pt.com 
09/25/11 Model 
9234-A Linear 
Variable 
Displacement 
Transformer 
instron.us 
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Linear Displacement Measurement AC LVDTs Trans-Tek 
Series 210-220 offer precision Linear Displacement 
Measurement for applications with full strokes from 0.5 to 
60 inches (7).  
 
Linear Displacement Measurement AC LVDTs have been 
designed to provide a temperature coefficient of 
sensitivity below 0.1%/°F and non-linearity of less than 
0.25% F.S. The full scale output and packaging are but 
two of the many parameters which have been standardized 
to provide the designer the ability to change measurement 
ranges with the confidence that total system performance 
will be not affected. 
 
• Guaranteed system performance 
• Standardized ±5 VDC output 
• .25% maximum non-linearity 
• Infinite resolution 
• Measurement ranges from ±.25 to ±30 inches 
• Low temperature coefficient 
• Automatic phase synchronization with no adjustment 
 

 
Low temperature coefficient 
Non-linear 
Range from ±0.25”-60” 
Stainless steel construction 
High Sensitivity 
Splash proof 
Expensive 
Unknown temperature 
parameters 
 

 
 
 
 
 
 
 
 
 

http://www.intertechn
ology.com 
09/25/11 AC LVDTs 
Trans-Tek Series 210-
220 
intertechnology.com 
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Special configurations are available to meet the 
requirements of ASTM E399 for fracture toughness (3). 
The modified groove design complies with E1820 tests 
where greater stability and accuracy results from the 
sharper groove root. Clip-on gages are used for a variety 
of fracture mechanics tests, including compact tension, arc 
shaped, and disk shaped, bend specimens or other 
specimen geometries in compliance with ASTM and other 
standards organization’s test methods. Clip-on gages can 
be used directly on test specimens where the knife edges 
are integral with the test specimen or, alternately, with 
optional bolt-on knife edges mounted on the test 
specimen. 
 
Full bridge, 350 ohm strain gagged design for 
compatibility with nearly any test system. 
Fully enclosed gages to protect from accidental damage. 
All standard units meet existing ASTM requirements for 
accuracy. 
Sharp grooves per ASTM E1820 and E399 for improved 
stability when mounted. 
Includes high quality foam lined case. 
All capable of high frequency operation (50 Hz or faster, 
depending on version). In in-house testing, the small 
measuring range 3541 units (+2.5/-1.0 mm) 

 
High cost 
Low hysteresis 
Excellent repeatability 
Symmetrical knife-edge design 
Suitable for static and dynamic 
applications 
Nonlinearity 
Operation frequency 30Hz 
Small range 
Stainless steel construction 
Low Sensitivity 
Required calibration 
 

 
 
 
 
 
 
 
 

http://www.mts.com 
09/25/11Immersible 
Extensometer 
mts.com 
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Schematic of a Clip Gage assembly 
for Measuring Force-Line (FLD) or 
Crack Mouth Opening (CMOD) 
Deflection in Different Geometries. 
Note: the material used must be 
adequate for the test temperature. 

Annual Book of ASTM Standards  
Section Three (9) 
Metals Test Methods and Analytical 
Procedures 
Volume 03.01 
ISBN 978-0-8031-8194-6 
Catalog 2010, Pg1030 
E 1457-07 
Tel: 877 413 5184 | Fax: 303 397 2740 | 
Email: service@astm.com |       Online: 
www.astm.org  
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Dynamic Design Solutions, Inc. provided a system 
that will feed two strips of material, determine the 
length of each strip using a vision system coupled with 
a LVDT, make any adjustments necessary to each 
strip, and then re-inspect for the proper length, and 
then cut the strips (4). 

Measure and cut a length of material 
The cut length will vary in size from 50mm to 
600mm 
The tolerance on the length is +0/-2mm 
The machine will produce 30 parts per minute 
The material starts at the unwind on 2 rolls 
The unwind feeds material to fill a dancer in 
the heating section 
The heater soften the material to prevent the set 
or curl of the material from effecting the cut 
 

 
Mechanical testing laboratories run 
many standard tests 
 
The cut to length system will include a 
feeding section 
 
Will provide the ability to control the 
overall length of the material 
 
The station will include two 
stepper/servo motors and the associated 
control components 
 
The last section will consist of a camera 
located on a movable stage 
 
The measurement equipment will be 
located by the operator 
 
The camera will send information on 
the cut length to the stepper/servo 
system 
 
The machine will accurately measure 
the length of the part using high 
resolution of the camera to within +/-
.1mm in a 1”x1,5” field of view 
 

http://www.dds-products.com 
09/25/2011 Dynamic Design Solution 
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Materials engineering and testing organization at 
Metcut Research Inc. includes evaluation of both 
metallic and nonmetallic (1). We offer expertise and 
laboratory facilities in the broad field of materials 
evaluation - including both metallic and nonmetallic 
structural materials. Our metallurgical laboratory 
focuses on metallurgical evaluation, failure analysis, 
quality assurance of materials and thermal spray 
coatings. Our testing laboratories measure the static 
and dynamic mechanical properties of specimens, 
components and assemblies. Our specimen preparation 
department, dedicated to manufacturing test specimens 
and custom tooling, operates as an integral part of our 
materials engineering complex. 
Test temperatures can range from -320°F using liquid 
nitrogen to 2400°F using a variety of heating sources. 
Test environment can vary from vacuum, max 
temperature of 3200°F, to ambient air to inert gases to 
liquids 

 
Mechanical testing laboratories run 
many standard tests 
 
Extensive testing capability to physical 
test specimens 
 
Test capabilities to use both standard 
fixture and specially designed tooling 
 
Steady- state cycle fatigue as well as 
dwell-time fatigue (ASTM E-647) 
 
Performs testing from cryogenic 
temperatures to 1600°F (871°C) 
 
Fatigue crack growth rates from the 
threshold regime to the critical region 
 
Compact tension specimen is the 
standard specimen to design for the 
specifications(ASTM E-1457) 
 
Plain-strain fracture toughness testing 
using the short rod or short bar 
specimen design for brittle materials 
(ASTM E-1304) 
 

http://www.metcut.com 
09/25/11 Mechanical Testing Laboratory 
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Interview with customer, Sep. 25, 2011 
Guy Johns, Engineer-Supervisor at METCUT Research Inc., (8)     
     3980 Rosslyn Drive, Cincinnati, OH, 45209-1196. 
Contact Info  Phone (513)271-5100 
  Email: gjohns@metcut.com 

Accuracy of the projected device 
Wide range of usage 
High range of sensitivity 
Greater range linearity 
Inexpensive to manufacture and maintain 
Conditioner more readily 
Consistent with high temperature variation 
Great precision conditions 
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APPENDIX B – SURVEY RESULTS 
 
CONVERSION FROM CLIP GAGE TO LVDT CUSTOMER SURVEY 
 
 The purpose of this survey is to help determine to customers’ thoughts on the conversion 
from a clip gage to a LVDT on a servo-hydraulic test frame. This survey is done to determine 
what product features should be significant to get the most productive results for the 
functionality of the device. 
 
How important is each feature for conversion from clip gage to LVDT?  
Please circle the appropriate answer.     1 = low importance         5 = high importance 
 
                          AVG 
 Safety   1(1) 2(4) 3(1) 4 5(4) N/A             2.9 
 Reliability  1 2 3 4(5) 5(6) N/A             4.5 
 Ease of calibration  1 2(2) 3(2) 4(5) 5(1) N/A (1)      3.5 
 Ease of manufacture 1 2(4) 3(4) 4(4) 5(1) N/A             3.7 
 Ease of operation 1 2 3(1) 4(4) 5(3) N/A (1)       3.4 
 Ease of adjustment 1(1) 2 3(3) 4(4) 5(2) N/A            3.3 
 Low Cost   1 2(1) 3(5) 4(2) 5(2) N/A       2.7 
 Precision  1 2 3 4(1) 5(10) N/A        4.9 
 Repeatability  1 2 3 4(2) 5(9) N/A             4.8 
 Operational Temp. 1 2 3(1) 4(4) 5(6) N/A            4.5 
 
How satisfied are you with the currently used methods of measuring linear displacement?   
 Please circle the appropriate answer.      1 = very UNsatisfied          5 = very satisfied 
       
                           AVG 
 Safety   1 2 3(5) 4(4) 5(1) N/A (1)     3.6 
 Reliability  1 2(2) 3(5) 4(3) 5(1) N/A    3.3 
 Ease of calibration 1 2(3) 3(4) 4(2) 5(1) N/A (1)    2.7 
 Ease of manufacture  1 2 3(5) 4(4) 5(1) N/A (1)     3.7 
 Ease of operation 1 2(1) 3(4) 4(4) 5(1) N/A (1)     3.5 
 Ease of adjustment 1 2(1) 3(6) 4(3) 5 N/A (1)      3.2 
 Low Cost   1 2(1) 3(6) 4(2) 5(1) N/A (1)      3.3 
 Precision  1(1) 2(2) 3(3) 4(4) 5(1) N/A       3.0 
 Repeatability  1(1) 2(2) 3(4) 4(3) 5(1) N/A       3.1 
 Operational Temp. 1 2 3(1) 4(5) 5(2) N/A       3.0 
 
How much would you be willing to fund for this project?  
 
               $300-500(3)          $500-800          $800-$1100(3)          $1100-$1400(5)  
           25%                       0%                      25%                           50% 
Thank you for your time. 
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Appendix C – QUALITY FUNCTION DEPLOYMENT 
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Safety 9 9 9 9 3 1 3 3 3 1 9 2.9 1.1 3.6 3.9 1.1 3.5 0.07 7%

Reliability 9 9 9 1 9 9 1 1 3 9 9 3 4.5 1.2 3.3 3.8 1.2 6.2 0.12 12%

Ease of calibration 1 9 9 9 3 3 9 9 9 3.5 1.2 2.7 3.3 1.2 5.0 0.10 10%

Ease of manufacture 1 3 9 1 1 9 9 9 9 3 3.7 1.1 3.7 3.9 1.1 4.3 0.08 8%

Ease of operation 3 9 9 3 9 9 3 9 9 9 9 3.4 1.1 3.5 3.9 1.1 4.2 0.08 8%

Ease of adjustment 1 9 9 9 1 3 3 9 3 1 3.3 1.2 3.2 3.7 1.2 4.8 0.09 9%

Low Cost 3 3 9 3 3 9 3 2.7 1.2 3.3 3.8 1.2 3.7 0.07 7%

Precision 9 3 3 9 9 3 9 9 9 3 4.9 1.1 3.0 3.9 1.3 7.0 0.14 14%

Repeatability 3 3 3 9 9 3 9 9 3 9 4.8 1.2 3.1 3.7 1.2 6.9 0.14 14%
Operational Temperature 3 3 3 9 9 9 9 4.5 1.1 3.0 3.5 1.1 5.4 0.11 11%

Abs. importance 2.36 1.71 3.50 2.44 2.35 1.92 2.88 5.66 6.30 2.12 2.55 3.08 3.42 1.41 4.25 5.68 2.90 4.30 58.8 51.0 1.0 100%
Rel. importance 0.04 0.03 0.06 0.04 0.04 0.03 0.05 0.10 0.11 0.04 0.04 0.05 0.06 0.02 0.07 0.10 0.05 0.07 1.00

Pavel Rozenfeld 
ConversionClip Gage to 
LVDT
9 = Strong
3 = Moderate
1 = Weak
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Appendix D – PROJECT SCHEDULE 
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Proof of Design to advisor 23

Concept Development 23

Concept sketches to advisor 23

Best concept selection 27

Preliminary drawing for 

manufactured LVDT assembly 25

Calculations 8

Components/part selection 15

Integrate "of shelf" components 22

Row material selection 22

Design Freeze 29

Final Design 5

Assembly BOM 12

Oral Report 26

Order Components 4

Winter Report 4

Manufacture and assemble device 1

Prototype and Testing 12

Demo to Advisor 13

Demo to Faculty 20

Oral Report 27

Final Report 9

Conversion from Clip Gage to 
LVDT
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APPENDIX E – BUDGET 
 

 
 

Components Description Vendor
Vendor Part 

Number
Cost per Unit Quantity

Forecasted 
Cost

Actual 
Cost

Schaevitz	Sensors Linear	Displacement	Sensor:	LVDT Schaevitz	Sensors LBB‐375‐PA‐100 $199.99 1 $199.99 $199.00

Rod	‐	Unpolished	Mill	
Finish

Ultra‐Corrosion‐Resistant	Nickel	(Alloy	
200)		(Cold	Finished)	1ft.	Length	3/8	dia

McMaster‐Carr 9136K211 $22.80 1 $22.80 $22.80

Sheet	‐	Unpolished	Mill	
Finish

Ultra‐Corrosion‐Resistant	Nickel	(Alloy	
200)		(Cold	Finished)	2"	x	12"	Thickness	
0.125"

McMaster‐Carr 9197K611 $54.54 2 $109.08 $109.08

Rectangular	Bars	‐	
Unpolished	Mill	Finish

Basic	Aluminum	(Alloy	1100)	1ft.	3/8"	
Thick	(±0.015"),	1"	Width,	1"	Length

McMaster‐Carr 2474T511 $29.74 4 $118.96 $118.96

Tubing
304	Stainless	Steel	welded	and	Drawn	
Tubing.	Outside	dia	.375"	dia.	Inside	dia	
.305"	Thickness	.035"

McMaster‐Carr 6100K161 $26.61 1 $26.61 $26.61

Hard	ware
Various	screws,	holders,	nuts,	washers	
etc.

McMaster‐Carr N/A $25.00 1 $25.00 $96.69

Accessories Holders,	wire	nuts	etc. McMaster‐Carr N/A $25.00 1 $25.00 $0.00

Labor
Estimated	labor,	machine	shop	(cost	per	
unit	equals	to	hour)

N/A N/A $85.00 10 $850.00 $750.00

Miscellaneous	expenses Miscellaneous	expenses N/A N/A $23.00 1 $23.00 $0.00

Total expenses $491.68 20 $1,400.00 $1,323.14
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APPENDIX F – BILL OF MATERIALS 
 

 
 
 

Inventory ID Name Description
Unit 

Price
Quantity Sum

9056K712
Multipurpose Aluminum (Alloy 
6061) Round Tube Unpolished 
(Mill) Finish

3/4" OD, .620" ID, .065" Wall 
Thickness, 3' Length

$20.89 1 $20.89

6362K216
High-Performance Plastic 
Flanged Sleeve Bearing

Rulon LR Sleeve Bearing for 3/8" 
Shaft Dia, 5/8" OD, 3/4" L, 7/8" 
Flange OD

$6.61 6 $39.66

9623K37
Spring_Tempered Steel Die 
Springs

.75" Hole, .375 Rod, 3" Length, 

.16"X.09" Wire
$4.75 3 $14.25

GHSA/GHSAR 750 Series
Spring-Loaded AC-LVDT 
Position Sensors

Ranges of 0.050" to 2.00" $550.00 1 $550.00

6436K133
Two-Piece Clamp-On Shaft 
Collars Aluminum

3/8" Bore, 7/8" OD, 3/8" Width $4.93 2 $9.86

6436K74
Two-Piece Clamp-on Shaft 
Collar Aluminum

1-1/4" Bore, 2-1/16" OD, 1/2" Width $5.82 2 $11.64

6436K76
Two-Piece Clamp-on Shaft 
Collar Aluminum

2" Bore, 3" Outside Diameter, 11/16" 
Width

$17.64 2 $35.28

$681.58

Bill  of Materials
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APPENDIX G – CONCEPT DESIGN SKETCHES 
 

 
Sketch 1 Scissors Concept 



 

Appendix G 

 
Sketch 2 Duck Bill Concept 
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Sketch 3 LVDT Conversion Concept 
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APPENDIX H – ADVANTAGES/DISADVANTAGES 
 

 
 
 
 

Advantages Disadvantages

Inexpensive To heavy
Easy to install Not linear

Scissors 
concept

Durability
Requires to add fixture to secure to the Pull 
Barr
Friction in a pivot point
Temperature range up to 800*F

Inexpensive Two spring contest assembly
Duck Bill More linear than scissors concept Requires to add fixture to secure to the Pull 

Calibratable to large displacement Extended blades not good over 1800*F
Better design Expensive
Temperature range up to 2200*F Two spring contest assembly

LVDT concept Advanced material
Includes LVDT
More linear and precise



 

   Appendix I 

APPENDIX I – CONCEPTUAL ANALISYS 
 

 
 
 

    Scissors Concept    Duck Bill Concept        SpringConcept

Criteria
QFD

Weight
Relative
Weight

Score
QFD

Weight
Relative
Weight

Score
QFD

Weight
Relative
Weight

Score

Safety 2.9 0.08 0.53 2.9 0.08 0.53 2.9 0.08 0.53
Reliability 4.5 0.13 0.30 4.5 0.13 0.53 4.5 0.13 0.68
Calibration 3.5 0.11 0.30 3.5 0.11 0.46 3.5 0.11 0.61
Manufacturing 3.7 0.14 0.46 3.7 0.14 0.38 3.7 0.14 0.38
Operation 3.4 0.14 0.30 3.4 0.14 0.53 3.4 0.14 0.68
Adjustment 3.3 0.14 0.38 3.3 0.14 0.53 3.3 0.14 0.53
Cost 2.7 0.11 0.61 2.7 0.11 0.61 2.7 0.11 0.38
Precision 4.9 0.20 0.38 4.9 0.20 0.53 4.9 0.20 0.68
Repeatability 4.8 0.20 0.38 4.8 0.20 0.53 4.8 0.20 0.68
Operation Temperature 4.5 0.20 0.30 4.5 0.20 0.61 4.5 0.20 0.68

Total 3.95 5.24 5.85
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APPENDIX J – CALCULATIONS 
 

Compression Spring Constant (k) Calculation 
 
 
 
 

  
 
 
Spring Compression Equation 
 

 k =  
⁴

³
 

 
Where:  
 k = constant, pounds of load per inch of deflection 
 G = modulus of rigidity of spring material, pounds per square inch 
 d = wire diameter, inches 
 n = number of active coils, which is the number of coils subjected to flexure (always less 
 than the total number of coils) 
 D = mean coil diameter, inches = Outer Diameter – Wire Diameter 
 
G = 11.2 x 10⁶ psi 
d = 0.048 in 
n = 7 
D = (0.65 in - 0.048 in) = 0.602 in 
k = 11.2 x 10⁶ psi x 0.05⁴	in⁴ / [8 x 7 x 0.602³ in³] = 1.661 lb/in 
Spring Constant (k) = 1.661 lb/in 
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Compression Spring Deflection (D
d 
) 

     

  
Spring Deflection Equation 
 

 D
d
 = D

s
 –  

 
 
Where:   
 F = Force exerted on spring 
 D

s
 = Standing Free length of spring 

 D
d

 = Deflected Length of spring with force applied 

 k = Spring constant determined by calculation 
 
F = 3 lb 
D
s
 = 2 in 

k = 1.661 lb/in 
D
d

 = Ds – F/k 

D
d

 = 2 in – 3 in / 1.661 in = 0.194 in 

Deflection (D
d

) = 0.194 in 

 
 
Therefore, the deflected high is greater than the solid high of the spring and it will work 
properly. 
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Calculation Cantilever Beam with One Load Applied at End 
Stress at the support 
 

 
 
 
Where, 
 A = Support 
 h = Thickness  h = 0.075 in 
 b= Width   b = 0.4 in 
 L = Distance  L = 5.0 in 
 P = Load     
 γ = Deflection 
 
Stress Cantilever Beam Equation 
 

 s =  
∗

 
 
Where, 
 s = Stress at the cross-section being evaluated 
 W = Load 
 L = Distance 
 Z = Section modulus of the cross-section of the beam 
 
Therefore, Z can be calculated as c / I,  
 
Where, 
 c = distance from neutral axis 
 I = Moment of Inertia 
 c = ½ (h) 
  I = (b x h³) / 12 
Where, 
 h = Thickness  h = 0.075 in 
 b= Width   b = 0.4 in 
 

L 

h
b
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Thus, 
  c = ½ x 0.0075 in = 0.00375 in 
      I = (0.4 in x 0.075³ in³) / 12 = 0.00001403 in⁴ 
Finally, 
 s = W x L x c / I  or  s = W x L x c / (b x h³) / 12 
 s = (3 lb x 5 in x 0.00375 in) / ((0.4 in x 0.075³ in³) / 12) = 4009 psi  or 4.01 ksi 
 
 

 
Table 10 Yield Strength vs. Temperature 
 

 
Graph 2 Yield Strength vs. Temperature 
 

Temperature (F°) Yield Strength (Ksi)
RT (normal) 18.70

1000 16.30
1100 16.25
1200 15.40
1400 15.30
1600 13.45
1800 11.80
1900 10.55
2000 9.40
2100 8.45
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Deflection at the unsupported beam 
 

γ =  
∗ ³

∗ ∗
 

 
Where,  
 γ = Deflection 
 W = Load 
 L = Distance 
 E = Modulus of Elasticity (based on temperature) 
 I = Moment of Inertia 
Thus, 
 I = (b x h³) / 12 = 0.00001403 in⁴ 
 I = 0.00001403 in⁴	
 W = 3 lb 
 L = 4 in   
 E = 18.7 x 10⁶ psi (RT normal) 
Finally, 

 γ₇₃ = 3 lb x 4³ in³ / 3 x 18.7 x 10⁶ psi x 0.00001403 in⁴	 	0.244	x	10¯²	in	

	 γ₁₀₀₀	 	0.279 x	10¯²	in γ₁₄₀₀   0.298 x	10¯²	in γ₁₉₀₀ 	0.432	x	10¯²	in 

 γ₁₁₀₀   0.281 x	10¯²	in γ₁₆₀₀   0.339	x	10¯²	in γ₂₀₀₀ 	0.485	x	10¯²	in 
 γ₁₂₀₀   0.296 x	10¯²	in γ₁₈₀₀ 	0.387	x	10¯²	in γ₂₁₀₀ 	0.540	x	10¯²	in 
 
 

 
Table 11 Temperature/Modulus/Deflection 
 

Temperature (°F) Modulus ( 106 psi) Deflection (10ˉ²in)
75 18.70 0.244

1000 16.30 0.279
1100 16.25 0.281
1200 15.40 0.296
1400 15.30 0.298
1600 13.45 0.339
1800 11.80 0.387
1900 10.55 0.432
2000 9.40 0.485
2100 8.45 0.540
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Graph 3 Modulus vs. Temperature 
 

 
Graph 4 Deflection vs. Temperature 
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APPENDIX K – DETAIL DRAWINGS AND ASSEMBLY 

 
Drawing 1 L-Bracket 
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Drawing 2 Bottom Probe 
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Drawing 3 Base Tube 
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Drawing 4 Inner Rod 
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Drawing 5 LVDT Housing
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Drawing 6 Spring Caps 
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Drawing 7 Spring 
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Drawing 8 End Cap - No Probe
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Drawing 9 End Cap 
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Drawing 10 Upper Probe 
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Drawing 11 Measuring Device
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Drawing 12 3D Solid Model 

L-Bracket 

Bottom Probe 

Base Tube 
Inner Tube 

Spring Cap 

Spring 

End Cap – No Probe 

End Cap 
Upper Probe 

Shims

Collar 


