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Introduction  

Problem Statement  

There is a client interested in developing a heat shield intended to be used on 

experimental aircraft for military and commercial space travel applications. This clientôs 

potential customers are important companies such as NASA, Virgin, the US Air Force 

and Boeing. These customers are requesting the heat shield for the purpose of developing 

a spacecraft that can make a trip into space and return safely in a very short period of 

time. The average spacecraft takes up to 6 months to be reïconditioned before it is 

certified to return to active duty. This heat shield must be developed to withstand the 

same hazardous conditions and meet the strict criteria to return to flight in a shorter time 

period.  

There is a need to develop a system which monitors the structural integrity of the 

shield that has the potential to be damaged due to heat and mechanical vibrations during 

re-entry. The form of health monitoring that the client has requested involves the use of 

piezoelectric actuators and sensors. The exact name for the method of stress analysis that 

is being requested by our client is structural health monitoring. Structural health 

monitoring is a very recent technology that has been increasingly evaluated by many 

companies in the aerospace industry as a potential approach to decrease cost and increase 

the ease of structural inspection.  

The test systems used for health monitoring need to withstand a variety of 

conditions including high temperatures, varied levels of moisture, and increasingly 
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volatile vibrations to name a few.  Similar testing methods that exist today are very 

expensive and are limited in regards to the location of analysis points found on the 

spacecraft. Most other testing methods also lack the capability to test under a variety of 

conditions or on more than one component. Piezoelectric actuators and sensors allow for 

testing to be done at many different places on the structure to be built.  

The client is concerned that this method of health monitoring needs to withstand 

the various environments and conditions that the structure must go through. The client 

has requested that a test system be built utilizing piezoelectric components and simulates 

the hazardous conditions that the heat shield must withstand. This system must allow for 

the user to determine the integrity of the piezoelectric components over a long period of 

testing. The piezoelectric components are expected to endure long term tests involving 

cyclic tension and compression loads as well as high temperature fluctuations. 

 The client involved is Dr. Ibrahim Tansel and this project is to help in the 

fulfillment of his grant proposal (Degradation of Signal Quality of Structural Health 

Monitoring Systems with Time) which was developed following his paper on Structural 

Health Monitoring [21]. 
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Motivation  

There is a growing market for a system that can perform structural analysis on a 

variety of components for a reasonable price. The motivation for this project lies not only 

to satisfy the requirements of the above mentioned client, but to also design this system to 

be available for purchase by many other companies in the industry who would like to 

utilize structural health monitoring. The focus of this project will be to create the original 

design to the specifications required by the client which include designing a system that 

can analyze the structural integrity of the piezoelectric components being used for testing 

on a given material under a variety of conditions that can lead to failure including high 

temperature and severe mechanical vibrations. By improving the methods of structural 

inspection, a number of structures can be made more reliable and failure can become 

more predictable, thus reducing the cost of ownership. 

As was previously stated, all the components mentioned in this system exist in 

some form or fashion today. However these components are very expensive and in order 

to be appealing to a variety of companies, they must be cost effective. The goal of this 

project is to not only achieve a cost effective manner of analyzing this method of 

structural analysis utilizing piezoelectric components, but to also integrate the individual 

testing scenarios into one system. It would be beneficial to the success of this project if it 

could integrate the mechanical stress testing in different environments. By doing so, the 

system would have the appeal necessary to encourage a variety of consumers to purchase 

one for their specific needs.  
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Literature Survey  

In the pursuit of creating this new system, it is important to see what other work 

has been done in this field. It is necessary to learn the good and bad aspects of each 

variation of this project and apply what has been learned so that not only does it start off 

on the right path, but in the development of this project, the mistakes that have already 

been made will be avoided. The first step is to determine what the similarities and 

differences are between this project and others. After determining the similarities and 

differences, there must be an analysis of how relevant each project is to the one being 

performed. It isnôt as important to find out what is being tested, but more specifically, 

how each test system has been setup.  

One of the pioneers with the structural health monitoring in composite structures 

is a team of scientists at the Massachusetts Institute of Technology. This team tested 

different methods in order to identify the best sensors and components to be employed 

with SHM.  For their experimental set up, this team sent signals to the piezoelectric 

actuators at 15 kHz with 5V peak-to-peak [1]. It is not specified what waveform this 

group employed to perform their experiment. For this case, the combination of frequency 

and amplitude was enough to obtain meaningful results. Base on the previous 

conclusions, similar values should be employed when characterizing the system. The 

referenced frequency of 15 kHz is way below the intended maxim frequency for this 

project which is 500 kHz. 

In 2001, Giurgiutiu [2] performed a series of tests to evaluate the durability and 

survivability of piezoelectric wafer sensors used in structural health monitoring on aging 
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commercial and personal aircraft. The first test to be analyzed involved preparing four 

specimens in a different conditions (pristine; with cracks only; with corrosion only; with 

a combination of crack and corrosion). For E/M impedance experiments, the 

experimental apparatus consisted of a HP 4194A impedance analyzer. For wave 

propagation experiments, an HP 33120 wave-generator, Tektronix TDS 210 digital 

oscilloscope, Trek 50/750 HV amplifier, and data acquisition laptop PC with PCMCIA 

GPIB card were used. In total, these components are in a price range in the neighborhood 

of $50,000. Although the values of the piezoelectric coefficients vary with temperature, 

the general aspect of the frequency response curve is not affected, but only shifted. Thus, 

it was possible to develop a procedure to compensate for temperature changes, and 

maintain the general aspect of the E/M impedance spectrum, which is indicative of the 

intricate structural dynamics and reflective of damage presence [2]. Giurgiutiu also 

performed a self diagnostic experiment in regards to the data obtained from the 

piezoelectric materials. Giurgiutiu and Zagrai (2000) have identified a sensor self-test 

procedure that can reliably determine if the sensor is still perfectly attached to the 

structure, and can signal when sensor de-bonding has started to occur. The appearance of 

sensor free-vibration resonance, and the disappearance of structural resonances constitute 

un-ambiguous features that tell that the sensor has become is bonded and can be used for 

automated sensor self-diagnostics. These experiments have shown that positive 

identification of defective sensor installation is possible, and that progressive degradation 

of sensor adherence to the structure can be experimentally traced [2]. 
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The people at Acellent Technologies, Inc. have developed an integrated network 

of piezoelectric actuators and sensors. The developers of the SMART Layer® system 

created a layer of a flexible material to hold as many as 30 active piezoelectric sensors to 

be placed over the structure that is to be analyzed. The SMART Layer® was originally 

developed at Stanford University and the acronym stands for Stanford Multi- Actuator-

Receiver Transduction Layer [3]. This system used piezoelectric elements that are 

piezoceramic (PZT). These elements were used as actuators to excite the structure being 

tested and send out a propagating diagnostic wave. That wave would then travel 

throughout the structure and be received by the piezoelectric sensors. Any discrepancy in 

the frequency of the wave would indicate a condition other than normal. The instrument 

used to drive the actuators is called the SMART SuitcaseÊ. It can drive the piezoelectric 

actuators with a voltage up to 200 volts and a frequency up to 1MHz. It has the capability 

to record high resolution data from the piezoelectric sensors at speeds up to 50MS/s. The 

SMART Layer can be used in environment up to 350 degrees Fahrenheit. This system 

was developed for commercial use by the aerospace and automotive industries. 
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Figure 1. Schematic depicting the operation of the SMART Suitcase [3] 

An institution that is actively advancing research in piezoelectric devices is 

NASA. Similar to our client NASA plans to employ piezoelectric devices for structural 

health monitoring in their Space Shuttle. When performing her research Dr. Stephanie 

Wise successfully tested different scenarios to determine the best electric field to be 

applied to certain piezoelectric actuators in order to find the largest displacements. Dr. 

Wise determine a range where the maximum displacement in piezoelectric actuator is 

observed based on the input electric field. The electric field is proportional to the voltage 

across the device, and those Voltages can be taken into account when designing the phase 

I of this project. Dr. Wise optimum operational range for piezoelectric actuators goes 

from 5 to 20 kV/cm [4]. Translating these values, the optimum range goes from 5 to 50 

volts for every millimeter (of piezoelectric actuator thickness). The thickness of the 
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piezoelectric actuators intended to be employed in this project is slightly less than 1 mm, 

thus a good testing range for the control box will be from 5 to 20 volts. 

Studies were performed on a number of issues relating to health monitoring using 

piezoelectric materials at the Los Alamos National Laboratory and the Virginia 

Polytechnic Institute of State University in 2003. This method is referred to as a new non-

destructive evaluation (NDE) method. It is states that the size and weight of the 

piezoelectric material is negligible when compared to the structures that they are meant to 

analyze and will not affect the dynamic characteristics of the structure as can be seen in 

figure 2. 

 

Figure 2. Relates the size and weight of the piezoelectric sensor to the structure [4] 

The sensitivity of the vibration-based NDE techniques in detecting damage is 

closely related to the frequency band selected. A frequency range higher than 200 kHz is 

found to be favorable in localizing the sensing area, while a frequency range lower than 

70 kHz covers larger sensing area. The frequency ranges higher than 500 kHz have been 
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found to be unfavorable. This is because the sensing region becomes extremely small and 

the PZT sensors show adverse sensitivity to their bonding conditions or the PZT itself 

rather than behavior of a structure monitored. Under the high frequency ranges employed 

in the impedance-based method, the sensing region of the PZT is limited to an area close 

to the PZT sensor/actuator. The localized nature of the sensing region provides an 

advantage in that the impedance sensor is less sensitive to boundary condition changes or 

any operational vibrations, which usually affect lower-order global modes. In general, the 

sensing range of an impedance sensor is closely related to the material properties of a 

host structure, geometry, frequency ranges being used, and properties of PZT materials 

[5]. 

By looking at other teams that have successfully tested piezoelectric devices, a 

research project performed by B. Xie and G. Song was found to be relevant. In their 

project their research utilizes a waveform generator that is then amplified to subsequently 

be sent to the piezoelectric actuator. The resultant signal is collected with piezoelectric 

sensor, converted employing an analog to digital converter and subsequently analyzed 

employing a computer with Matlab [6].    
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Figure 3. Experiment schematics employed by Xie and Song [6] 

Xie and Song employed state-of-the-art equipment to perform their research. Our 

client desires to carry out a similar investigation while significantly reducing the cost of 

the components. The purpose of this project would be to replicate the results of this 

experimental setting while employing extremely inexpensive components and integrating 

them into one system named control box instead of having them separately as Xie and 

Song did in their project. 

 

Figure 4. Experimental setup employed by Xie and Song [6] 
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The excitation frequencies employed in this project were 10 and 20 kHz, while 

the sampling frequency was 50 kHz [6]. Based on their results (Figure 5) it is apparent 

that the best excitation frequencies correspond to 10, 17, and 21 kHz, because they return 

the largest amount of energy. Those values for the different frequencies will be 

considered when designing the different components of this project. 

 

Figure 5. Excitation frequency versus energy distribution by Xie and Sing [6] 
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Discussion  

Structural Health Monitoring (SHM) denotes a system with the ability to detect 

and interpret adverse "changes" in a structure in order to improve reliability and reduce 

life-cycle costs. The greatest challenge in designing a SHM system is knowing what 

"changes" to look for and how to identify them. The characteristics of damage in a 

particular structure play a key role in defining the architecture of the SHM system. The 

resulting "changes," or damage signature, will dictate the type of sensors that are 

required, which in-turn determines the requirements for the rest of the components in the 

system [1]. 

The client, along with potential clients interested in a system to that performs 

structural analysis in an efficient and cost effective manner create the motivation for this 

project. The specific needs of the client are to develop a structure that not only must 

withstand very large magnitudes of mechanical vibrations it must also maintain its 

structural integrity in an extreme temperature environment. This system is being 

developed in order to perform the structural analysis of the material to be used in these 

extreme conditions. It has been discovered, through the use of the literature survey, that 

there are similar versions of the system being developed in this project. The knowledge 

obtained from the research papers in the literature survey shall serve as a great reference 

to the progress of this project. 
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Project Formulation  

Overview  

The development of this project will  be broken down into three phases: 

Phase I: Control Box  

In phase I, a circuit/control box will be built to create a stimulus on a piezoelectric 

actuator which will excite the system. This excitation will be monitored by a piezoelectric 

sensor that, along with the actuator, will be placed on material test plate. The 

piezoelectric sensor will monitor the signal output from the actuator and transfer this 

information back to the control box. The control box will then display the results on an 

LED display and any inconsistencies will be monitored. If the integrity of the 

piezoelectric components has been compromised through testing, then the results should 

show this effect. 

Phase 2: Hydraulic System 

In phase II , a hydraulic system will be developed in order to have the ability to 

apply cyclic loads on the samples that will be tested. The types of loading that will be 

applied to the test plates will be Tension and Compression. This hydraulic system will be 

incorporated onto the same table as the control box from phase I so that the test plate can 

still be monitored. This system should be easy to disassemble and put back together to 

prevent any downtime due to the failure of a part from long term testing.  
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Phase 3: Furnace 

In phase III, a furnace will be integrated into the system with the hydraulic system 

from phase II and the control box from phase I. Because of cost, this system will be 

designed and built specifically for this project in order to house the testing samples and 

apply thermal stresses while being able to control and monitor the environment 

surrounding the samples. 

 

Project Objective s 

Phase I  

It was previously established that phase I of the project would consist of 

designing, building, and testing a control box that will achieve several tasks. One of the 

main tasks of the control box is to generate a signal to activate a piezoelectric actuator. 

There are several signal types that need to be tested and the control box should enable the 

ability to vary the different parameters of the signal. The other primary task of the control 

box is to read a signal acquired from a piezoelectric sensor, and display its value for 

constant monitoring. 

One of the most important parameters to be varied is the shape of the signal; 

initially a square wave will be employed for testing the piezoelectric actuators. The 

control box will not be limited to a square wave. There is also the need to be able to 

change the mode shape of the input signal. The other shapes that must be enabled by the 
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control box include but should not be limited to a pulse signal, a triangular wave, and a 

sign wave. 

There are other properties of the input signal that the user must be able to change 

at will. Those properties are the frequency and amplitude of the generated signal. The 

input signal amplitude is required to be 5 volts, but in order to properly operate the 

piezoelectric actuator, the electric current through the actuator must be large, of the order 

of magnitude of 1 amp. The frequency of the signal is one of the critical design criteria; 

it, at least, must be larger than 5 kHz. Moreover, the desirable maximum frequency is 500 

kHz to enable a wider variety of testing scenarios. 

The control box must also collect information from a piezoelectric sensor, and 

display it on a single digit LED display. The idea of this configuration is to actively 

monitor the performance of the piezoelectric sensor as the external operation conditions 

change. Any discrepancy between what is expected and what is displayed will show that 

the integrity of the piezoelectric components may have been compromised. 

Once all the components are characterized and correctly configured, they must be 

packed and confined into a box. The circuit must be protected from external factor that 

might affect the performance of the operation before it can be incorporated to the other 

phases. The user will only have access to a switch that toggles the power of the circuit. 

Phase II  

The objective of the hydraulic system that will be incorporated in phase II is to apply 

cyclic loads on the samples that will be tested. The hydraulic system should be able to 
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apply tension and compression to the test various samples to simulate different 

mechanical stresses that may occur in real life scenarios. This hydraulic system should be 

able to fit on the same table as the control box and test specimens so that the entire 

system may be moved if necessary.  

The goal is to test multiple samples at once to create consistency in the 

breakdown of the piezofilms. Consistency in results is designed by using the same 

material for the multiple test plates and applying the same load throughout. The 

configuration of the structure must support this requirement to maintain consistency.  

This hydraulic system should be developed to produce these different loads for a 

period of 2400 hours of testing. This requirement means that the system must be durable 

enough to withstand the forces it will be applying for at least that period of time. 

Maintenance and control processes must not be a concern as the system will not be 

monitored by group members at all times. 

Phase III 

The objective of phase III is to integrate a furnace into the test system with the 

hydraulic system from phase II and the control box from phase I. Because of cost, this 

system will need to be designed and built specifically for this project in order to house the 

testing samples and apply thermal stresses while being able to control and monitor the 

environment surrounding the samples. The goal for the temperature range is between 100 

ºC and 200 ºC. The furnace must be built so that the goal of keeping the entire system on 

a moveable table can still be achieved. 
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Design Specifications  

Phase I design. 

The signal will be generated employing a microcontroller (PIC16F690). There are 

several advantages when working with this microcontroller. The different waveform can 

be obtained when changing the source code of the microcontroller. For instance, a square 

wave can be generated when toggling an I/O port on the microcontroller on and off fer 

the same period of time. In the case of the pulse signal, the port can be toggled on at the 

minimum allowed period of time, while it is kept off by significantly longer periods of 

time. For the triangular wave, a ramp function can be generated employing a FOR loop to 

linearly increase the value of the signal, and decrease it linearly. 

  Generating a sine wave with the PIC16F690 can be somewhat challenging 

because the sine function is not embedded in the microcontroller like it would be in a 

more sophisticated device. However, the sine wave can be generated when decomposing 

the sine function into a Taylor series expansion, and iterated with a FOR loop. The first 

terms of Taylor series can be easily coded in the microcontroller. However, a sine wave 

function seems to push the capabilities of the microcontroller and it may not return 

significant results. 

There are several ways to generate the source code for the microcontroller, the 

program MikroBasic will  be used for the coding because the authors are familiar with this 

language. After writing the code, it has to be transformed into a hex file before it can be 

uploaded into the microcontroller. The program pickKit 2 was employed to generate the 



Medina, Roos, Sanchez, Shaw - 32 

 

corresponding hex file. A sample of the code to be employed can be found in Appendix 

A. 

The microcontroller is not capable of providing enough power to operate the 

piezoelectric actuator at an optimum operating condition. Therefore, the microcontroller 

will mainly be employed to modulate the signal. An external power source will be 

connected to a TIP120 transistor which will be connected to the piezoelectric actuator. 

The transistor possesses an input and output leg, and a third leg that serves as switch. The 

microcontroller will be connected to the transistor to activate the switch and modulate the 

wave shape. The amplitude of the input signal will be controlled with a potentiometer 

connected to the external power source that directly provides power to the piezoelectric 

actuators. The frequency of the signal must be varied from the source code in the 

microcontroller. Varying the frequency is accomplished by changing the ties on the ports 

and scaling the signal. 

              Once the signal is sent to the piezoelectric actuator it will generate a Lamb wave, 

which is a mechanical vibration traveling though the solid medium. For the proposed 

experimental setting there will be a piezoelectric actuator and a piezoelectric sensor on a 

metallic plate. The control box should be able to read the output of the sensor and display 

it. The mechanical vibration of the plate will induce a stress in the piezoelectric material 

that will generate a voltage difference. This voltage difference across the piezoelectric 

material is considered to be the output signal. The signal generated by the piezoelectric 

sensor will have an order of magnitude of millivolts. It is necessary to scale the signal up 

in order to be able to interpret and analyze it. The piezoelectric sensor will be connected 
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to an operation amplifier (LM741CN) that will increase the magnitude of the signal. The 

output of the operation amplifier will be monitored with an additional microcontroller 

(PIC16F690). Once the signal is sent to the microcontroller, it will be transformed from 

analog to digital, and the possible output signal will be classified into 10 cases, each case 

represents the intensity of the acquired signal. The second microcontroller will also be 

connected to a one digit LED display. The result of the scaled output signal will 

constantly be displayed for the user to monitor whenever it is required.  

 

 

Phase II 

The purpose of the hydraulic system that will be design and fabricated in phase 2 

is to test the piezoelectric materials in cyclic loading (tension and compression) and 

bending. A way has been devised to test several piezoelectric materials at once by using 

adjustable grips (Figure 7). The grips allow the user to easily zero all forces on the 

Figure 6. Circuit Schematic for Signal Generation and Signal Interpretation 
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materials before beginning the testing, therefore eliminating loading errors due to 

material expansion/contraction while being gripped.  

The actual hydraulic system will function as follows. It begins with fluid being 

circulated into the pump which is drawn from the reservoir and pressurized. The fluid 

then leaves the pump and enters the selector valve and either goes to the front or rear of 

the hydraulic ram. A programmable logic controller (PLC)  will automatically manage 

the movement of the fluid by switching the switch  valve back and forth to cause a 

ñcyclicò load on the materials being tested. The material being tested experiences stresses 

which then causes the piezoelectric actuator to vibrate (while receiving square wave 

pulses from the control box at the same time) and send waves across the material to the 

piezoelectric sensor which is being read by the control box. The control box studies how 

steady the voltage is, which can be interpreted with the proper formulas and used for 

health monitoring on materials and mechanical systems. All materials used in phase 2 

must have high tolerances against higher temperatures as they will be used inside the 

furnace for phase 3. 

 

Figure 7. Schematic for Hydraulic System 
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Figure 8. Initial Solidworks Model of the Health Monitoring Test System 

Phase III  

In phase 3, the same hydraulic system will be used; however the material will 

now be encased in a custom made furnace designed to meet the specific requirements of 

this testing (200 C to 400 C). The furnace must have ports for measuring the materials, as 

well as a large ram for the hydraulic cylinder. The materials will then be tested again in 

cyclic loading (tension and compression) and bending. The main goal for phase 3 will be 

to continue testing several materials at once while being able to gather accurate results. 

Figure 8 shows an initial solidworks model for the development of Phase I and II.   



Medina, Roos, Sanchez, Shaw - 36 

 

Constraints and Other Considerations  

Phase I  

It is important to note how the proposed design employs two microcontrollers 

instead of just one. The microcontroller PIC16F690 possesses 3 different I/O ports. The 

project requires one port to generate the input waveform signal, one port to monitor the 

output signal, and another port to send the commands to the LED display. Although one 

microcontroller is enough to manage the needs of the project, employing just one 

microcontroller would sacrifice some performance and the maximum input signal would 

be significantly reduced. Because the microcontroller employs serial processing, it would 

require some additional computational time to read the output signal and to send a 

command to the LED display. In this project, to meet the frequency requirements the 

capacity if the microcontroller is being pushed to the limit; thus, the necessity of a second 

microcontroller to read and interpret the output signal. 

 

Phase II and III  

 The system must be able to perform the task required without much supervision 

or maintenance. That means that the parts used to build the hydraulic system will need to 

be durable for not only the mechanical stresses it places on itself, but also for the thermal 

stresses that will be applied to a number of its components from phase III. The pressure 

applied in the hydraulic system will limit the maximum force that it will be able to 

produce. The materials necessary to withstand the temperature that are intended to be 
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used are costly but must be used to have a reliable system. Because the goal is to 

integrate all three phases of this project in to a single system on a table, space is major 

consideration. Considering all of the restrictions and considerations necessary for this 

system, the cost of the components to construct the hydraulic system and furnace may 

become significant. 

 

Discussion  

In phase I, a circuit/control box will be built to create a stimulus on a piezoelectric 

actuator which will excite the system. This excitation will be monitored by a piezoelectric 

sensor that, along with the actuator, will be placed on material test plate. The 

piezoelectric sensor will monitor the signal output from the actuator and transfer this 

information back to the control box. The control box will then display the results on an 

LED display and any inconsistencies will be monitored. In phase II , a hydraulic system 

will be developed in order to have the ability to apply cyclic loads on the samples that 

will be tested. The types of loading that will be applied to the test plates will be Tension, 

Compression, and Bending. This hydraulic system will be incorporated onto the same 

table as the control box from phase I so that the test plate can still be monitored. In phase 

III , a furnace will be integrated into the system with the hydraulic system from phase II 

and the control box from phase I. Because of cost, this system will be designed and built 

specifically for this project in order to house the testing samples and apply thermal 
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stresses while being able to control and monitor the environment surrounding the 

samples. 

The design specifications will take a lot of time and effort from each group 

member to be completed. These design specifications are limited by a number of factors 

including size, durability, and cost. In order to successfully complete the tasks that have 

been specified, the system may need to be altered as the project progresses. The cost of 

materials may lead to the design and construction of each component necessary to build 

this system. That being considered, this project is scheduled to be completed in a 6 month 

period so time becomes an additional constraint to the completion of this project. The 

main goal is to create an efficient system that can achieve accurate results in a cost 

effective manner, so this project will need to be open to design alternatives as it 

progresses.  
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Design Alternatives  

 Design Alternatives  for  the Control Box 

Generating a function waveform is a problem that has been studied for a long 

time. There are very sophisticated waveform generators. If this project had unlimited 

funding, the best alternate solution would be to buy an off-the-shelf state-of-the-art 

waveform generator. If a testing frequency of 500 MHz wants to be achieved, the price of 

a state-of-the-art the waveform generator oscillates around $30 000 [7]. If a less 

sophisticated waveform generator at more affordable price is sought, the frequency of the 

signal would be significantly lower than 500 MHz. For instance, the waveform generator 

Agilent-33250A is commonly employed in universities for its balance of price and 

performance, but its maximum frequency is 80 MHz, and its price starts at $ 4571 [8]. 

Because the budget of the project is significantly constrained, the most feasible solution 

is to build a custom waveform generator employing a microcontroller to integrate into the 

control box. 

Generating a waveform is just one of the tasks that the control box has to 

accomplish. There is another primary task that must be integrated to the waveform 

generator. It is necessary to acquire the lamb wave with the piezoelectric sensor and 

display it, to enable the user permanent monitoring of the signal at all times. If the project 

had an unlimited budget, the best alternate solution would be to combine a computer with 

real time data acquisition software such as MATLAB data acquisition toolbox [9] with 

the waveform generator, to complete the control box.   
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Figure 9. Agilent-33250A 80 MHz Function/Arbitrary Waveform Generator [8] 

 

Table 1. Comparison Table for the Control Box 

Control Box Type Price Performance Reliability 
Env. 

Impact 
Waveform 

range Total 

Custom Microcontroller 
circuit 5 3 2 3 2 15 

Agilent-33250A + 
Matlab 1 5 4 1 4 15 

 

It is interesting to note that the combination of a waveform generator Agilent-

33250A plus Matlab with the data acquisition toolbox outperforms the custom 

microcontroller circuit. But the difference in price is extremely large. Because the budget 

of the project is so limited, it becomes improbable to obtain the combination of Agilent-

33250A + Matlab. 

 

Detection and Display Circuit  

A 7 segment LED display can driven either from a microcontroller or through an 

analog circuit using a BCD-to-Seven-Segment Driver (SN75LS47). The driver is 

designed specifically to simplify the control and handling of a 7 segment LED display. 
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This SN75LS47 reduces the number of control inputs for the 7 segment LED display 

from 8 to 4 and would use 4 transistors as switches. Although an analog controller 

reduces the amount of programming it requires more expertise to complete. 

Table 2. Decision Table for the Alternatives of the Display Circuit  

Display 
circuit Price 

Ease of 
use 

Extra 
parts Performance  Reliability 

Env. 
Impact Total 

Microcontro
ller 4 3 4 3 2 2 18 

SN75LS47 
driver 3 2 2 3 2 2 14 

 

Design Alternative s for the Hydraulic System  

System Selection 

The use of a pneumatic system is a clean, efficient and easy method of obtaining 

power transmission. In laboratory settings, compressed air is typically in supply 

providing a power source without additional cost. If a compressed air supply is not 

available then an air compressor can be purchased at a cost much less than that of a 

hydraulic pump. The comparable air/oil intensified cylinder also uses compressed air to 

force hydraulic fluid to push on the rod end. This system takes advantage of hydraulic 

fluid as an incompressible fluid that can transmit power efficiently from pump to 

application while the power is derived from the less costly compressed air source. 

Despite the seeming advantages of air powered cylinders the hydraulic cylinder still 

maintains several important advantages that are required for this project.  
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Table 3. Cost Layout for a Pneumatic System 

Air System (500 psi) 

Air Compressor $200.00 

3-Way Solenoid Valve $190.25 

Needle Valve $100.00 

Cylinder (3472 lbs) $500.00 

PLC $151.60 

10ft Hose, 4 Adaptors, 4 Hose Ends $100.00 

2 Position Sensors $160.00 

Total $1,401.85 

 

Table 4. Cost Layout for a Hybrid System 

Air/Oil System (500 psi) 

Air Compressor $200.00 

3-Way Solenoid Valve $190.25 

Needle Valve $100.00 

Cylinder (6,000 lbs) $1,200.00 

PLC $151.60 

10ft Hose, 4 Adaptors, 4 Hose Ends $100.00 

2 Position Sensors $160.00 

Total $2,101.85 

 
 

Table 5. Cost layout for a Hydraulic System 

Hydraulic System (2500 psi) 

Pump, Tank, Motor, Pressure Valve $772.20 

3-Way Solenoid Valve $190.25 

Needle Valve $100.00 
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Cylinder (47,000 lbs) $937.00 

PLC $151.60 

10ft Hose, 4 Adaptors, 4 Hose Ends $80.00 

2 Position Sensors $160.00 

Total 2391.05 

 

Hydraulic fluid is considered incompressible and therefore does not recoil as a 

spring as compressible air does.  As a matter of safety and in terms of applicability, 

compressed air would need to be released slowly after every use while hydraulic fluid no 

longer acts on the load when the pressure is released. The incompressibility of hydraulic 

fluid also allows for higher loading which would only cause more compressibility in an 

air medium. Hydraulic fluid therefore proves to be a better means of transmitting power 

over compressed air for this application because it does not absorb power by compressing 

and allows for more accurate results. 

Power Transmission System Cost Control Efficiency Safety Env. Impact Total 

Pneumatic 2 1 1 3 2 9 

Hydraulic 1 3 3 2 1 10 

 

The system needed for this project must create cyclic loads in a smooth and 

predictable manner; therefore this project will utilize a hydraulic system. A compressed 

air solution would have less smooth cyclic loading especially in the return stroke where 

the behavior of air is dynamic. 
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Pump Selection  

A pump can be defined as a mechanical device that increases the static pressure of 

a fluid [17]. There are several ways to classify pumps. These machines can be classified 

according to their function, their conditions of service, materials of construction, and 

principles energy addition. Most authors agree that pumps can be classified in two main 

categories if they are classified  by their principle by which energy is added to the fluid, 

Those are kinetic and positive displacement pumps (Figure 11) [17][18][19].  

In a kinetic pump, energy is continuously added to the liquid to increase its 

velocity. When the velocity of the liquid is subsequently reduced, this produces a 

pressure increase. In the kinetic category, the most common arrangement is the 

centrifugal pump. Other arrangements include regenerative turbines (also called 

peripheral pumps), and special pumps such as jet pumps that employ an eductor to bring 

water out of a well. [19].  

A typical kinetic pump consists of an impeller attached to and rotating with a 

shaft, and a casing that encloses the impeller. In a kinetic pump, liquid is forced into the 

inlet side of the pump casing by atmospheric pressure or some upstream pressure. As the 

impeller rotates, liquid moves toward the discharge side of the pump. This creates a void 

or reduced pressure area at the impeller inlet. The pressure at the pump casing inlet, 

which is higher than this reduced pressure at the impeller inlet, forces additional liquid 

into the impeller to fill the void. 



Medina, Roos, Sanchez, Shaw - 45 

 

 

Figure 10. Typical schematics for a kinetic pump, obtained from ñPump characteristics and 

applicationsò by Volk, and Michael 
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Figure 11. Diagram displaying the different families of pumps, obtained from ñPump characteristics 

and applicationsò by Volk, and Michael 
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In a kinetic pump, a diffusion process occurs causing the velocity of the liquid to 

decrease. The relationship between pressure and velocity is described by the Bernoulli 

equation. The decreased kinetic energy is transformed into increased potential energy, 

causing the pressure of the liquid to increase as the velocity decreases.  

In a positive displacement pump, energy is periodically added to the liquid by the 

direct application of a force to one or more movable volumes of liquid. This causes an 

increase in pressure up to the value required to move the liquid through ports in the 

discharge line. The important points here are that the energy addition is periodic (i.e., not 

continuous) and that there is a direct application of force to the liquid. A positive 

displacement pump provides the same amount of volumetric flow rate regardless of the 

pressure acting on the system. The two most common sub-categories are reciprocating 

and rotary pumps. [19]. 

One of the earliest decisions that must be made when designing a system is the 

selection of the type of pump to be used. The first issue is the general decision whether 

the pump should be of the centrifugal or the positive displacement type.  

There are certain application criteria that demand the use of a positive 

displacement pump. The following are some key application criteria that would lead to 

the selection of a positive displacement pump over a centrifugal pump [19]: 

 

Å High viscosity 

Å Self-priming 

Å High pressure 
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Å Low flow 

Å High efficiency 

Å Low velocity 

Å Low shear 

Å Fragile solids handling capability  

Å Sealless pumping 

Å Accurate, repeatable flow measurement 

Å Constant flow/variable system pressure 

Å Two-phase flow 

 

It can be considered a disadvantage that most positive displacement pumps 

exhibit slip, which is leakage from the high pressure to the low pressure side of the pump. 

Slip causes the pump to deliver a lower flow rate at higher differential pressures. The 

amount of slip varies widely from one positive displacement pump to another, as well as 

varying with pump differential pressure and with the liquid viscosity. 

The first step in selecting an adequate pump for the hydraulic system is to 

determine whether it would be a kinetic or a positive displacement pump. The following 

table illustrates the different criteria employed to select the most suitable pump for this 

project.  
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Table 6. Decision Table to Select the Most Suitable Type of Pump 

Pump Type Price 
At High 

Pressure 

At Low 

Flow rate 
Efficiency Reliability 

Env. 

Impact 
Total 

Kinetic 2 1 1 1 2 2 9 

Positive 

Displacement 1 3 3 3 3 2 15 

 

It is desired to employ a positive displacement pump in the design. There are 

several types of positive displacement pumps, and they all have different characteristics 

and are suitable for different systems and operating conditions. Among the most common 

types of positive displacement pumps one can find the internal, external gear, lobe, vane, 

and Diaphragm. 

It becomes necessary to inspect the characteristics of the most common types of 

positive displacement pumps, since their properties vary widely from one type to another.  

Some main specifications for different types of positive displacement pumps are listed in 

the following table. 
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Table 7. Key Application Data for Positive Displacement Pumps, Obtained From ñPump 

characteristics and applicationsò by Volk, and Michael 

 

Internal Gear Pumps 

These devices are exceptionally versatile.  While they are often used on thin 

liquids such as solvents and fuel oil, they excel at efficiently pumping thick liquids such 

as asphalt, chocolate, and adhesives.  The useful viscosity range of an internal gear pump 

is from 1cPs to over 1,000,000cP. In addition to their wide viscosity range, the pump has 

a wide temperature range as well, handling liquids up to 750°F / 400°C.  This is due to 

the single point of end clearance (the distance between the ends of the rotor gear teeth 

and the head of the pump).  This clearance is adjustable to accommodate high 

temperature, maximize efficiency for handling high viscosity liquids, and to 

accommodate for wear. The internal gear pump is non-pulsing, self-priming, and can run 

dry for short periods.  They're also bi-rotational, meaning that the same pump can be used 
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to load and unload vessels.  Because internal gear pumps have only two moving parts, 

they are reliable, simple to operate, and easy to maintain [19].  

 

Figure 12. Flow Sequence for an Internal Gear Pump [10] 

 

Diaphragm Pumps  

A diaphragm pump is a reciprocating pump similar to a piston pump, just that in 

this case the reciprocating motion of the pump causes a diaphragm to flex back and forth, 

which in turn causes the liquid to flow into and out of the liquid end of the pump. As with 

all reciprocating pumps, diaphragm pumps require check valves at the inlet and outlet 

ports. The diaphragm is usually made of an elastomeric material to allow it to flex. The 

diaphragm can be mechanically attached to the reciprocating member, or it can be 

separated and actuated by a reservoir of hydraulic fluid. These pump types are highly 

accurate in measuring flow (usually having an accuracy of better than ±1%), and the 

diaphragm makes the pump leak-free and compatible with a variety of liquids. Much 

larger versions of hydraulically actuated diaphragm pumps are used in process services, 

where their high pressure capability and sealless pumping make them an interesting 



Medina, Roos, Sanchez, Shaw - 52 

 

alternative for special services. These pumps, with metal diaphragms and remote heads, 

can pump liquids to 900°F. Diaphragm pumps do not require any packing assembly or 

mechanical seal. They are also capable of being able to accommodate large solids, 

abrasives, and corrosives. They are self-priming and can run dry. Their versatility makes 

them a good choice for pumping wastewater, acids, and foods. They also produce fairly 

large pressure pulsations, and they are quite energy inefficient [19]. 

 

 

Figure 13. Flow Sequence in a Diaphragm [19] 
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External Gear Pumps 

These devices represent a popular pumping principle and are often used as 

lubrication pumps in machine tools, in fluid power transfer units, and as oil pumps in 

engines. External gear pumps can come in single or double (two sets of gears) pump 

configurations. These pumps are constructed employing either spur or helical gears.  

Helical gears typically offer a smoother flow than spur gears, although all gear types are 

relatively smooth.  Large-capacity external gear pumps typically use helical gears. Small 

external gear pumps usually operate at 1750 or 3450 rpm and larger models operate at 

speeds up to 640 rpm. External gear pumps have close tolerances and shaft support on 

both sides of the gears.  This allows them to run to pressures beyond 3,000 PSI / 200 Bar, 

making them well suited for use in hydraulics.  With four bearings in the liquid and tight 

tolerances, they are not well suited to handling abrasive or extreme high temperature 

applications [19]. 

 

Figure 14. Flow Sequence for an External Gear Pump [12] 
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Lobe Pumps 

These devices are used in a variety of industries.  They are popular because they 

offer superb sanitary qualities, high efficiency, reliability, corrosion resistance, and good 

clean-in-place and sterilize-in-place (CIP/SIP) characteristics. These pumps offer a 

variety of lobe options including single, bi-wing, tri-lobe (see figure 15), and multi-lobe.  

Rotary lobe pumps are non-contacting and have large pumping chambers, allowing them 

to handle solids without damage.  They are also used to handle slurries, pastes, and a 

wide variety of other liquids.  If wetted, they offer self-priming performance.  A gentle 

pumping action minimizes product degradation.  They also offer reversible flows and can 

operate dry for long periods of time.  Flow is relatively independent of changes in process 

pressure, so output is constant and continuous [19]. 

 

Figure 15. Flow Sequence for a Lobe Pump [13] 
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Sliding Vane Pumps 

These devices can handle moderate viscosity liquids; they excel at handling low 

viscosity liquids such as LP gas (propane), ammonia, solvents, alcohol, fuel oils, 

gasoline, and refrigerants.  Vane pumps have no internal metal-to-metal contact and self-

compensate for wear, enabling them to maintain peak performance on these non-

lubricating liquids.  Though efficiency drops quickly, they can be used up to 500 cPs / 

2,300 SSU. Vane pumps are available in a number of vane configurations including 

sliding vane, flexible vane, swinging vane, rolling vane, and external vane.  Vane pumps 

are noted for their dry priming, ease of maintenance, and good suction characteristics 

over the life of the pump.  Moreover, vanes can usually handle fluid temperatures from -

32°C / -25°F to 260°C / 500°F and differential pressures to 15 BAR / 200 PSI (higher for 

hydraulic vane pumps). Each type of vane pump offers unique advantages.  For example, 

external vane pumps can handle large solids.  Flexible vane pumps, on the other hand, 

can only handle small solids but create good vacuum.  Sliding vane pumps can run dry 

for short periods of time and handle small amounts of vapor [19].

 

Figure 16. Flow Sequence for a Sliding Vane Pump [14] 
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The following table displays the different parameters employed to determine 

whether or not the type of pump is suitable for the design. It also shows how the different 

criteria were evaluated and which pump was finally selected. 

 

Table 8. Decision Table to Determine the Most Suitable Positive Displacement Pump 

Pump 

Type 
Price 

Max. 

Pressure 

Max. 

Suction Lift 
Efficiency Reliability 

Env. 

Impact 
Total 

Internal 

Gear 3 1 3 3 1 2 13 

External 

Gear 3 3 3 3 3 2 17 

Sliding 

Vane 2 2 3 3 1 2 13 

Lobe 2 2 3 3 1 2 13 

Diaphragm 2 3 2 3 3 2 15 

 

Discussion of Pump Selection 

Due to the large variety of alternatives, to select a suitable pump for the design of 

the hydraulic system becomes a non-trivial problem that requires a lot of parameters to be 

taken into account. Initially two types of pumps were considered, Kinetic and positive 

displacement pumps. It was observed that a positive displacement pumps possesses better 

handling for viscous fluids. Most positive displacement pump types are inherently self-

priming, meaning they can be located above the surface of the liquid being pumped. In 
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contrast, the inlet of a centrifugal pump has to be directly fed in order for the centrifugal 

pump to work. The high pressure and low flow criteria must be considered together, in 

this particular application, it is required a high pressure head and low flow rate, and for 

this case, the most appropriate device is a positive displacement pump. In addition, most 

positive displacement pumps posses a high efficiency in comparison with a centrifugal 

pump, although the efficiency of the pump is a function of the viscosity of the fluid.  

Once it was determined that a positive displacement pump would be employed, 

there was a necessity to look into the different types of positive displacement pumps in 

order to select the most suitable pump for the project. Five different types of pumps were 

compared, internal gear, external gear, sliding vane, love, and diaphragm. Among those 

commonly used pumps, the external gear and the diaphragm pumps are the ones that 

provide the highest maximum pressure, limiting the need for a larger hydraulic cylinder 

in order to generate the required force. All the pumps are somewhat equally efficient, 

because high efficiency is a characteristic of all the positive displacement pumps. A 

major limiting factor is the budget of the project. Therefore, a large emphasis was placed 

on the pricing information for each pump. It can be concluded that for this project, the 

most suitable pump is an external gear positive displacement. 
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Design Alternatives for Hydraulic Oil Selection  

The hydraulic system requires a working fluid that is going to transmit the power 

from the positive displacement pump to the hydraulic cylinder. There are several 

alternatives when it comes to the working fluid for the hydraulic circuit. In order to select 

the best alternative, four different hydraulic oils were compared. The oils selected were 

of low, medium, and high viscosity. There is also a biodegradable alternative included for 

comparison. 

It becomes important to select the appropriate criteria to judge whether a 

hydraulic fluid is suitable to be employed in this project or not. There are a number of 

characteristics that are important for hydraulic fluids; among those one can find the 

following items [16]: 

 Low temperature sensitivity of viscosity 

 Thermal and chemical stability 

 Low compressibility 

 Good lubrication (anti-wear and anti-stick properties, low coefficient of friction) 

 Hydrolytic stability (ability to retain properties in the high humidity environment) 

 Low pour point (the lowest temperature, at which the oil may flow) 

 Water emulsifying ability 

 Filterability 

 Rust and oxidation protection properties 
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 Low flash point (the lowest temperature, at which the oil vapors are ignitable) 

 Resistance to cavitation 

 Low foaming 

 Compatibility with sealant materials 

It was previously stated that there are 4 different oils being considered for 

possible use. The Mobil DTE24, Mobil DTE26, Mobil DTE OIL HEAVY, and 

Renewable Lubricants 81003 are commercially available oils. All of them meet the 

previous descried criteria. The following table illustrated the main characteristics of the 

hydraulic oils selected.  

Table 9. List of Commonly Used Hydraulic Oils With Their Main Characteristics 

Name 
Referen

ce # 

ISO 

Grade 
Density 

Kinematic 

viscosity 

Absolute 

Viscosity 

Pour 

Point 

Flash 

Point 

Price 

per 

Gallon 

      Kg/m3 cSt N s/m2 oC oC US$ 

Mobil DTE 

24  

SKU - 

281939 ISO 32 868 32 0.02778 -33 212 25.62 

Mobil DTE 

26  

SKU - 

308849 ISO 68 880 68 0.05984 -40 204 23.07 

Mobil DTE 

OIL HEAVY 

SKU - 

279915 

ISO 

100 882 100 0.0882 -27 254 22.52 

Renewable 

Lubricants 

81003  

SKU - 

535022 ISO 32 868 32 0.02778 -40 232 31.46 
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The following table provides the internet addresses where those oils can be 

purchased at a lower price. The table was constructed based on searching the lower prices 

in different electronic stores. 

Table 10. Electronic Stores with the Lowest Prices for the Hydraulic Oils Considered 

Name 

Refere

nce # Vendor 

Mobil DTE 24  

SKU - 

281939 

http://www.drillspot.com/products/281939/Mobil_DTE_24

_Premium_Hydraulic_Oil 

Mobil DTE 26  

SKU - 

308849 

http://www.drillspot.com/products/308849/Mobil_DTE_26

_Premium_Hydraulic_Oil 

Mobil DTE OIL 

HEAVY 

SKU - 

279915 

http://www.drillspot.com/products/279915/Mobil_DTE_OI

L_HEAVY_Premium_Circulating_Hydraulic_Oil 

Renewable 

Lubricants 

81003  

SKU - 

535022 

http://www.drillspot.com/products/535022/renewable_lu

bricants_81003_biodegradable_hydraulic_oil 

 

It is necessary to employ additional criteria in order to select the most suitable 

hydraulic fluid, since all of them meet the basic requirements. An important criterion is 

the performance of the working fluid. To determine the performance of the fluid, it is 

important to observe the influence of the fluid in the system. The main difference 

between the oils is their viscosity. The viscosity is an important factor in the fluid 

resistance of the hoses connecting the positive displacement pump, hydraulic cylinder 

and reservoir. The fluid resistance is going to dissipate energy from the system; therefore, 

the lowest resistance is desired. The resistance is directly proportional to the Absolute 
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viscosity of the fluid. In order to determine the resistance, first one needs to determine if 

the flow is laminar or turbulent by observing the Reynolds number of the fluid. If the 

Flow is laminar the Hagen-Poiseuille equation can me employed to determine the value 

of the resistance. Only information about the Kinematic viscosity (ɜ) is available in the 

datasheets of the different hydraulic oils. It is necessary to convert this value into the 

absolute viscosity (µ) employing the following relationship: 

 

The Reynolds number (Re) of the fluid can be calculated through the following 

equation: 

 

If Re is less than 2000, the fluid can be considered as laminar. 

The fluid resistance (Rf) can be calculated by employing the Hagen-Poiseuille 

equation: 

 

Where Q is the flow rate,   is the density of the fluid, d represents the diameter 

of the hose, and l the length of the same. 
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The following table relates important characteristics of the fluid in the system. 

Table 11. Kinematic Properties of the Hydraulic Oil for the Given System 

Oil 

Type Density 

Kinematic 

viscosity 

Absolute 

Viscosity 

Reynolds 

# 

Laminar 

Flow 

Fluid 

Resistance 

Fluid 

Inertance 

  Kg/m3 cSt N s/m2     N-s/m5 N-s2/m5 

ISO 32 868 32 0.02778 92.32 yes  9.62E+07 8.53E+06 

ISO 68 880 68 0.05984 43.44 yes  2.07E+08 8.65E+06 

ISO 

100 882 100 0.0882 29.54 yes  3.06E+08 8.67E+06 

 

After carefully reviewing the different criteria, it is possible to construct a 

decision table to determine the most suitable oil for our project. 

Table 12. Decision Table to Select the Most Suitable Hydraulic Oil for the System 

Name Price Performance Reliability 
Environmental 

impact 
Total 

Mobil DTE 24  2 3 2 1 8 

Mobil DTE 26  3 2 2 1 8 

Mobil DTE OIL HEAVY 3 1 2 1 7 

Renewable 

Lubricants 81003  1 3 2 3 9 
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Hydraulic Oil Selection Conclusion  

The oil that accumulates the most points is the renewable lubricants 81003. Its 

ISO viscosity is 32, meaning it possesses a low viscosity that is going to minimize the 

fluid resistance in the hydraulic circuit. Moreover, this Oil is made out of biodegradable 

materials and its environmental impact is very low in comparison to the other oils. A 

disadvantage of this hydraulic oil in comparison to the others is its prices, since it is about 

$10 above the price of the none-biodegradable oils.  

 

Design Alternative for Hydraulic Structure  

Below, several design considerations have been reviewed as a result of cost and 

time. Some of the main components could either be manufactured or purchased, but the 

feasibility of each was weighed based on several factors which are shown below. These 

factors were rated from 1-3 with 3 being the most desired outcome for this project. 

Table 13. Decision Table for the Support Rods 

  

Material 

Cost Size 

Ease of 

Use Assembly Time Total 

Threaded 

Rod 3 2 3 3 3 14 

Custom 

Rod 1 2 1 1 1 5 

        Choice:   

Threaded 

Rod 
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By analyzing the chart above, it was made clear that a threaded rod that can be 

purchased from most hardware stores would be the best choice. It is prefabricated so time 

and money would be saved. There would be no design time and manufacturing costs are 

minimized because these rods are produced on a large scale. Using the threaded rod also 

allows for a more adaptable piece of equipment that can meet more than just the 

necessary requirements. If necessary, the positions of all the clamps can be adjusted to 

meet the size of the coupons. 

Table 14. Decision Table for the Clamps 

  

Material 

Cost Size 

Ease of 

Use Assembly Time Total 

Custom 

Clamp 3 2 2 3 1 10 

Purchased 

Clamp 1 2 2 2 3 9 

        Choice:   

Custom 

Clamp 

 

By analysis shown on the previous table, it was made clear that a custom clamp 

should be designed and built specific for this project. The decision was based off of 

purely material cost and the little funding available. The purchased clamps would have 

been extremely expensive; approximately $1000.00 per clamp, while building the clamps 

would reduce the cost to about $150.00 per clamp. 

 



Medina, Roos, Sanchez, Shaw - 65 

 

Proposed Solution  

Phase I 

         Once the different components that would integrate the control box were 

characterized and selected, the design was divided into two sections. The first section is 

dedicated uniquely to generate the lamb wave which will propagate across the plate. The 

second section is devoted to recover and interpret the lamb wave previously generated. 

         For the first section which served as waveform generator, a PIC 16F690 was 

employed to modulate a transistor TIP120 which acted a switch for a power source 

connected to the piezoelectric actuator. Figure 17 displays how all the components of the 

waveform generation block are connected. 

 

Figure 17. Schematics for the waveform generation block. 

For the second section, a piezoelectric sensor is receiving the lamb waves and 

transforming them into an electrical signal. The magnitude of the acquired signal is very 
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small; thus, it is necessary to employ an operational amplifier to step the signal up a few 

orders of magnitude. To increase the magnitude of the signal, an Operational Amplifier 

LN741 is employed. Once the signal is amplified, it is monitored employing a PIC 

16F690. The pick samples the signal at a low frequency and will obtain information 

about the amplitude of the wave. It will collect several samples and determine the 

average of the amplitude over certain period of time. Figure 18 illustrates how the 

different components of the signal acquisition block are connected.

 

Figure 18. Schematics for the signal acquisition block 
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Project Management  

Overview  

Each member of the group ñTeam Piezoò involved in this project has a different 

talent or strength that can be applied to this project. The responsibility of each group 

member is to apply these talents in a way that can contribute the most to the completion 

of this project. Juan Camilo Medina and Hector Roos are proficient in the applications of 

electronics and mechatronics, Brian Sanchez has skills in design and prototyping, and 

Daniel Shaw has talents in system integration and project management. The work that is 

needed to complete this project will be divided between these group members so that 

their respective talents can be put to the best use in each respective area. Working with 

four completely different schedules involving jobs and school can be difficult. This 

situation provides an opportunity to make excuses for responsibility and accountability. 

In order to help prevent this problem, an excel sheet was created to optimize meeting 

times between group members.  

 

 

 

 

 

 

 

 



Medina, Roos, Sanchez, Shaw - 68 

 

Table 15. Group Schedule 

  Sun Mon Tues Wed Thurs Fri Sat 

6:00 AM               

7:00 AM               

8:00 AM               

9:00 AM               

10:00 AM               

11:00 AM               

12:00 PM               

1:00 PM               

2:00 PM               

3:00 PM               

4:00 PM               

5:00 PM               

6:00 PM               

7:00 PM               

8:00 PM               

9:00 PM               

10:00 PM               

Juan and Hector   

      Daniel and Brian   

      All of Team Piezo   
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Organization of Work and Timeline  

January 15, 2009 

 - Phase I will be completed. This includes the construction of the control box 

which will be built to create a stimulus on a piezoelectric actuator which will excite the 

system. This excitation will be monitored by a piezoelectric sensor that, along with the 

actuator, will be placed on material test plate. The piezoelectric sensor will monitor the 

signal output from the actuator and transfer this information back to the control box. The 

control box will then display the results on an LED display to monitor inconsistencies. 

March 15, 2009 

 -Phase II will be completed. This includes the construction of a hydraulic 

system that will be developed in order to have the ability to apply cyclic loads on the 

samples that will be tested. The types of loading that will be applied to the test plates will 

be Tension and Compression. This hydraulic system will be incorporated onto the same 

table as the control box from phase I so that the test plate can still be monitored. 

April 15, 2009 

    -Phase III was scheduled to be completed. Because of time and budget 

constraints, this was not able to happen. The goal was to complete the construction of a 

furnace that will be integrated into the system with the hydraulic system from phase II 

and the control box from phase I. Because of cost, this system was to be designed and 

built specifically for this project in order to house the testing samples and apply thermal 

stresses while being able to control and monitor the environment surrounding the 

samples. 
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Breakdown of Responsibilities among Team Members  

All group members contribute to every aspect of this project, but because of the 

skills listed overview section above, the focus of each member will be on the tasks that 

have been specified below: 

Table 16. Control Box Assignment 

Area of Project: Control Box (system control, data analysis) 

Assigned to: Juan Camilo Medina 

Assisted by: Hector Roos 

 

Table 17. Pump Selection Assignment 

Area of Project: Pump Selection (research, purchase, and assembly) 

Assigned to: Juan Camilo Medina 

Assisted by: Hector Roos 

 

Table 18. Hydraulic System Structure Assignment 

Area of Project: Hydraulic  System Structure (design and construction) 

Assigned to: Brian Sanchez 

Assisted by: Daniel Shaw 

 

Table 19. Project Management Assignment 

Area of Project: Project Management (report formulation, system integration) 

Assigned to: Daniel Shaw 

Assisted by: Juan Camilo Medina and Brian Sanchez 
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Project Management Software  

 A project as involved as this one will have many different files in many different 

formats. In order to keep every file used in the progression of this project organized; an 

online software called Basecamp was used. Basecamp is a web-based project 

management tool creeated by 37signals. It has a variety of helpful features including 

web-based text documents, milestone management, file sharing, time tracking, and a 

messaging system.  

 This software allowed the group to upload files and have discussions regarding 

their implementation and any editing that would be required. It also served as a means to 

ensure that each group member was completing the tasks being asked of them in a timely 

manner via milestones. The use of this software was considered as a necessary expense 

($25/month) and has been covered by the team. 

 

Figure 19. Screenshot of Basecamp Software 
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Engineering Design and Analysis  

Structural Design Using Fatigue Analysis on the Coupon  

The first step in deciding upon the design of the hydraulic system was to 

determine the maximum limit that the coupon could endure before fatigue failure due to 

the cyclic tension and compression loads. The coupon must not surpass its yield strength 

in order to maintain consistent material properties. The coupon must retain its properties 

long enough to examine the integrity of the piezoelectric components during extended 

tests. The Goodman failure theory was used to predict the failure of the coupon due to 

fatigue from cyclic tension and compression.  

The variables used for the approach to fatigue failure are defined as the following: 

Se':  Endurance strength of Aluminum 2024 

ka :  Surface factor  

kb:  Size factor 

kc:  Loading factor (Stress Concentration Factor) 

kd:  Temperature factor 

ke:  Reliability factor 

kf:  Miscellaneous factor 

These factors are applied to determine the corrected endurance strength for the 

coupon being tested. The endurance limit Se' is equal to ½ the ultimate tensile strength of 

the material [15]. The surface factor ka is dependent on the surface finish of the material 

and is found using the equation:   
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ka = aSut
b
 

Where a and b are found on the following table: 

Table 20. Calculation of Surface Factor ka [15] 

Surface Finish 
Factor a 

Exponent b 
Sut kpsi Sut MPa 

Ground 1.34 1.58 -0.085 

Machined or cold-drawn 2.70 4.51 -0.265 

Hot-rolled 14.4 57.7 -0.718 

As-forged 39.9 272 -0.995 

The size factor kb is equal to 1 because for axial loading there is no size effect 

[15]. The loading factor kc is equal to 0.85 because of axial loading [15]. The temperature 

factor kd is equal to 1.020 as shown in the table below. The range of temperature is from 

100 to 200 degrees Celsius when the tests are to be performed in the furnace. The lowest 

factor in this range was used to ensure that the lowest endurance strength is used. Using 

the lowest endurance strength guarantees that the coupon will not endure a stress that will 

cause it to fail prematurely.  

Table 21. Calculation of Temperature Factor kd [15] 

Temperature, хC ST/SRT Temperature, хF ST/SRT 

20 1.000 70 1.000 

50 1.010 100 1.008 

100 1.020 200 1.020 

150 1.025 300 1.024 

200 1.020 400 1.018 

250 1.000 500 0.995 

300 0.975 600 0.963 

350 0.943 700 0.927 

400 0.900 800 0.872 
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450 0.843 900 0.797 

500 0.768 1000 0.698 

550 0.672 1100 0.567 

600 0.549     

  

The reliability factor ke was calculated for a reliability of 90%. This percentage 

was chosen for reasons similar to the choice of the temperature factor; the lowest 

endurance strength is desirable to maintain the integrity of the coupon during the tests.  

Table 22. Calculation of Reliability  Factor ke [15] 

Reliability %  Transformation Variate  Reliability Factor k e 

50 0.000 1.000 

90 1.288 0.897 

95 1.645 0.868 

99 2.326 0.814 

99.9 3.091 0.753 

99.99 3.719 0.702 

99.999 4.265 0.659 

99.9999 4.753 0.620 

 

The following table illustrates the calculations made to determine the force 

necessary to create the maximum stress that would be allowed by the coupon. The 

endurance strength of 171 MPa is the maximum stress that the coupon would allow 

before fatigue failure. The force was found by multiplying the cross sectional area of the 

coupon by the calculated endurance strength. This aids in the preliminary selection of the 

pump used in the hydraulic system as well as all other components that are used.  
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Table 23. Endurance Strength of Aluminum Coupon 

ALUMINUM  

Variable SI Units  English Units  

Modulus of Elasticity 73.10 GPa 10.60 Mpsi 

Yield Strength (Sy) 296.0 MPa 47.00 Kips 

Ultimate Strength (Sut) 446.0 MPa 64.80 Kips 

Se' 245.3 MPa 35.64 Kips 

ka (surface factor) 0.8956  0.8939  

kb (size factor) 1.000  1.000  

kc (loading factor) 0.8500  0.8500  

kd (temperature factor) 1.020  1.020  

ke (reliability factor)  0.8970  0.8970  

kf (miscellaneous effects factor) 1.000  1.000  

Se 170.8 MPa 24.78 Kips 

Thickness of Material 0.0016 m 0.0630 in 

Width of Material  0.05080 m 2.000 in 

Area of Material  8.129E-05 m
2
 0.1260 in

2
 

Fmax 13890 N 3122 lbs 

Fmin -13890 N -3122 lbs 

Max Strain 0.002337    

Delta L 25.40 mm 1.000 in 

Work  352.8 Joules 270.0 ft*lbf  

Power 12700 Watts   
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Clamp Design Based on Failure Theories  

Because of the large cost of pre-manufactured clamps that could sustain the forces 

required for the hydraulic system and large temperatures from the furnace, the decision 

was made to design and build the clamps specific for this application. 

 The following table illustrates the initial design considerations for the clamp. The 

width and length were originally determined to cover the area necessary to safely hold the 

coupons in place to withstand the tension and compression forces being sent through 

them via the hydraulic system. The maximum force originally calculated from the coupon 

analysis tables above, is 13.89 kN. The clamp must produce at least this much frictional 

force to not allow the coupon to move. The normal force determined to achieve the 

minimum frictional force was found by dividing the shear force by the coefficient of 

friction (0.61) between the aluminum 2024 coupon and the steel 1010 clamp. The normal 

force required for the coupon not to slip is 22.77 kN. 

Table 24. Force Applied to Secure the Clamp 

CLAMP (GENERAL SPECS) 

Variable SI Units   English Units   

Width of Clamp 0.05080 m 2.000 in 

Length of Clamp 0.02540 m 1.000 in 

Area of Clamp 0.001290 m
2
 2.000 in

2
 

Max Shear Force 13.89 kN 3122 lb 

Shear Stress 5382 kN/m
2
 780.3 lb/in

2
 

Ultimate Strength 341.0 MPa 49.50 Kips 

Yield Strength (Sy) 220.0 MPa 32.00 Kips 

Fapplied 22.77 kN 5117 lb 
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After determining that the force necessary to maintain the sufficient frictional 

force was equal to 22.77 kN, the next step was to calculate the torque needed to be 

applied to the bolt that creates the normal force for the clamp. Using an example problem 

relating normal force to torque applied (Appendix B), the torque that is required to be 

applied to the bolt to maintain the necessary frictional force is 108.6 N-m.   

 

Table 25. Torque Applied to the Bolt Securing the Clamp 

TORQUE FOR BOLT  

2 * Alpha 1.047 rad 

  Major Diameter  0.01270 m 0.5000 in 

Minor Diameter  0.01150 m 0.4528 in 

Mean Diameter 0.01210 m 0.4764 in 

Length 0.02500 m 0.9843 in 

Thread Friction  0.07500 

   Pitch 0.001270 m 0.0500 threads/in 

Fapplied 22.77 kN 5117 lb 

dm 0.01188 m 0.4675 in 

Num 0.02823 

   Den 0.03514 

   Tapplied 0.1086 kN-m 80.02 lb-ft 

 

The Brittle Coulomb-Mohr theory was used to determine if the top arm of the 

clamp would fail due to shear stress from the vertical force being applied by the bolt. The 

factor of safety for the top arm was calculated to be 12.93from the following equation: 

 



Medina, Roos, Sanchez, Shaw - 78 

 

Where  is maximum shear stress being applied to the arm an n is the factor of safety. 

The factor of safety was determined under the assumption that the system is operating 

under the maximum allowable force is being used. It is the intention to use a smaller 

force to ensure that the system will not fail. This assumption will be applied to the factors 

of safety for each component designed. 

Table 26. Shear Stress Analysis of Clamp Arm 

CLAMP ARM SHEAR 

Height of Arm 0.03400 m 0.8636 in 

Width of Arm 0.05080 m 1.290 in 

Shear Face Area 0.001727 m2 1.114 in2 

Force 22.77 kN 5117 lb 

Shear Stress 13183 kN/m2 1111 psi 

Factor of Safety 12.93 

    

The next component to be analyzed for clamp design was the bolt being used to 

create the frictional force between the clamp and the coupon. The material of the bolt 

being used is 304 stainless steel. The Brittle Coulomb-Mohr failure theory was used to 

predict the factor of safety for this bolt with the following equation: 

nSS uc

B

ut

A 1
 

As stated above, the factor of safety for each component was determined using the 

maximum allowable force for the system even though there is no intention of using such 

a high force. This ensures each part remains reliable for a long term test. 

 



Medina, Roos, Sanchez, Shaw - 79 

 

Table 27. Shear Failure Analysis of Bolt 

BOLT SHEAR FAILURE  

Bolt Area 0.0001039 m
2
 0.06701 in

2
 

Force 13.89 kN 3.121 lb 

Shear Stress 133700 kN/m
2
 19387 lb/in

2
 

Ultimate Strength 568.0 MPa 82346 lb/in
2
 

Factor of Safety 2.124    

 

The next design consideration was failure to the clamp bolt through the thread. 

Applying the Brittle Coulomb-Mohr failure theory as above, the factor of safety was 

determined to be 11.49, proving to be another element of the clamp that is over designed 

for safety. 

Table 28. Bolt Thread Failure Analysis 

BOLT THREAD FAILURE  

Thread Count 787.4 TPM 20.00 TPI 

Bolt Height 0.03400 m 0.8636 in 

Thread Surface Area 0.0009213 m
2
 0.5944 in

2
 

Force 22.77 kN 5117 lb 

Shear Stress 24716 kN/m
2
 3583 lb/in

2
 

Ultimate Strength 568.0 MPa 

  Factor of Safety 11.49 

    

The region that the bolt was to screw in to was also analyzed using the Brittle 

Coulomb-Mohr failure theory. The factor of safety was determined to be 7.6; this reveals 

a trend made for the construction of the hydraulic system. This trend is to design all 
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essential components to have a very large factor of safety to account for any calculation 

errors as well as to design components such as the bolts with a higher chance of failure as 

they are the easiest to purchase and replace.  

Table 29. Aluminum Thread Failure Analysis 

STEEL THREAD FAILURE  

Thread Count 787.4 TPM 20.00 TPI 

Bolt Height 0.0340 m 0.8636 in 

Thread Surface Area 0.001017 m
2
 0.6564 in

2
 

Force 22.77 kN 5117 lb 

Shear Stress 22381 kN/m
2
 3245 lb/in

2
 

Ultimate Strength 341.0 MPa 49.50 Kips 

Factor of Safety 7.618 

    

The following image is the final design for the clamp that will be used to hold the 

coupons. There are several design features to note in the following image. The clamps 

have been designed using a low carbon steel (1010) as the material. 
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Figure 20. Individual Clamp Design 

Annotation 1 portrays a guide that is used to keep the clamp straight. The guides 

used are called Shoulder Screws and are located on the left and the right of the large 

tightening screw, and are ıò in diameter. The larger bolt in the middle will be made of 

stainless steel. 

Annotation 2 in the above image shows the flange design required to attach the 

clamp to the interface between a steel plate and the coupon. The clamp is supported by 

six steel screws (three on each side) with their nuts, and rubber spacers, to prevent 

loosening from vibration over time.  
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Annotation 3 in the above image describes a design feature that was implemented 

later on into the design to basically eliminate compressive forces on the clamp. This stop 

almost completely eliminates these compressive forces due to the ram force because the 

coupon butts up against the material and translates the stress from the coupon to the 

material directly. 

Finite Element Analysis on the Clamp Design  

 

Figure 21. Analysis of ıò Flange for the Clamp 

The first clamp design used a ¼
ò 
Flange to secure it to a plate. It can be seen from 

above that this would allow for too much deflection. This deflection would alternate 

because of the cyclic loading which could eventually loosen/wear the bolts until they 

break. Therefore, the ıò flange was increased to İò to reduce the deflection. The results 

of this simple design modification are promising. 
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Figure 22. Stress Analysis of İò Flange for the Clamp 

The above clamp analysis briefly portrays the FEA analysis of the clamps. It is 

clearly visible that the coupon material will experience failure due to tension long before 

the clamp experiences any extreme loads (loads inducing stress beyond elastic 

deformation) which will result in failure. As a result of the above study, the clamps can 

be considered safe. Notice that the deformation scale is 98.9369, which augments the 

deformation of the material approximately 99 times the true deformation amount. In 

actuality, the entire clamp deflects a maximum of 0.003 mm. In compression, the clamps 

experience similar results. 

In the clamp design, compression forces were minimized by adding a ñSTOPò to 

the end of the coupon which a built-in feature of the clamp so that the coupon butts up 
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against the clamp and has no room for movement. Therefore, there is little to no clamping 

force needed for compression. 

 

Clamp Assembly Design and Layout  

 

Figure 23. Assembly of Clamps Holding Two Coupons in Series 

The above image describes a simplistic version of the layout our coupon test 

system will have. The system will have the ability to test two coupons experiencing the 

same tensile and compressive forces simultaneously. The reason this can be achieved is 

because a ñSeriesò structured system is used. This basically means that coupons are lined 

up one after another and stretched in the same line. This setup allows the forces to be 

evenly distributed among both coupons. This layout is contrary to the original design 

which had three coupons in a parallel formation. The series layout will be supported on a 

rail system which will basically allow the entire assembly to slide when necessary. As 

precaution, supports have been designed to prevent deflection from occurring in these 

rods due to the weight of the materials that are being supported.  
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Figure 24. Analysis of Support Rods 

The above graphs show the Deflection, Slope, Moment, and Shear Diagrams of 

one of the 24ò 1018 AISI Steel Rods that will be supporting the test bed. The mass of the 

assembly would be approximately 2286.18 grams, which is about 5.04 lbs. We applied a 

factor of safety to the system and set the weight acting on the rods to be 8 lbs. This gave 

us a maximum deflection can be seen to be 0.0215ò. This is very reasonable, considering 

that this is based off of a system with only 2 support points, one on each end. In our case, 

there will be 4 support points evenly distributed along the length of the rods. 
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Finite Element Analysis on Interface Design  

 

 

Figure 25. Interface Plate Design 

By reviewing the component and structure design, it was necessary to develop 

some sort of ñinterfaceò between the designed system and the ram. Based off the current 

hydraulic structure the above design was implemented. The center of the interface mates 

precisely with the ram component to create a snug fit but still allows a pivoting 

movement as shown in the following figure. The interface design was delayed purposely 

to be completed after the hydraulic system components were received due to 

discrepancies between the provided schematics and the actual parts themselves. If the 

interface was designed based off the original schematics, material and time would have 

been wasted.  
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Figure 26: Interface Assembly - Side View 

 

Figure 27: Interface Assembly: Exploded Isometric 

View 

 

Figure 28: Interface FEA Analysis - Visual Representation 

The above image portrays the Finite Element Analysis simulations applied to the 

new interface design that has been developed for the hydraulic system. As viewed above, 

it is clear that there will be a deflection caused by the force created by the ram. In reality 

however, the max deformation for the interface is approximately 1.792 x 10
-5
 meters, 

which is much smaller than a millimeter. 
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Figure 29: Stress Concentrations around Holes 

There are a few of areas of interest, in particular, the middle row of holes as 

shown in the image above are close to the Yield Strength of the material (Low Carbon 

Steel). To solve this issue, the bolts securing the interface in place have been be 

reinforced by doubling up the nuts using to hold the interface to the system.  

 

Figure 30: Stress Concentrations from closest node to hole to farthest node. 

The above graph portrays the Von Mises stress concentrations as the distance 

from the goes from 0 (closest to the hole) to infinity (farthest from the hole). 
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Finite Element Analysis on Rod / Table Mount Assembly  

 

 

Figure 31. Table Mount for Hydraulic Structure  

The purpose of the above table mounts is to raise the entire test-bed up and 

off the table. The four top holes allow the block to be mounted, while the larger 

centered hole allows for the threaded rods to rest in there and bolt into a fixed 

position. The table mounts have been constructed of 2014 Aluminum Alloy and will 

have several stress concentrations occurring. Therefore, before beginning any 

portion of the build, the part must be analyzed for any potential failure points. 

Further discussion of the table mounts take place below. 
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Figure 32: FEA on simplified rod / table mount assembly. 

The purpose of the Finite Element Analysis on the above assembly was to 

determine if the aluminum block could withstand the force applied by the hydraulic ram. 

A simplified version of rig was used to provide easy and understandable results. As a 

result of the analysis, it has easily been determined that the force being applied to the 

material is not enough to hinder the performance and purpose of the block. The block (3) 

will be able withstand the forces and stresses necessary to keep the entire structure in 

place since all stresses remain within the yield strength of the material.  There are some 

figures below which will further confirm the results. 

To decrease the risk of slippage along the threaded rod (Label 1), the method of 

doubling the amount of nuts (Label 2) securing the rod in place can be used. As a result, 

adding these nuts will double the thread surface area therefore reducing the risk of thread 

shear by half.  

1 2 3 

4 
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Figure 33: Stress along rod due to force applied. 

 Figure 33 displays the stress along the rod (Figure 9 ï Label 1) from the surface of 

the aluminum to infinity (from left to right). The rod is able to withstand the force acting 

along it axially, but endures a slight stress concentration as the rod reaches the aluminum 

face as seen in Figure 32. 

 

 

Figure 34: Von Mises moving away from hole in radial direction  (Refer to Figure 9 - Label 4) to 

infinity . 
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The above figure displays the stresses moving out in the radial direction from the 

0.5ò hole. It is a common understanding that stress concentrations are maximum at holes 

and notches, and decrease as the distance increases from the hole. Therefore, this allows 

for the elimination of extraneous points which can lead to more accurate and acceptable 

results. 

 

Figure 35: Detailed Sketch of Table Mount 

The table mounts were constructed out of Aluminum Alloy 2014, and were cut to 

size out of a 2ò x 2ò x 12ò block. The 0.25ò holes were drilled slightly larger because the 

holes did not require any dimensional accuracy. The holes were drilled to about 0.2585ò. 

This makes the alignment and positioning of the mounts easier when being fixed to the 

table. 
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Simulation of the Hydraulic System 

Once the final design has been conceptualized, it becomes important to estimate 

how the system in going to behave with respect to a given input. In order to interpret and 

estimate the behavior of the system, a powerful mathematical tool known as system 

modeling was employed to determine the system response.  

Initially a comprehensive model of the system was intended. The system 

consisted of two different energy domains. There was a linear mechanical domain and a 

fluids domain. The Fluids domain is composed of a pump which is connected to a 

hydraulic cylinder and a fluid reservoir. The hydraulic cylinder acts as a Gyrator and it 

transducers the energy from the fluids domain into the mechanical domain. The ram of 

the hydraulic cylinder transform the pressure applied by the fluid into a force. The force 

actuates on a metallic plate that is being fixed to the ground (Figure A). 

 

Figure 36. Schematic of the Comprehensive Hydraulic System 
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For this simulation, the metallic plate was modeled with an equivalent mass, 

damper, and spring system. The metallic plate possesses two different behaviors when it 

undergoes a mechanical stress. It initially has an elastic behavior which can be modeled 

as a mechanical spring. Once a critical point is reached, the behavior of the plate is no 

longer elastic. It becomes plastic and the material undergoes large deformations. It is also 

necessary to account for the mass of the metallic plate, the cylinder ram, and the testing 

interface. Those masses can be combined together and assumed to be one. Moreover, 

there is always loss of energy in the system; this loss can be due to many factors. It can 

be due to the friction between all the components, or it can be part of an internal loss of 

energy in the system.  

On the fluids domain, the hoses that transport the hydraulic oil between the 

components are modeled as a combination of a fluid inertance and a resistance. Figure 37 

shows how all of the elements of the system are connected to form the linear graph, 

which is the initial step in the development of a simulation. 

 

Figure 37. Linear Graph for the Comprehensive Hydraulic System 
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From the graph, it can be observed that it possesses 9 branches (B = 9), 8 nodes 

(N = 8), 2 parts (P = 2), and one source (S = 1). The equations describing the system will 

be presented as follows: 

Elemental equations: B ïS = 9 ï 1 = 8 

       

       

Continuity Equations: N ï P = 8 ï 2 = 6 

         

     

 

Compatibility Equations: B ï N ï P = 9 ï 8 + 2 = 3 

     

The system possesses four state variables and they consist of the velocity of the 

mass, the force through the spring, and the flow rates through the hoses. The state 

variables and their derivatives with respect to time are presented bellow. 
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Even though there are four state variables, it can be seen from the continuity 

equations that the flow rate through the inertances is equal to the input flow rate which is 

a known value. The previous relationship allows characterizing the flow rate though the 

inertances as a function of time. It also avoids the necessity to compute a solution for the 

flow rates. Thus, the state vector can be reduced to two components which are the force 

through the spring and the velocity of the mass.  

From the previous set of equations, the state equations can be obtained. 

 

 

It was determined that the previous system corresponds to a degenerate system, 

which means that it is a limiting case. This makes the system much simpler because it is 

symmetrical rather than the general case.  

It was not possible to obtain significant results from the previous system. 

Therefore, the system was simplified to avoid its symmetry and to allow a more 

meaningful solution. The back section of the hydraulic ram was assumed to have a 

minimum effect on the system and therefore it could be neglected (Figure 38). 
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Figure 38. Schematic for the Simplified Version of the Hydraulic System Model 

 

Based on the simplified system presented above, it is possible to construct a system 

graph.  

 

Figure 39. Linear Graph for the Simplified Version of the Hydraulic System.Model 

 




