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ABSTRACT
Vibrations in helicopter airframes are a problem because of their negative effect on ride
quality for passengers and the fatigue life of mechanical parts. Currently, research is being
conducted at the Mechatronics Research Lab to assess the feasibility of using fluidic flexible
matrix composite (F2MC) tubes to passively reduce vibrations in a helicopter tailboom. The
purpose of this work was to construct a test stand for mounting a 6-foot scale model tailboom that
was used for prior research work in Penn State’s Vertical Lift Research Center of Excellence.
This thesis details the design, construction, and experimental testing of this stand. A LabView
program was used to read data from accelerometers placed on the tailboom, and the frequency
response of the tailboom was experimentally determined. After initial testing, several
modifications to the stand were considered with the goal of achieving a fixture that better
represented the cantilever boundary condition between the tailboom and the fuselage of the
helicopter.
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Chapter 1
Introduction

1.1 Background

Vibrations of helicopter airframes are problematic for many different reasons. From an
engineering standpoint, the oscillatory strains produced by these vibrations contribute to fatigue
of structural components, which leads to increased production and maintenance costs. Airframe
vibrations also cause problems from a human factors perspective because they make it hard to
read instruments or aim weapons, and they add to the fatigue of pilots, crew, and passengers [1].

This chapter explains the primary causes of helicopter airframe vibrations and describes
some approaches that have been used to reduce these vibrations. In addition, this chapter provides
some background on fluidic flexible matrix composite (F2MC) tubes, which are a novel concept
for passive vibration reduction. The tubes’ basic principles of operation are explained, and some
applications of the tubes (including vibration reduction) are presented. Lastly, the research
objectives for this thesis work are outlined.

1.2 Sources of Helicopter Airframe Vibrations

There are many different excitations that contribute to airframe vibrations, but the main
sources of excitation are the main rotor hub forces and moments [2]. In forward flight, the rotor
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blades experience an asymmetric airflow, with a higher air velocity on the advancing blade than
on the retreating blade. This leads to a periodic variation of air loads on the rotor blades. These
periodic air loads in turn generate periodic forces and moments at the root of each rotor blade.
The blade loads are transmitted to the rotor hub, which generates the periodic hub loads that
excite the helicopter’s fuselage. The main rotor filters out all periodic loads except for pN/rev
harmonics, where p is an integer and N is the number of rotor blades. The main hub loads occur
at the NΩ frequency, where Ω is the speed of the main rotor. Therefore, helicopter airframe
vibration is primarily due to the harmonic excitation from the rotor at N/rev. These vibrations are
relatively low in hover, but they become more significant as forward flight speed increases [2].

However, there are several other sources of excitation acting on the airframe. The
vortices produced by the main rotor interact with the tail surfaces, creating an excitation at the tail
of the aircraft. The pressure pulses from the rotor blades passing overhead create excitations on
the upper part of the fuselage, and the flight control system of the helicopter also introduces some
additional excitations. All of these loads occur at pN/rev harmonics. Some excitations are
generated by the helicopter’s
engine, transmission, and tail
rotor, although these excitations
occur at frequencies much
greater than N Ω. Figure 1.1
illustrates all of these different
excitation sources acting on the
airframe.
Figure 1.1: Primary sources of
helicopter airframe excitation [2].
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Because helicopter airframes are complex structures, it is often difficult to obtain their
natural frequencies and mode shapes. The most common approach for calculating the natural
frequencies is finite element analysis, although such an analysis can take up to a year to complete
[1]. Still, it is important to design the airframe so that these natural frequencies do not coincide
with an integer multiple of the rotor speed, which would lead to a resonance situation.

1.3 Review of Airframe Vibration Control Methods

While there has been substantial progress in designing systems to minimize vibrations in
rotorcraft, the newest generation of helicopters such as the V-22 Osprey and the S-97 Raider are
being designed to allow faster and higher altitude forward flight. This adds pressure to continue
designing effective yet simple and lightweight vibration control methods. In general, vibration
control devices can be characterized as passive or active. Passive devices do not require any
external power to operate and are generally easy to implement. Active devices require both power
and sensors to provide feedback, but can offer improved performance. Semi-active devices are a
third category of device that incorporates elements from both passive and active systems.

Two of the most common passive vibration reduction techniques are isolation systems
and dynamic absorbers. In a vibration isolator, an object is mounted on springs which are tuned
so that the object’s natural frequency is much lower than the excitation frequency. This
minimizes the transmissibility of loads to the object. Isolators have been successfully designed to
control the vibrations of several rotorcraft components, such as seats, cargo floors, and the main
rotor [1]. In a rotor isolation system, all directions of excitation except yaw are isolated from the
fuselage in the N/rev frequency. Alternatively, a dynamic absorber can be used to generate a
force that counteracts the excitation. In a dynamic absorber, a small mass on a spring is attached
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to the object, and the natural frequency of this mass is tuned to the excitation frequency. One
example of a dynamic absorber is called the pendulum absorber, which can be used to generate
forces in the plane of rotation at the blade passage frequency. Both of these methods require low
friction and small displacements (where the springs remain linear) to be effective. Most modern
helicopters employ at least one passive vibration reduction system [1].

Over the last few decades, more research has been dedicated to developing active control
methods for helicopter vibrations. Two broad categories of active control methods exist. One
approach targets the primary source of excitation, the rotor hub, and reduces the force transmitted
through the hub to the airframe. Higher Harmonic Control (HHC) and Trailing Edge Flap (TEF)
Control are two examples of such control systems. Another approach attempts to “cancel out” the
vibrations by imposing additional forces on the airframe. Two examples of this airframe-based
approach are actively tuned dynamic absorbers and Active Control of Structural Response
(ACSR) [1]. Compared to methods which target the rotor, these airframe-based approaches
consume less power, can eliminate vibrations which are not directly caused by the main rotor, and
have little effect on the airworthiness of the helicopter [3].

1.4 Fluidic Flexible Matrix Composites

Currently, work is being done at the Penn State Mechatronics Research Lab to investigate
the feasibility of fluidic flexible matrix composite (F2MC) tubes as a passive vibration reduction
method. F2MC tubes are small cylindrical tubes which are made out of a highly anisotropic
flexible matrix composite (FMC) laminate and contain a working fluid. These tubes are produced
by filament winding two groups of interlocking fibers at angles of +/- α with respect to the
longitudinal axis of the tube, as shown in Figures 1.2 and 1.3.
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Figure 1.2: Diagram of an F2MC tube.

Figure 1.3: Photograph of an F2MC tube made from AS4 carbon fiber.

Philen et al. showed that an F2MC tube will either elongate or contract with the
application of an internal pressure. If the fiber winding angle is greater than 55°, the tube will
expand as a result of the internal pressure. On the other hand, tubes with wind angles less than
55° will contract as a result of the internal pressure [4]. When strained axially, these contracting
tubes will experience a decrease in internal volume, causing the working fluid to be pumped out
of the tube if there is nothing to constrain its flow. This pumping capability is what makes F2MC
tubes potentially useful for a variety of different applications.
Zhu et al. investigated the relationships between F2MC properties and the pumping
capabilities and stiffness of the tubes. The authors analytically determined that the fluid pumping
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rate is maximized when fiber angles are around 6° and when the tube wall is thick relative to the
tube diameter, and that a F2MC tube with certain properties can pump fluid much faster than a
piston of the same diameter [5]. In addition, he showed that by introducing a valve at the end of
the tube, it was possible to create a variable and controllable stiffness structure. When the valve is
left fully open, the tube remains soft. However, closing the valve prevents the fluid from flowing
out, which builds up internal pressure inside the tube. This gives the tube a much higher stiffness
in the closed-valve configuration and makes it possible to create a composite structure with a
variable modulus that can be increased by a factor of 2.2 relative to the open-valve stiffness [5].

Scarborough et al. were the first to demonstrate the use of F2MC tubes for vibration
control by building a tuned vibration absorber [6]. The absorber is comprised of an F2MC tube
coupled with an orifice, a fluid port, and a pressurized air accumulator, and uses the inertial and
damping forces from the fluid motion to suppress vibrations at a certain isolation frequency. This
isolation frequency is determined by the port inertance, orifice flow coefficient, and F2MC tube
parameters. The theoretical predictions were validated experimentally and showed that for low
flow coefficients (valve nearly but not fully closed), significant damping could be achieved [6]. In
a similar system, Scarborough et al. also showed that F2MC tubes may be used to create a tuned
vibration isolator, with transmitted force reductions of over 90% at the isolation frequency [7].

Most recently, Zhu et al. showed that F2MC tubes can be used to dampen the vibrations
of a cantilever beam. The proposed setup consists of an F2MC tube with an orifice and
accumulator attached at one end. To generate strain in the tube, it is offset a certain distance from
the centroid of the beam as shown in Figure 1.4. The bending strain which occurs during
vibration causes the tube to pump fluid through the orifice, dissipating mechanical energy.
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Figure 1.4: Configuration of F2MC tube to dampen vibrations of a cantilever beam.

A parameter study was first conducted to identify optimal values of fiber angle, orifice flow
coefficient, and points of attachment. In particular, the authors determined that for maximum
damping at a certain mode, the tube should be attached in a way that maximizes the modal slope
difference. Experiments with a 0.5 m long by 6 cm wide by 6 cm thick aluminum beam revealed
that a damping ratio of up to 13% could be obtained in a target mode [8]. The authors also
propose that multiple F2MC tubes could be integrated into a design to achieve damping of
multiple modes or additional damping at the target mode.

1.5 Research Objectives

This thesis work is part of a broader project that examines the feasibility of using F2MC
tubes to dampen the vibrations in a helicopter tailboom. Although a tailboom is a much more
complex structure than a beam with rectangular cross-section, it is reasonable that one could
model the structure as a cantilever beam with appropriate mass and inertia and tune the F2MC
tubes to provide damping at one or multiple modes. A sample configuration is displayed in Figure
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1.5, which has the tubes located at the root end of the tailboom in order to maximize damping at
the first mode. Additional factors that must be considered in this application of F2MC tubes
include the weight, size, and durability of the F2MC tube system.

F2MC tube attached to
tailboom structure

Shared fluid accumulator
Figure 1.5: Example configuration of F2MC tubes in a helicopter tailboom.

The goal of this thesis was to construct an experimental test stand for a model helicopter
tailboom that mimics this cantilevered beam-like behavior. The model tailboom was constructed
by a former graduate student and is designed so that its dynamic response is comparable to that of
an actual helicopter tailboom. The properties of this tailboom are discussed in greater detail in
Chapter 2 of this thesis, and a design concept for the test stand is presented. Chapter 3 describes
the proposed experimental setup for the characterization of tailboom vibrations, including
instrumentation and data acquisition. Chapter 4 discusses the experimentally obtained data from
these experiments. Potential improvements for the stand and recommendations for future work
are also included.
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Chapter 2
Model Tailboom Properties and Test Stand Design

2.1 Properties of the Scale Model Tailboom

The model tailboom used for this study was fabricated as a 0.3 scale model based on the
tail section of an Apache AH64-A helicopter. This tailboom was originally built by Ph.D. student
David Heverly to study active vibration control methods for helicopter airframes. To ensure that
the dynamics of the model represent those of an actual tailboom, the model was designed to have
mode shapes similar to the Apache tailboom [2]. It is built out of aluminum with a semimonocoque construction technique, and its overall dimensions are 81 inches long, 40 inches wide,
and 38 inches high. These dimensions include the tail located at the end of the structure, which
has 22.5 pounds of inertial mass added to simulate the tail rotor. A photograph of the tailboom is
shown below in Figure 2.1.

Figure 2.1: Side view of 0.3 scale tailboom model.
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The root end of the tailboom has a width of 14 inches and a height of 11 inches, and
contains a 3-inch thick aluminum block. Extending from this block are four 1/2”-13 threaded
bolts which allow the tailboom to be fastened to a rigid structure, essentially turning the tailboom
into a cantilever beam. As Figure 2.1 shows, there are seven frame members positioned
throughout the 72-inch length of the boom, and these frame members prevent the 0.032”
aluminum skin from buckling. A total of eight stringers run the entire length of the tailboom, with
four of these located in the corners of the frame and four of them located at the center of each
side. The corner stringers are composed of 0.75” x 0.75” x 0.125” aluminum angles, and the
center stringers are made from flat 1.0” x 0.125” aluminum stock. The cross-section of the
tailboom is displayed in Figure 2.2, although the profile tapers down from 14” x 11” at the root to
7.25” x 7.25” at the tip end. The entire tailboom is assembled with screws to facilitate
disassembly and modification.

Figure 2.2: Cross-section of the model tailboom.

Between the second and third frame elements from the wall, the stringers in the tailboom
have been taken out and replaced with commercial piezoelectric actuators, which were used in
previous tests for airframe vibration reduction. This section of the tailboom was carefully
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constructed so that its stiffness with the actuators was comparable to its stiffness with the
previously included stringers. From an aircraft design perspective, this is important because the
installation of vibration control mechanisms such as these stacks or F2MC tubes should not shift
the airframe’s natural frequency close to an N/rev harmonic. Experimental measurements of the
tailboom natural frequencies before and after modifications showed that their installation did not
significantly affect the natural frequencies [2]. A photograph of the actuator installation can be
found in Appendix A.

2.2 Test Stand Design

When designing a test stand for this model tailboom, several factors were considered.
The goal was to create a structure that was simple and easy to assemble, yet rigid enough to
support the weight of the tailboom and achieve the desired cantilever effect. The structure needed
to be mounted on a 6-foot long vibration isolating table with room for a shaker at the tail end, so
there was a significant space constraint to the design. It was also necessary to have approximately
one foot of room underneath the tail end for the shaker, although there would have been a
significant stiffness reduction in the stand if the tailboom was actually mounted from this height.

Taking all of these factors into consideration, the decision was made to create a test stand
that mounted the tailboom at a slight angle, as seen in Figure 2.3. Mounting the table at an angle
slightly reduced the length of the overall test stand and also created more room underneath the
tailboom at the tail end. This configuration also made it possible to attach the tailboom relatively
low at the root end in order to maximize the stiffness of the stand. In this SolidWorks model of
the test stand, all of the white elements would be constructed from Bosch 45 mm heavy structural
aluminum framing. The horizontal pieces of framing in Figure 2.3 would be bolted to the
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vibration isolating table. The angled aluminum supports make a 40° angle with the horizontal and
are used to stabilize the upright. The gray parts in Figure 2.3 represent triangles cut out of 0.25”
thick aluminum, which would then be bolted to the aluminum framing to assemble all three
pieces. The root end is bolted to pieces of 1-3/4” x 3/16” thick angle iron, which are also bolted to
the uprights.

Figure 2.3: Solidworks model of the stand design concept.
The test stand was constructed based on this SolidWorks model. Eight gussets were used
to fasten each horizontal piece of framing to the table. Because of space constraints, these pieces
of framing extend four inches over the table’s end, although this was deemed an acceptable
amount of overhang. Holes were drilled through the framing and the aluminum triangles, and four
5/16” bolts were used to fasten each joint. To ensure that the tail end was at the proper height, the
tailboom was propped up on the table in the desired position before drilling the holes and bolting
the angle iron to the uprights. This positioning took into account the small (approximately 0.25”)
downward deflection of the tip when the tailboom was standing freely. The actual dimensions of
the test stand are highlighted in Figure 2.4 on the next page, and Figure 2.5 illustrates the
attachment of the angle iron to the tailboom and the vertical uprights.
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25”

29”
Figure 2.4: Tailboom mounted on table, with shaker attached at tail end.

Figure 2.5: Root end of the tailboom mount.

After completion of the test stand, an experiment was performed to assess its
performance. The procedure for this experiment is discussed in the next chapter.
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Chapter 3
Experimental Procedure for Vibration Analysis

3.1 Summary of Experiment

Much of the prior work on tailboom vibration control with F2MC tubes had investigated
the relationship between tip force and tip displacement. Therefore, an experiment was designed to
measure these two quantities, with the root end cantilevered by the test stand. By applying a force
to the tailboom tip and measuring the resulting displacements, one can construct a transfer
function between these two variables and determine the frequency response before and after
installation of F2MC tubes. The applied force came from an electromagnetic shaker, with the
stinger aligned perpendicular to the tailboom (see Figure 2.4). Like the test stand, the shaker was
bolted to the table to ensure that it would not move during the experiment.

To control the shaker, a LabView program was constructed to run a sine sweep from 0 to
100 Hz over a 30 second time interval. The signal generated by LabView was passed through an
amplifier and then to the shaker itself, which actuated the tailboom tip to create the desired
vibrations. The gain on the amplifier was kept low and held constant throughout the test. These
vibrations were then measured with the appropriate instrumentation, and the data was postprocessed to determine the natural frequencies of the tailboom.
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3.2 Instrumentation and Data Acquisition

Two main types of instrumentation were considered for measuring displacement of the
tailboom tip. One of these options was a laser vibrometer, which applies the principles of Doppler
shifts to measure the amplitude and frequency of vibrations. However, it was decided that this
measurement device was unnecessarily complex for this study. The device that was eventually
selected was an accelerometer. Although accelerometers are primarily intended to measure
acceleration, they can also be used to measure displacement by integrating the acceleration signal
twice. In the case of an object vibrating with frequency ω, the displacement (d) is calculated from
the acceleration (a) by the simple equation:

𝑑=

1
𝑎
𝜔2

The piezoelectric accelerometer used in this study was attached to the back end of the tailboom,
as shown in Figure 3.1.

Figure 3.1: Position of accelerometer on the model tailboom.
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The tip force was controlled by the signal transmitted to the shaker. To measure this force
force, a piezoelectric force transducer was coupled to the stinger as shown in Figure 3.2 and used
to measure the resulting actuation force. The other end of the load cell was attached to a threaded
rod extending from the bottom of the tailboom.

Figure 3.2: Force transducer attached to the stinger.

Data acquisition and processing was also handled by the LabView program. The program
sent the sine sweep signal to the amplifier to provide actuation for the tailboom. At the same time,
signals were sent from the instrumentation through a signal conditioner, which was needed to
generate readings from the piezoelectric instrumentation. These signals were then read into
LabView. After completing one 30 second sine sweep, the program automatically performed a
Fast Fourier Transform (FFT) on the data and determined the frequency response of the tailboom.
This procedure was then repeated several times to get an average reading of the FFT. A flow
chart describing the data acquisition process is shown on the next page.
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Figure 3.3: Flow of different signals in the experiment.
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Chapter 4
Results and Conclusions

4.1 Expected Results

As reported by Heverly, the natural frequencies of the first three vertical bending modes
of the tailboom are given in Table 4.1 [2]. The Beam Equivalent Model column represents his
theoretical predictions, and the physical model column contains his experimentally obtained
results.

Table 4.1: Natural frequencies of tailboom bending modes.
Mode Number

Beam Equivalent Model (Hz)

Physical Tailboom Model (Hz)

1

12.2

14.0

2

26.6

25.1

3

72.1

71.5

Assuming that these are the true natural frequencies of the tailboom, any frequency response plot
or transfer function should have peaks at these frequencies due to resonance. Transmissibility is
highest at these frequencies, so the tailboom tip deflects relatively easily at these frequencies
compared to the rest of the frequency range. Vibrations at these frequencies would likely be the
main targets when designing a vibration absorbing or isolating mechanism for the tailboom. In
the same way that insertion of the piezoelectric actuators did not significantly shift the natural
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frequencies in the tailboom, the F2MC tubes also should not alter the fundamental dynamics of
the structure.
Analytical solutions from a textbook were also used to estimate the natural frequency of
the tailboom structure. According to Blevins [9], the fundamental natural frequency of a uniform
cantilever beam with an end mass is given by the following equation, where M is the end mass
and Mb is the total mass of the cantilever beam:

𝑓𝑛 =

1
3𝐸𝐼
� 3
2𝜋 𝐿 (𝑀 + 0.24𝑀𝑏 )

A MATLAB routine was written to
calculate the total mass of the tailboom based on
material and geometry parameters, and the end

Table 4.2: Properties used in estimating
the natural frequency of the tailboom
structure.
Property/Quantity

Value

mass was approximated by summing the

Max Moment of Inertia, I

1.80x10-5 m4

contributions of the tail structure and inertial

Min Moment of Inertia, I

6.23x10-6 m4

Elastic Modulus, E

70x109 GPa

masses. This equation was used with both the

(aluminum)
maximum (root end) and minimum (tail end)

Length of beam, L

1.8288 m

values for moment of inertia in order to establish a

Mass at end, M

14.01 kg

Mass of beam, Mb

14.09 kg

reasonable range for the natural frequency. The

inertia values are calculated by summing the contributions of the eight stringers and the skin,
applying the parallel axis theorem when necessary. The textbook solution predicts a fundamental
natural frequency between 17.7 Hz and 21.1 Hz. This is slightly higher than the values presented
by Heverly, which shows that the tailboom structure may be too complex to be analyzed with
these textbook equations. The variable inertia and distribution of several frame elements as
additional point masses make this analytical solution a very crude approximation of the actual
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tailboom dynamics. However, one potential error could be the two mass terms, whose values are
assumed to be in line with Heverly’s documentation of the tailboom. To confirm the mass values
used in the analytical model, the components of the tailboom will be weighed separately in future
work.

4.2 Experimental Results and Sources of Error

Figure 4.1 contains an FFT of accelerometer measurements taken from the tailboom in
two separate tests. The data sets are nearly identical and contain peaks around 6.4 Hz, 18.7 Hz,
and 70.5 Hz, which indicate the natural frequencies of the tailboom in this configuration.

Figure 4.1: FFT of experimentally acquired vibration data.
However, this data shows first and second mode natural frequencies which are much lower than
those measured by Heverly. Because there were not any changes to the stiffness or mass of the
tailboom itself, it was hypothesized that the main reason for the lower natural frequencies is that
the beam was not sufficiently cantilevered in this experiment. This is a potential concern because
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it could affect the modal slope difference that characterizes optimal damping with the F2MC.
Because of this concern, additional modifications must be made to the test stand to achieve the
desired cantilever effect.

4.3 Conclusions and Future Work

One adjustment to the stand itself involved replacing the small triangular plates on the
side of the frame with a single large one that spanned the entire frame, as shown in Figure 4.2.
The slot on the bottom leg of the triangle allows the gussets to be installed along the length of the
leg as in the previous design.

`
Figure 4.2: New aluminum side plates for the test stand.

These plates were again made out of 0.25” thick aluminum and bolted to the frame. It is expected
that these bulkier supports will stiffen the frame and increase the natural frequency measurements
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collected from the tailboom, although there was not enough time to run the experiment again and
compare the results.
Qualitative evaluations of the stand were made by using the shaker to excite the tailboom
at a frequency close to resonance and examining different parts of the stand to ensure they were
fixed. One such evaluation revealed that the angle iron was bowing slightly due to the motion of
the tailboom, which means that changes will need to be made at the attachment point between the
frame and the tailboom. This may involve replacing the pieces of angle iron at the root end with
bulkier supports such as steel C-channels, I-beams, or even a large plate. If necessary,
accelerometers may also be attached to the stand for a more thorough inspection of the stand
components. The plan is to make changes in an iterative process until the frequency response
correlates well with the natural frequency data obtained by Heverly.
Future work involving this tailboom will involve the design and fabrication of F2MC
tubes that behave as either vibration isolators or vibration absorbers in order to reduce the
magnitude of vibrations at the first natural frequency. To facilitate this design process, it would
be necessary to create a simulation that models the dynamics of the tailboom with and without
F2MC tubes present. Kentaro Miura of the Mechatronics Research Lab has already created a
similar model that models the dynamics of a hollow, round beam. This model accounts for the
vibration control provided by the tubes as well as their added mass and stiffness contributions to
the tailboom itself. If the predicted vibration reduction can be demonstrated experimentally, then
this would demonstrate the feasbility of F2MC tubes as a method for controlling the vibrations of
complex structures. However, the actual integration and positioning of these tubes in a complex
structure like the tailboom could pose a significant design challenge.
In examining the feasibility of F2MC tubes in this model tailboom, it would also be
beneficial to consider several different configurations of the tubes and different fluidic circuit
elements. In addition to tuning tube properties such as length and diameter, different
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configurations of these tubes can be used to meet different objectives. For example, Figure 4.3
illustrates one possible configuration of four tubes where there are two coupled sets of tubes
which are connected by an inertia track with an orifice.

Figure 4.3: Example configuration of coupled F2MC tubes inside of a tailboom. [Miura]

Analytical results indicate that this configuration behaves as a “damped absorber,” with the
orifice dissipating some of the mechanical energy from the vibrations at the frequency of interest.
All of these possibilities for tube placement and configuration will likely be explored in future
work.
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Appendix A
Additional Tailboom and Test Stand Information

Top view of actuator installation at root end of tailboom

List of Materials for Test Stand

Part Description
Bosch 45x45 heavy Al framing
45 mm gussets with fasteners
1/4” thick aluminum sheet
5/16” nylon-insert hex locknuts
5/16” alloy steel button head socket cap screws, 2-1/2” length
5/16” extra-thick high-strength steel washers
1-3/4” x 3/16” thick angle iron
1/4”-13 steel hex head bolts
1/2” steel lock washers
1/2”-13 steel hex nuts

Vendor
Airline Hydraulics
Airline Hydraulics
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
McMaster-Carr
Reber Instrument Room
Reber Instrument Room
Reber Instrument Room
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Appendix B
Hardware and Instrumentation Equipment List
Item

Function

Ling Electronics, Inc. Model STAR 1.0 amplifier

Signal amplifier

Ling Electronics, Inc. Model LMT-100 modal thruster

Electromagnetic shaker

PCB Piezotronics Model 353B01 ICP accelerometer (quartz
shear), sensitivity: 20 mV/g

Accelerometer

PCB Piezotronics Model 208C02 ICP quartz force sensor, +/100 lb, sensitivity: 50 mV/lb

Force transducer

PCB Piezotronics, Model 481A02, ICP sensor signal
conditioner, 16 channels, gain: 1x, 10x, 100x

Signal conditioner/charge
amplifier

Newport RP Reliance Sealed Hole Table Top

Vibration isolating table

ACnodes Model RMC7212A 2U Rack Mount Computer
(Windows XP, Intel Pentium 4 CPU 3.00 GHz, 1 GB RAM)

Computer
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