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HISTORY

1920s 1960s

* When Hugh Lord, a patent attorney in Erie, * LORD manufactures the world’s first production

Pennsylvania, cannot find others to satisfactorily
make any of his 15 inventions, he hires six
employees and forms LORD Manufacturing
Company.

* LORD is adopted as a registered trademark.

1930s

* LORD mountings for instrument panels are used
by Charles & Anne Lindbergh on their historic
flight to China.

* LORD instrument panel mounts lengthen service
life of instruments by 100-fold and become
popular with many airplane manufacturers.

¢ Dynafocal engine suspensions are developed
from a licensed patent which originated at
Massachusetts Institute of Technology. LORD
makes multiple row radial engines practical with
this innovation.

1940s

e To support U.S. Forces in World War Il, LORD
devotes all production to mountings for aircraft
engines, radios and instrumentation. LORD is
exclusive supplier of engine mounts to virtually
all aircraft manufacturers.

¢ LORD begins transition from military
to commercial economy. Mountings for
railroad cars and buses are developed and
manufactured. LORD designs and produces the
first elastomeric parts — transmission and engine
isolators for the Bell Model 47 helicopter. Tom
Lord is named President.

¢ LORD develops and manufactures a new
design of multiplane mountings used on aircraft
instrument panels. These mountings later
become the standard on all aircraft.

1950s

e The Korean War begins in June creating an
increased need for aircraft engine mounts.
“Special Purpose Elastomers” (SPE®) are
developed as substitutes for natural rubber.

* LORD develops Broad Temperature Range
elastomer for use in BTR® (-65 to +300°F)
Mountings. These replace traditional rubber
mounts and metal friction-damped assemblies
and serve aerospace industries into the 21st
Century.

elastomeric bearing for Bell Helicopter. The
gimbal ring mount for gyros and internal
platforms is developed for NASA’'s Lunar Rover.

1970s

« LORD and Bell Helicopter jointly design the

elastomeric elements for the nodal beam pylon
isolation system.

High Capacity Laminate (HCL) bearings gain
acceptance in the helicopter industry. They
weigh less than conventional bearings, require
no lubrication and prove more reliable and easier
to maintain.

1980s

* LORD begins design and qualification of

elastomeric bearings for the Navy V-22 tilt-rotor
aircraft.

1990s

¢ LORD and Mil Helicopter (Moscow) sign

a partnership agreement for purchase of
elastomeric bearings, dampers and isolators
for use on Russian helicopters and fixed wing
aircraft.

NVX noise cancellation systems are used to
quiet cabins in business jets.

LORD receives Helicopter Society’s first
prestigious “Supplier of the Year” award for many
technical contributions to the helicopter industry
worldwide.

2000s

o Company receives numerous Supplier Awards.

Ground is broken on a $3.8 million expansion
project to the Dayton, Ohio facility to meet
customer aerospace market demand.

Boeing 787 and JSF F-35 complete first flight.
Both have LORD solutions utilizing a wide
array of unprecedented technologies to solve
challenging vibration environments.

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail
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PROVIDING SOLUTIONS THROUGH INNOVATION

Sometimes the greatest innovations come when solutions that have become standard
practice in one industry are used to solve problems in other industries. Such is the case

for LORD Corporation’s technologies and solutions that can be applied to challenges in the
aerospace industry. Building on more than 80 years of innovation, LORD provides valuable
expertise in active and passive vibration, motion and shock control. We are continually called
upon by the wind, transportation, construction, manufacturing, electronics and U.S. defense
industries to solve their toughest problems around the world. Save time and expense by
collaborating with us to achieve your goals ... Ask Us How.

Active Vibration Control
Systems (AVCS):

LORD AVCS are being used to
minimize vibration and remove
weight in helicopters and
business jets.

Advanced Elastomeric Systems:

LORD offers a wide range of
elastomeric systems tuned to
achieve useful dynamic effects,
from accommodating helicopter
rotor head motions to isolating
vibrating machinery or airplane
engines.

Diagnostic Systems:

LORD diagnostic systems employ
electronic hardware and software
to monitor the health of rotating
components.

In-Flight Propeller Balancing Systems:

LORD balancing systems correct
propeller or fan imbalance in

real time, continuously, as the
equipment operates.

Structural Bonding Adhesives:

LORD® Structural Adhesives are
a durable and attractive fastening
solution to replace welds, rivets,
screws, tapes and other traditional
fastening methods.

Magnelok™ Brakes:

Magnelok electromagnetic brakes
achieve very high holding torques
per unit of volume and weight.

Magneto-Rheological (MR) Solutions:

MR fluids reversibly and
instantaneously change from a
free-flowing liquid to a semi-solid,
enabling controllable dampers,
brakes and other devices
requiring precise control of
resistance.

Ultra-Conductive Coatings
and Adhesives:

LORD ultra-conductive materials
provide previously unobtainable
levels of conductivity and
current-carrying capacity in film
or paste epoxy materials.

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@Ilord.com



WHY CHOOSE LORD?

WHY LORD

World Class Product Design

Our expertise goes beyond a technical solution and
our greatest value comes when we can help design

a complete system. A full complement of engineering
tools, including a fully accredited test lab plus all
major design and analysis software packages, ensure
compatibility with you.

Analysis Tools (DynaSim6, etc.)

LORD has the unique ability to understand system
responses with isolation, optimize the isolator solution
and predict isolator life. Our ability to predict isolator
life is unique to LORD.

Materials Performance

A true cornucopia of LORD proprietary elastomer
blends, custom formulated for specific elastic,
damping and environmental properties.

Elastomer Testing and Validation

Each and every LORD elastomer blend is statically
and dynamically tested under a variety of frequencies
and strains, prior to release to production, to ensure
they meet the required elastic modulus and damping
values. This testing is a quantum leap beyond what’s
required by ASTM Standards.

Part Testing and Validation

Samples from each lot of isolators made are
dynamically tested to ensure repeatable performance,
order after order.

Technical Engineering Support

LORD has a long history of providing strong Technical
Support to Aerospace Customers, available at +1 877
ASK LORD (275 5673).

Experience

We stand on the shoulders of the giants who have

gone before us here at LORD. This experience can be
a game-changer for the customer when understanding
and solving complex vibration and shock applications.

Trust

Our customers have come to trust LORD. Our
willingness to tell the truth based on facts gives
our customers a high level of confidence in our
recommendations.

Training (Informal and Formal)

Our customers value our ability to reduce

vibration and shock theory to practice. They

learn from us and consider us an extension of

their Engineering Department — members of their
team. To request a training event hosted by LORD
Corporation at your facility, please contact LORD at
customer.support@lord.com

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@lord.com

LORD.COM 4



NOTES

S LORD.COM Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@lord.com



VIBRATION & SHOCK THEORY

1.OIRD

AskUsHow"



VIBRATION & SHOCK THEORY

Before attempting to apply any isolator, it

is important to know as much as possible
about the conditions under which it will be
used and the sensitivity (fragility) of the
equipment to be mounted. This knowledge
must be coupled with an understanding of
the various types of vibration and shock
isolators which might be applied to a given
problem. Depending on the type of isolator,
the material from which it is made and the
operating conditions, the performance of the
isolator and its effectiveness can vary widely.
These factors must be considered, and the
proper accommodations made to theory, to
arrive at a reasonably accurate estimate of the
performance of the isolated system.

The following discussion presents the

basic theory and some trends of material
performance in order to address the
peculiarities of the real world of vibration and
shock theory.

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@lord.com LORD.COM 6
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TERMS & DEFINITIONS

There are a number of terms which should be understood before entering into a discussion of vibration and shock theory.
Some of these are quite basic and may be familiar to many of the users of this catalog. However, a common understanding

should exist for maximum effectiveness.

Center-of-Gravity System — An equipment
installation wherein the center of gravity of the
equipment coincides with the elastic center of the
isolation system.

Damping — The “mechanism” in an isolation system
which dissipates energy. This mechanism controls
resonant amplification (transmissibility).

Decibel - (dB) — A dimensionless expression of
the ratio of two values of some variable in a vibratory
system. For example, in random vibration the ratio of
the power spectral density at two frequencies is given
as:

Sf
dB = 10Logms—1

fy

Deflection — The movement of some component
due to the imposition of a force. In vibratory systems,
deflection may be due to static or dynamic forces or to
the combination of static and dynamic forces.

Degree-of-Freedom —The expression of the
amount of freedom a system has to move within

the constraints of its application. Typical vibratory
systems may move in six degrees of freedom — three
translational and three rotational modes (motion along
three mutually perpendicular axes and about those
three axes).

Dynamic Matching — The selection of isolators
whose dynamic characteristics (stiffness and damping)
are very close to each other for use as a seton a
given piece of equipment. Such a selection process

is recommended for isolators which are to be used

on motion sensitive equipment such as guidance
systems, radars and optical units.

Dynamic Disturbance — The dynamic forces acting
on the body in a vibratory system. These forces may be
the results of sinusoidal vibration, random vibration or
shock, for example.

Elastomer — A generic term used to include

all types of “rubber” — natural or synthetic. Many
vibration isolators are manufactured using some type
of elastomer. The type depends on the environment
in which the isolator is to be used.

Fragility — The amount of vibration or shock that a
piece of equipment can take without malfunctioning
or breaking. In isolation systems, this is a statement
of the amount of dynamic excitation which the isolator
can transmit to the isolated equipment.

Free Deflection — The amount of space an
isolated unit has in which it can move without
interfering with surrounding equipment or structure.
This is sometimes called “sway space.”

“g” level — An expression of the vibration or shock
acceleration level being imposed on a piece of equip-
ment as a dimensionless factor times the acceleration
due to gravity.

Isoelastic — A word meaning that an isolator, or
isolation system, exhibits the same stiffness character-
istics in all directions.

Isolation — The protection of equipment from
vibration and/or shock. The degree (or percentage) of
isolation necessary is a function of the fragility of the
equipment.

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@Ilord.com



VIBRATION & SHOCK THEORY

Linear (properties) — A description of the
characteristics of an isolation system which assumes
that there is no variation with deflection, temperature,
vibration level, etc. This is a simplifying assumption
which is useful for first approximations but which must
be treated carefully when dealing with critical isolation
systems.

Loss Factor — A property of an elastomer which is
a measure of the amount of damping in the elastomer.
The higher the loss factor, the higher the damping.
Loss factor is typically given the Greek symbol “n”.
An approximation may be made that loss factor is
equal to the inverse of the resonant transmissibility of
a vibratory system. The loss factor of an elastomer is
sensitive to the loading and ambient conditions being

imposed on the system.

Modulus — A property of elastomers (analagous

to the same property of metals) which is the ratio

of stress to strain in the elastomer at some loading
condition. Unlike the modulus of metals, the modulus
of elastomers is non-linear over a range of loading and
ambient conditions. This fact makes the understanding
of elastomers and their properties important in the
understanding of the performance of elastomeric
vibration and shock isolators.

Natural Frequency — That frequency (expressed
in “Hertz” or “cycles per second”) at which a structure,
or combination of structures, will oscillate if disturbed
by some force (usually dynamic) and allowed to come
to rest without any further outside influence. Vibratory
systems have a number of natural frequencies
depending on the direction of the force and the
physical characteristics of the isolated equipment.
The relationship of the system natural frequency to
the frequency of the vibration or shock determines, in
part, the amount of isolation (protection) which may be
attained.

Octave — A doubling of frequency. This word is used
in various expressions dealing with vibration isolation.

Power Spectral Density — An expression of the
level of random vibration being experienced by the
equipment to be isolated. The units of power spectral
density are “g?/Hz” and the typical symbol is “S".

Random Vibration — Non-cyclic, non-sinusoidal
vibration characterized by the excitation of a broad
band of frequencies at random levels simultaneously.
Typically, many applications of equipment in the

field of Military Electronics are exposed to random
vibration.

Resilience — The ability of a system to return

to its initial position after being exposed to some
external loading. More specifically, the ability of an
isolator to completely return the energy imposed on
it during vibration or shock. Typically, highly damped
elastomers have low resilience while low-damped
elastomers have good resilience.

Resonance — Another expression for natural
frequency. A vibratory system is said to be operating
in resonance when the frequency of the disturbance
(vibration or shock) is coincident with the system
natural frequency.

Resonant Dwell — A test in which the equipment
is exposed to a long term vibration at its resonant
frequency. This test was used as an accelerated
fatigue test for sinusoidal vibration conditions. In
recent times, sinusoidal testing is being replaced by
random vibration testing and resonant dwell tests are
becoming less common.

Returnability — The ability of a system, or
isolator, to resume its original position after removal
of all outside forces. This term is sometimes used
interchangeably with resilience.

Roll-off Rate — The steepness of the
transmissibility curve being recorded during a vibration
test, after the system natural frequency has been
passed. This term is also used to describe the slope of
a random vibration curve. The units are typically « dB

octave

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail

: customer.support@lord.com
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VIBRATION & SHOCK THEORY

SYMBOLS

Symbol Description Units
A Load area (cross sectional area) of the elastomer in’

A, Response acceleration multiples of g
b Longitudinal horizontal distance from C.G. to mount (half mount spread) inches
B, Maximum vertical acceleration at C.G. in/sec”
B, Maximum vertical acceleration at unit end due to rotation about E.C. in/sec’
C Distance from E.C. to top of unit inches
C Damping coeffcient Ib-sec/in
C.G. Center of gravity of mounted equipment -

Cc Critical damping factor Ib-sec/in
dB A logarithmic unit of sound intensity --
D.A. Double amplitude --

dy Dynamic defection at mount inches

d System defection inches
Jretatic Static rotational defection rad
Jenock Shock defection inches SA
Oeaic Static defection of the system inches
d; Defection total at end of unit inches
di, Defection due to vibration inches SA
e Eccentricity, or distance between E.C. and C.G. inches
E.C Elastic center of mounting system -

f Exciting vibration frequency Hz

F Force Ib

F. Maximum force output Ib

f. Coupled natural frequencies Hz

f, Natural frequency, translational Hz

fq Natural frequency of damped system Hz

fon Nominal natural frequency Hz
fohock Shock natural frequency Hz

d. Number of g's being imposed multiples of g
g Acceleration due of gravity 386 in/sec?
G Elastomer shear modulus psi

G* Complex modulus psi

G Dynamic modulus of the elastomer psi

G, Dynamic modulus at the particular vibration condition being analyzed psi

G" Damping (loss) modulus psi
Gee G load at C.G. multiples of g

9 LORD.COM Toll-Free: +1 877 ASK LORD (275 5673) |
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VIBRATION & SHOCK THEORY

Symbol Description Units

o} Specifed vibratory acceleration input multiples of g
Gi Input shock level multiples of g
d. Vibratory response acceleration multiples of g
G, Shock response or equipment fragility of unit at C.G. multiples of g
(o — 1o RMS acceleration response multiples of g
Joso Response acceleration at 3o vibration level multiples of g
G, Total vertical acceleration at end of container multiples of g
h Drop height inches

h, Vertical distance of pivot point above foor inches
leo Moment of inertia about C.G. Ib-in-sec?
I Moment of inertia about container pivot point Ib-in-sec®
k Radius of gyration inches

K Static spring rate Ib/in

K' Dynamic spring rate Ib/in

K Dynamic shear spring rate Ib/in

K shock Shock dynamic spring rate Ib/in

Ky Dynamic vertical spring rate Ib/in

K¢ Compression spring rate Ib/in

KE Kinetic energy in-1b

K'y Dynamic horizontal spring rate Ib/in

K's Dynamic torsional or rotation spring rate in-lb/rad
Ks Static shear spring rate Ib/in

Ky Static vertical spring rate Ib/in

L Length of container, overall inches

s Distance from C.G. to end of unit inches

L Ratio of compression stiffness to shear stiffness --

M Mass of equipment Ib-sec?/in
n Number of equally loaded mounts --

P Applied force Ib

p Lateral horizontal distance from C.G. to mount (half mount spread) inches
R Actual load Ib

PE Potential energy in-1b
Prax Maximum applied load Ib

Pr Rated load lb

r Ratio of exciting frequency to system natural frequency --

R Distance from container pivot point to C.G. inches
RMS Root mean square --

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@lord.com LORD.COM




VIBRATION & SHOCK THEORY

Symbol Description Units
S Square root of ratio of rotational spring rate to lateral translation spring rate inches
SH Power specteral density g%/Hz
S, Input random vibration g%/Hz
Se Output random vibration g%/Hz
T Transmissibility --

t Time sec
Tags Absolute transmissibility --

t, One-half of the natural period of the system sec
T Resonant transmissibility -

tr Elastomer thickness inches
Ts Shock transmissibility -

V Normal linear velocity of C.G. at impact in/sec
V, Normal linear velocity of unit end due to rotation about C.G. at impact in/sec
V, Impact velocity in/sec
W Weight of suspended mass Ib

X Horizontal distance from container pivot point (p) to C.G. inches
X Vibratory input motion inches DA
Xo Vibratory response motion inches DA
y Vertical distance from container pivot point (p) to C.G. inches
z Length of suspended unit inches
a Angle between the compression axis and horizontal degrees
B Angle between the compression axis and vertical degrees
€ Strain in/in

4 Damping ratio --

n Loss factor --

0, Angle between a line joining C.G. and pivot point (p) and vertical before drop (when h = 0) degrees
92 Angle between a line joining C.G. and pivot point (p) and vertical after drop (when h = 0) degrees
o Dynamic stress Ib/in?
T Shock input pulse duration sec
() tan-'(x/y) angle between a line joining C.G. and pivot point (p) and horizontal degrees
(O Angular velocity at impact rad/sec
W, Translational circular frequency rad/sec
w, Rotational circular frequency rad/sec

LORD.COM
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VIBRATION & SHOCK THEORY

CONSIDERATIONS IN SELECTING A VIBRATION ISOLATOR

In the process of deciding on a vibration isolator for a particular application, there are a number of critical pieces of
information which are necessary to define the desired functionality of the isolator. Some items are more critical than others
but all should be considered in order to select or design the appropriate product.

Some of the factors which must be considered are:

Weight, Size, Center-of-Gravity of the
Equipment to be Isolated — The weight of the
unit will have a direct bearing on the type and size of
the isolator. The size or shape of the equipment can
also affect the isolator design since this may dictate
the type of attachment and the available space for

the isolator. The center-of-gravity location is also
important as isolators of different load capacities may
be necessary at different points on the equipment due
to weight distribution. The locations of the isolators
relative to the center-of-gravity — at the base of the
equipment versus in the plane of the C.G., for example
— could also affect the design of the isolator.

Types of Dynamic Disturbances to be
Isolated — This is basic to the definition of the
problem to be addressed by the isolator selection
process. In order to make an educated selection

or design of a vibration/shock isolator, this type of
information must be defined as well as possible.
Typically, sinusoidal and/or random vibration spectra
will be defined for the application. In many installations
of military electronics equipment, random vibration
tests have become commonplace and primary military
specifications for the testing of this type of equipment
(such as MIL-STD-810) have placed heavy emphasis
on random vibration, tailored to the actual application.
Other equipment installations, such as in shipping
containers, may require significant amounts of
sinusoidal vibration testing.

Shock tests are often required by many types of
equipment. Such tests are meant to simulate those
operational (e.g., carrier landing of aircraft) or handling
(e.g., bench handling or drop) conditions which lead to
impact loading of the equipment.

Static Loadings Other than Supported
Weight — In addition to the weight and dynamic
loadings which isolators must react, there are some
static loads which can impact the selection of the
isolator. An example of such loading is the load
imposed by an aircraft in a high speed turn. This
maneuver loading must be reacted by the isolator and
can, if severe enough, necessitate an increase in the
isolator size. These loads are often superposed on the
dynamic loads.

Allowable System Response — This is another
basic piece of information. In order to appropriately
isolate a piece of equipment, the response side of the
problem must be known. The equipment manufacturer
or user should have some knowledge of the fragility of
the unit. This fragility, related to the specified dynamic
loadings will allow the selection of an appropriate
isolator. This may be expressed in terms of the
vibration level versus frequency or the maximum
shock loading which the equipment can endure
without malfunctioning or breaking. If the equipment
manufacturer or installer is experienced with vibration/
shock isolation, this allowable response may be
specified as the allowable natural frequency and
maximum transmissibility allowed during a particular
test.

The specification of allowable system response
should include the maximum allowable motion of the
isolated equipment. This is important to the selection
of an isolator since it may define some mechanical
motion limiting feature which must be incorporated
into the isolator design. It is fairly common to have an
incompatibility between the allowable “sway space”
and the motion necessary for the isolator to perform
the desired function. In order to isolate to a certain
degree, it is required that a definite amount of motion
be allowed. Problems in this area typically arise when
isolators are not considered early enough in the
process of designing the equipment or the structural
location of the equipment.

Ambient Environment — The environment in
which the equipment is to be used is very important
to the selection of an isolator. Within the topic of
environment, temperature is by far the most critical
item. Variations in temperature can cause variations
in the performance of many typical vibration/shock
isolators. Thus, it is quite important to know the
temperatures to which the system will be exposed.
The majority of common isolators are elastomeric.
Elastomers tend to stiffen and gain damping at

low temperatures and to soften and lose damping
at elevated temperatures. The amount of change
depends on the type of elastomer selected for a
particular installation.

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@lord.com
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VIBRATION & SHOCK THEORY

Other Environmental Effects — Effects from
humidity, ozone, atmospheric pressure, altitude,

etc. are minimal and may typically be ignored.

Some external factors that may not be thought of

as environmental may impact on the selection of

an isolator. Fluids (oils, fuels, coolants, etc.) which
may come in contact with the isolators can cause a
change in the material selection or the addition of
some form of protection for the isolators. The level of
fluid exposure (immersion vs. splash) is a determining
factor.

Service Life — The length of time for which an
isolator is expected to function effectively is another
strong determining factor in the selection or design
process. Vibration isolators, like other engineering
structures, have finite lives. Those lives depend on the
loads imposed on them. The prediction of the life of
a vibration/shock isolator depends on the distribution
of loads over the typical operating spectrum of the
equipment being isolated. Typically, the longer the
desired life of the isolator, the larger that isolator
must be for a given set of operating parameters.

The definition of the isolator operating conditions is
important to any reliable prediction of life.

Specification of Isolator Selection

Factors — This catalog includes a questionnaire, or
“Data Required” form, which is helpful in the definition
of the above areas of information. If the indicated
information is available, the selection of an isolator
will be greatly enhanced. The theory that follows in
the next section is academic if the information to
apply it is not available. If an equipment designer is
attempting to select an isolator from this catalog, the
job will be eased by having this information available.
Likewise, if a company like LORD must be consulted
for assistance in the selection or design of an isolator,
then communications and accuracy of response will be
improved by having such information ready.

LORD.COM Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@lord.com




VIBRATION & SHOCK THEORY

THEORY OF VIBRATION/SHOCK ISOLATORS

The solutions to most isolator problems begin with consideration of the mounted system as a damped, single degree of
freedom system. This allows simple calculations of most of the parameters necessary to decide if a standard isolator will

perform satisfactorily or if a custom design is required.

This approach is based on the facts that:

1) Many isolation systems involve center-of-gravity
installations of the equipment. That is, the center-of-
gravity of the equipment coincides with the elastic
center of the isolation system. The center-of-gravity
installation is often recommended since it allows
performance to be predicted more accurately and

it allows the isolators to be loaded in an optimum
manner. Figure 1 shows some typical center-of-gravity
systems.

2) Many equipment isolation systems are required to
be isoelastic. That is, the system translational spring
rates in all directions are the same.

3) Many pieces of equipment are relatively light in
weight and support structures are relatively rigid in
comparison to the stiffness of the isolators used to
support and protect the equipment.

For cases which do not fit the above conditions, or
where more precise analysis is required, there are
computer programs available to assist the analyst.

LORD computer programs for dynamic analysis

are used to determine the system response to
various dynamic disturbances. The loads, motions
and accelerations at various points on the isolated
equipment may be found and support structure
stiffnesses may be taken into account. Some of the
more sophisticated programs may even accept and
analyze non-linear systems. This discussion is reason
to emphasize the need for the information regarding
the intended application of the isolated equipment.
The dynamic environment, the ambient environment
and the physical characteristics of the system are
all important to a proper analysis. The use of the
checklist included with this catalog is recommended
as an aid.

With the above background in mind, the aim of this
theory section will be to use the single degree-of-
freedom basis for the initial selection of standard
isolators. This is the first step toward the design of
custom isolators and the more complex analyses of
critical applications.

Cenfer of
Grawvily

Vibration Isolators

Horirontal Center-of-Gravily Installation

Center of
Gravity

Vibration Isolators

Diagonal Canter-ol-Gravity Installation

FIGURE 1 -
TYPICAL CENTER-OF-GRAVITY INSTALLATIONS
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VIBRATION & SHOCK THEORY

SINGLE DEGREE-OF-FREEDOM
DYNAMIC SYSTEM

Uindamped

Figure 2 shows the “classical” mass-spring-damper
depiction of a single degree-of-freedom dynamic
system. Figure 3 and the related equations show this P
system as either damped or undamped. Figure 4 M

shows the resulting vibration response transmissibility
curves for the damped and undamped systems of
Figure 3.

M"--"'! H‘ﬂl Fu

These figures and equations are well known and
serve as a useful basis for beginning the analysis of
an isolation problem. However, classical vibration ol

theory is based on one assumption that requires \"“-..-"'f X, Fi
understanding in the application of the theory. That

assumption is that the properties of the elements of the

system behave in a linear, constant manner. Data to

be presented later will give an indication of the factors Damped

which must be considered when applying the analysis
to the real world.

The equations of motion for the model systems in M ¥Xg. Fa
Figure 3 are familiar to many. For review purposes,
they are presented here.

Se”

FIGURE 3 -
DAMPED AND UNDAMPED SINGLE
DEGREE-OF-FREEDOM BASE EXCITED
VIBRATORY SYSTEMS
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FIGURE 4 —
TYPICAL TRANSMISSIBILITY CURVES
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VIBRATION & SHOCK THEORY

For the undamped system, the differential equation
of motion is:

MX + KX = F(t)

In which it may be seen that the forces due to the
dynamic input (which varies as a function of time)
are balanced by the inertial force of the accelerating
mass and the spring force. From the solution of this
equation, comes the equation defining the natural
frequency of an undamped spring-mass system:

fnzzi\/K/M

LI

Another equation which is derived from the solution
of the basic equation of motion for the undamped
vibratory system is that for transmissibility — the
amount of vibration transmitted to the isolated
equipment through the mounting system depending
on the characteristics of the system and the vibration
environment.

1

1-r?)

TABS =

Wherein, “r" is the ratio of the exciting vibration
frequency to the system natural frquency. That is:

In a similar fashion, the damped system may be
analyzed. The equation of motion here must take into

account the damper which is added to the system. It is:

MX + CX + KX = F(t)

The equation for the natural frequency of this system
may, for normal amounts of damping, be considered
the same as the undamped system. That is,

f:i KI/M
21

n

In reality, the natural frequency does vary slightly with
the amount of damping in the system. The damping
factor is given the symbol “C" and is approximately
one-half the loss factor,“n", described in the

definition section regarding damping in elastomers.
The equation for the natural frequency of a damped
system, as related to that for an undamped system, is:

The damping ratio, G, is defined as:

{=C/C,
g=n/2

Where, the “critical” damping level for a damped
vibratory system is defined as:

C.=2VKM

The equation for the absolute transmissibility of a
damped system is written as:

T J1 +(2¢r)?

ABS —

" J@ers (- )

The equations for the transmissibilities of the
undamped and damped systems are plotted in Figure
4. As may be seen, the addition of damping reduces
the amount of transmitted vibration in the amplification
zone, around the natural frequency of the system

(r = 1). It must also be noted that the addition of
damping reduces the amount of protection in the
isolation region (where r > v2).

In the real world of practical isolation systems,

the elements are not linear and the actual system
response does not follow the above analysis
rigorously. Typically, elastomeric isolators are chosen
for most isolation schemes. Elastomers are sensitive
to the vibration level, frequency and temperature to
which they are exposed. The following discussion
will present information regarding these sensitivities
and will provide some guidance in the application of
isolators for typical installations.
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VIBRATION & SHOCK THEORY

Elastomers for Vibration and Shock
Isolation

Depending on the ambient conditions and loads, a
number of elastomers may be chosen for the isolators
in a given isolation system. As seen in the above
discussion, the addition of damping allows more
control of the system in the region of resonance.

The compromise which is made here though is that
isolation is sacrificed. The higher the amount of
damping, the greater the compromise. In addition,
typical highly damped elastomers exhibit poor
returnability and greater drift than elastomers which
have medium or low damping levels. The requirements
of a given application must be carefully weighed in
order to select the appropriate elastomer.

Within the various families of LORD products, a
number of elastomers may be selected. Some brief
descriptions may help to guide in their selection for a
particular problem.

Natural Rubber — This elastomer is the baseline
for comparison of most others. It was the first
elastomer and has some desirable properties, but
also has some limitations in many applications.
Natural rubber has high strength, when compared to
most synthetic elastomers. It has excellent fatigue
properties and low to medium damping which
translates into efficient vibration isolation. Typically,
natural rubber is not very sensitive to vibration
amplitude (strain). On the limitation side, natural
rubber is restricted to a fairly narrow temperature
range for its applications. Although it remains

flexible at relatively low temperatures, it does stiffen
significantly at temperatures below 0°F (-18°C). At the
high temperature end, natural rubber is often restricted
to use below approximately 180°F (82°C).

Neoprene — This elastomer was originally
developed as a synthetic replacement for natural
rubber and has nearly the same application
range. Neoprene has more sensitivity to strain
and temperature than comparable natural rubber
compounds.

SPE® | — This is another synthetic elastomer which
has been specially compounded by LORD for use in
applications requiring strength near that of natural
rubber, good low temperature flexibility and medium
damping. The major use of SPE | elastomer has

been in vibration and shock mounts for the shipping
container industry. This material has good retention of
flexibility to temperatures as low as -65°F (-54°C). The
high temperature limit for SPE | elastomer is typically
+165°F (+74°C).

BTR®— This elastomer is LORD Corporation’s
original “Broad Temperature Range” elastomer. It is a
silicone elastomer which was developed to have high
damping and a wide span of operational temperatures.
This material has an application range from -65°F

to +300°F (-54°C to +149°C). The loss factor of this
material is in the range of 0.32. This elastomer has
been widely used in isolators for Military Electronics
equipment for many years. It does not have the high
load carrying capability of natural rubber but is in the
high range for materials with this broad temperature
range.

BTR® Il — This material is similar in use to the BTR
elastomer except that it has a slightly more limited
temperature range and has less damping. BTR Il may
be used for most applications over a temperature
range from -40°F to +300°F (-40°C to +149°C). The
loss factor for typical BTR Il compounds is in the
range of 0.18. This elastomer has better returnability,
less drift and better stability with temperature, down to
-40°F (-40°C). The compromise with BTR Il elastomer
is the lower damping. This means that the resonant
transmissibility of a system using BTR Il elastomeric
isolators will be higher than one using BTR isolators.
At the same time, the high frequency isolation will

be slightly better with the BTR Il. This material has
found use in Military Electronics isolators as well as in
isolation systems for aircraft engines and shipboard
equipment.

LORD.COM
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VIBRATION & SHOCK THEORY

BTR® VI — This is a very highly damped elastomer.
It is a silicone elastomer of the same family as the
BTR elastomer but is specially compounded to have
loss factors in the 0.60 to 0.70 range. This would result
in resonant transmissibility readings below 2.0 if used
in a typical isolation system. This material is not used
very often in applications requiring vibration isolation.
It is most often used in products which are specifically
designed for damping, such as lead-lag dampers for
helicopter rotors. If used for a vibration isolator, BTR
VI will provide excellent control of resonance but will
not provide the degree of high frequency isolation that
other elastomers will provide. The compromises here
are that this material is quite strain and temperature
sensitive, when compared to BTR and other typical
Miltronics elastomers, and that it tends to have higher
drift than the other materials.

“MEM” — This is an elastomer which has slightly
less damping than LORD Corporation’s BTR silicone,
but which also has less temperature and strain
sensitivity. The typical loss factor for the MEM series
of silicones is 0.29, which translates into a typical
resonant transmissibility of 3.6 at room temperature
and moderate strain across the elastomer. This
material was developed by LORD at a time when
some electronic guidance systems began to require
improved performance stability of isolation systems
across a broad temperature range, down to -70°F
(-57°C), while maintaining a reasonable level of
damping to control resonant response.

“MEA” — With miniaturization of electronic
instrumentation, equipment became slightly more
rugged and could withstand somewhat higher levels
of vibration, but still required more constant isolator
performance over a wide temperature range. These
industry trends led to the development of LORD MEA
silicone. As may be seen in the material property
graphs of Figures 5 through 8, this elastomer

family offers significant improvement in strain and
temperature sensitivity over the BTR and MEM series.
The compromise with the MEA silicone material is
that it has less damping than the previous series. This
results in typical loss factors in the range of 0.23 -
resonant transmissibility of approximately 5.0. The
MEA silicone also shows less drift than the standard
BTR series elastomer.

“MEE” — This is another specialty silicone
elastomer which was part of the development of
materials for low temperature service. It has excellent
consistency over a very broad temperature range —
even better than the MEA material described above.
The compromise with this elastomer is its low damping
level. The typical loss factor for MEE is approximately
0.11, which results in resonant transmissibility in

the range of 9.0. The low damping does give this
material the desirable feature of providing excellent
high frequency isolation characteristics along with its
outstanding temperature stability.

With the above background, some of the properties
of these elastomers, as they apply to the application
of LORD isolators, will be presented. As with metals,
elastomers have measurable modulus properties. The
stiffness and damping characteristics of isolators are
directly proportional to these moduli and vary as the
moduli vary.

Strain, Temperature and Frequency

Effects — The engineering properties of elastomers
vary with strain (the amount of deformation due to
dynamic disturbance), temperature and the frequency
of the dynamic disturbance. Of these three effects,
frequency typically is the least and, for most isolator
applications, can normally be neglected. Strain and
temperature effects must be considered.

Strain Sensitivity — The general trend of dynamic
modulus with strain is that modulus decreases with
increasing strain. This same trend is true of the
damping modulus. The ratio of the damping modulus
to dynamic elastic modulus is approximately equal

to the loss factor for the elastomer. The inverse of

this ratio may be equated to the expected resonant
transmissibility for the elastomer. This may be
expressed as:

G
G
GI
G

Where: G' = dynamic modulus (psi)
G" = damping (loss) modulus (psi)
T = loss factor
T, =resonant transmissibility

more exactly:
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VIBRATION & SHOCK THEORY

In general, resonant transmissibility varies only slightly
with strain while the dynamic stiffness of an isolator
may, depending on the elastomer, vary quite markedly
with strain.

Figure 5 presents curves which depict the variation of
the dynamic modulus of various elastomers which may
be used in vibration isolators as related to the dynamic
strain across the elastomer. These curves may be
used to approximate the change in dynamic stiffness
of an isolator due to the dynamic strain across the
elastomer. This is based on the fact that the dynamic
stiffness of an isolator is directly proportional to the
dynamic modulus of the elastomer used in it. This
relationship may be written as:

AG'
ts

K's =

Where: K'; = dynamic shear stiffness (Ib/in)
G' =dynamic shear modulus of the elastomer (psi)
t, = elastomer thickness (in)
A = load area of the elastomer (in?)

This variation may be used to calculate the change in a
dynamic system’s natural frequency from the equation:

f = 3.13\/K
w

Where: f =system natural frequency (Hz)
K' = total system dynamic spring rate (Ib/in)
W = total weight supported by the isolators (Ib)

As there is a change in dynamic modulus, there is

a variation in damping due to the effects of strain in
elastomeric materials. One indication of the amount of
damping in a system is the resonant transmissibility of
that system. Figure 6 shows the variation in resonant
transmissibility due to changes in vibration input for the
elastomers typically used in LORD military electronics
isolators.

The data presented in Figures 5 and 6 lead to some
conclusions about the application of vibration isolators.
The following must be remembered when analyzing or
testing an isolated system:

e It is important to specify the dynamic conditions
under which the system will be tested.

» The performance of the isolated system will
change if the dynamic conditions (such as vibration
input) change.

» The change in system performance due to change in
dynamic environment may be estimated with some
confidence.
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VIBRATION & SHOCK THEORY

Temperature Sensitivity — Temperature, like
strain, will affect the performance of elastomers

and the systems in which elastomeric isolators

are used. Figures 7 and 8 show the variations of
dynamic modulus and resonant transmissibility with
temperature and may be used to estimate system
performance changes as may Figures 5 and 6 in the
case of strain variation.
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Modifications to Theory Based on the
Real World

It should be apparent from the preceding discussion
that the basic assumption of linearity in dynamic
systems must be modified when dealing with
elastomeric vibration isolators. These modifications
do affect the results of the analysis of an isolated
system and should be taken into account when writing
specifications for vibration isolators. It should also be
noted that similar effects of variation with vibration
level have been detected with “metal mesh” isolators.

Thus, care must be exercised in applying them. The
amount of variability of these isolators is somewhat
different than with elastomeric isolators and depends
on too many factors to allow simple statements to be
made.

The following discussion will be based on the
properties of elastomeric isolators.

Static Stiffness versus Shock Stiffness
versus Vibration Stiffness — Because of

the strain and frequency sensitivity of elastomers,
elastomeric vibration and shock isolators perform quite
differently under static, shock or vibration conditions.

The equation:

f
Where: d__ . = static deflection of the system (in)
f = system natural frequency (Hz)

DOES NOT HOLD for elastomeric vibration/shock
isolators. The static stiffness is typically less than

the dynamic stiffness for these materials. To say this
another way, the static deflection will be higher than
expected if it were calculated, using the above formula,
based on a vibration or shock test of the system.

Similarly, neither the static nor the vibration stiffness
of such devices is applicable to the condition of
shock disturbances of the system. It has been found
empirically that:

K' ~1.4K

shock — static

The difference in stiffness between vibration and
static conditions depends on the strain imposed by
the vibration on the elastomer. Figure 5 shows where
the static modulus will lie in relation to the dynamic
modulus for some typical elastomers at various strain
levels.

What this means to the packaging engineer or
dynamicist is that one, single stiffness value cannot be
applied to all conditions and that the dynamic to static
stiffness relationship is dependent on the particular
isolator being considered. What this means to the
isolator designer is that each condition of use must be
separately analyzed with the correct isolator stiffness
for each condition.
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VIBRATION & SHOCK THEORY

Shock Considerations — As stated in the
previous discussion, shock analyses for systems using
elastomeric isolators should be based on the guideline
that the isolator stiffness will be approximately 1.4
times the static stiffness. In addition to this, it must be
remembered that there must be enough free deflection
in the system to allow the shock energy to be stored in
the isolators.

If the system should bottom, the “g” level transmitted
to the mounted equipment will be much higher

than would be calculated. In short, the system

must be allowed to oscillate freely once it has been
exposed to a shock disturbance to allow theory to be
applied appropriately. Figure 9 shows this situation
schematically.

In considering the above, several items should be noted:

* Damping in the system will dissipate some of the
input energy and the peak transmitted shock will be
slightly less than predicted based on a linear,
undamped system.

« “1” is the shock input pulse duration (seconds).

* "t " is one-half of the natural period of the system
(seconds).

* There must be enough free deflection allowed in the
system to store the energy without bottoming
(snubbing). If this is not considered, the transmitted
shock may be significantly higher than calculated and
damage may occur in the mounted equipment.

Vibration Considerations — The performance
of typical elastomeric isolators changes with changes
in dynamic input — the level of vibration to which the
system is being subjected. This is definitely not what
most textbooks on vibration would imply. The strain
sensitivity of the elastomers causes the dynamic
characteristics to change.

Figure 10 is representative of a model of a vibratory
system proposed by Professor Snowdon of Penn
State University in his book, “Vibration and Shock in
Damped Mechanical Systems.” This model recognized
the changing properties of elastomers and the effects
of these changes on the typical vibration response

of an isolated system. These effects are depicted

in the comparison of a theoretically calculated
transmissibility response curve to one resulting from a
test of an actual system using elastomeric isolators.

Acceleration (G)

Load (Ibs)

Acceleration (G)

40

30

.

put Pulse

20

=T =~ Respohse Pulse

200

0.04 0.06 0.08 0.1 0.12

Time (sec)

150

100

Non-Linear (Bottomed) 7

50

Lo
-1 N
- Linear
/

20

0.2

0.4 0.6 0.8 1 1.2

Deflection (in)

Non-Linear (Bottomed) Pag
Response 4 \

¥

\! , \
7’ \
- \

/\

inear Response “
\
T

0.02

0.04 0.06 0.08 0.1 0.12

Time (sec)

FIGURE 9

LORD.COM Toll-Free: +1 877 ASK LORD (275 5673) |

E-mail: customer.support@lord.com



VIBRATION & SHOCK THEORY

The Real World

The majority of vibration and shock isolators are
those utilizing elastomeric elements as the source of

compliance and damping to control system responses.

FIGURE 10

G* is “Complex Modulus” (see Figure 10)

G*=G'+jG"
or
G*=G'(1+jn)

Where: m =loss factor

GII
—=2
G' :

12

n

Where: G" = damping modulus (psi)
G' =dynamic modulus (psi)
C = damping factor (dimensionless)

Using this model, we may express the absolute
transmissibility of the system as:

2

1+

Thes =
GI

1-r2 2. 2

[ e IF'+n

n

Where: G' =dynamic modulus (psi) at the particular

vibration condition being analyzed

The resulting transmissibility curve from such a
treatment, compared to the classical, theoretical
transmissibility curve, is shown in Figure 11.

Transmissibility (T)
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//\ Actual Response Curve
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FIGURE 11 —
EFFECT OF MATERIAL SENSITIVITY ON
TRANSMISSIBILITY RESPONSE

Two important conclusions may be reached on the
basis of this comparison:

1. The “crossover” point of the transmissibility curve
(T, = 1.0) occurs at a frequency higher than V2
times the natural frequency which is what would
be expected based on classical vibration theory.
This crossover frequency will vary depending on
the type of vibration input and the temperature at
which the test is being conducted.

2. The degree of isolation realized at high frequencies
(T,ss < 1.0) will be less than calculated for an
equivalent level of damping in a classical analysis.

This slower “roll-off” rate " dB " will also
octave

depend on the type of elastomer, level and type of
input and temperature.
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VIBRATION & SHOCK THEORY

In general, a constant amplitude sinusoidal vibration
input will have less effect on the transmissibility curve
than a constant ‘g’ (acceleration) vibration input. The
reason is that, with increasing frequency, the strain
across the elastomer is decreasing more rapidly with
the constant ‘g’ input than with a constant amplitude
input. Remembering the fact that decreasing strain
causes increasing stiffness in elastomeric isolators,
this means that the crossover frequency will be higher
and the roll-off rate will be lower for a constant ‘g’
input than for a constant amplitude input. Figure 12 is
representative of these two types of vibration inputs as
they might appear in a test specification.

No general statement of where the effects of random
vibration will lead in relationship to a sinusoidal
constant ‘g’ or constant amplitude vibration input can
be made. However, the effects will be similar to a
sinusoidal vibration since random vibrations typically
produce lower strains across isolators as frequency
increases. There may be some exceptions to this
statement. In the section, Determining Necessary
Characteristics of Vibration/ Shock Isolator, guidance
is provided as how to apply the properties of
elastomers to the various conditions which may be
specified for a typical installation requiring isolators.

Data Required to Select or Design a
Vibration/Shock Isolator — As with any
engineering activity, the selection or design of an
isolator is only as good as the information on which
that selection or design is based. Figure 13 is an
example of one available LORD checklist for isolator
applications (refer to Questionnaire section for actual
guestionnaire).

If the information on this checklist is provided, the
selection of an appropriate isolator can be aided
greatly, both in timeliness and suitability.

Checklist Section | provides the information about the
equipment to be mounted (its size, weight and inertias)
and the available space for the isolation system to

do its job. This latter item includes isolator size and
available sway space for equipment movement.

Checklist Section Il tells the designer what the
dynamic disturbances are and how much of those
disturbances the equipment can withstand. The
difference is the function of the isolation system.

It is important to note here that the random vibration
must be provided as a power spectral density versus
frequency tabulation or graph, not as an overall “g,,,,.”
level, in order to allow analysis of this condition. Also,
note that the U.S. Navy “high impact” shock test is

Input (in D.A.)

required by specification MIL-S-901 for shipboard
equipment.

Checklist Section Il contains space for descriptions
of any special environmental exposures which the
isolators must withstand. Also, for critical applications,
such as gyros, optics and radar isolators, the
requirements for control of angular motion of the
isolated equipment are requested. In such cases,
particular effort should be made to keep the elastic
center of the isolation system and the center-of-gravity
of the equipment at the same point. The vibration
isolators may have their dynamic properties closely
matched in order to avoid the introduction of angular
errors due to the isolation system itself.

All of the information listed on the checklist shown

in Figure 13 is important to the selection of a proper
vibration isolator for a given application. As much

of the information as possible should be supplied

as early as possible in the design or development
stage of your equipment. Of course, any drawings or
sketches of the equipment and the installation should
also be made available to the vibration/shock analyst
who is selecting or designing isolators.

0.1
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0.01 Curve Curve
0.001
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FIGURE 12 -
COMPARISON-CONSTANT AMPLITUDE
TO CONSTANT “G” VIBRATION INPUT
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VIBRATION & SHOCK THEORY

Vibration Level (in D.A.)

Determining Necessary
Characteristics of a Vibration/Shock
Isolator

The fragility of the equipment to be isolated is typically
the determining factor in the selection or design of

an isolator. The critical fragility level may occur under
vibration conditions or shock conditions. Given one of
these starting points, the designer can then determine
the dynamic properties required of isolators for the
application. Then, knowing the isolator required, the
designer may estimate the remaining dynamic and
static performance properties of the isolator and the
mounted system.

The following sections will present a method for
analyzing the requirements for an isolation problem
and for selecting an appropriate isolator.

Sinusoidal Vibration Fragility as the Starting
Point — A system specification, equipment operation
requirements or a known equipment fragility spectrum
may dictate what the system natural frequency must,
or may, be. Figure 14 shows a fictitious fragility curve
superimposed on a typical vibration input curve.
Isolation system requirements may be derived from
this information.

First, the allowable transmissibility at any frequency
may be calculated as the ratio of the allowable output
to the specified input.

— o go
Taes = X or —
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1.00
——— Equipment
0.10 / ‘,4/ Fragility Curve
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\
Vibration Input
\ Spectrum
V&
0.01 \
! 10 100 1000
Frequency (Hz)

FIGURE 14 -
EQUIPMENT FRAGILITY VS. VIBRATION INPUT

The frequency at which this ratio is a maximum is
one frequency at which the system natural frequency
may be placed (assuming that it is greater than
approximately 2.5, at some frequency). Another
method of placing the system natural frequency is to
select that frequency which will allow the isolation of
the input over the required frequency range. A good
rule of thumb is to select a frequency which is at
least a factor of 2.0 below that frequency where the
allowable response (output) crosses over — goes below
— the specified input curve.

Having determined an acceptable system natural
frequency, the system stiffness (spring rate) may be
calculated from the following relationship:

A L)
9.8

Where: K' =total system dynamic stiffness (Ib/in) at
the specified vibration input
f = selected system natural frequency (Hz)
W = isolated equipment weight (Ib)

An individual isolator spring rate may then be
determined by dividing this system spring rate by the
allowable, or desired number of isolators to be used.
The appropriate isolator may then be selected based
on the following factors:

e required dynamic spring rate

« specified vibration input at the desired natural
frequency of the system

« static load supported per isolator
« allowable system transmissibility

« environmental conditions (temperature, fluid
exposure, etc.)

LORD.COM

Toll-Free: +1 877 ASK LORD (275 5673) | E-mail: customer.support@Ilord.com



VIBRATION & SHOCK THEORY

Once a particular isolator has been selected, the
properties of the elastomer in the isolator may be
used to estimate the performance of the isolator at
other conditions of use, such as other vibration levels,
shock inputs, steady state acceleration loading and
temperature extremes. The necessary elastomer
property data are found in Figures 5, 6, 7 and 8.

If the vibration input in the region of the required
natural frequency is specified as a constant
acceleration — constant ‘g’ — it may be converted to a
motion input through the equation:

X=__ 9
' (0.051) (f,)?

Where: X = vibratory motion (inches, double amplitude)
specified vibratory acceleration input (g)
f = desired system natural frequency (Hz)

©
Il

Of course, this equation may be used to convert
constant acceleration levels to motions at any
frequency. It is necessary to know this vibratory
motion input in order to select or design an isolator.
Note, that most catalog vibration isolators are rated
for some maximum vibration input level expressed
in inches double amplitude. Also, the listed dynamic
stiffnesses for many standard isolators are given for
specific vibration inputs. This information provides a
starting point on Figure 5 to allow calculation of the
system performance at vibration levels other than that
listed for the isolator.

Random Vibration Performance as the
Starting Point — Random vibration is replacing
sinusoidal vibration in specifications for much of
today’s equipment. A good example is MIL-STD-810.
Many of the vibration levels in the most recent version
of this specification are given in the now familiar format
of “power spectral density” plots. Such specifications
are the latest attempt to simulate the actual conditions
facing sensitive equipment in various installations.

A combination of theory and experience is used in the
analysis of random vibration. As noted previously, the
random input must be specified in the units of “g?/Hz”
in order to be analyzed and to allow proper isolator
selection. The system natural frequency may be
determined by a fragility versus input plot of random
vibration just as was done and demonstrated in Figure
14 for sinusoidal vibration. Once the required natural
frequency is known, the necessary isolator spring rate
may again be calculated from the equation:

= (EW)
9.8

The next steps in determining which isolator may be
used are to calculate the allowable transmissibility
and the motion at which the isolated system responds
at the same natural frequency as when it is subjected
to the specified random vibration. The allowable
transmissibility, if not already specified, may be
calculated from the input vibration and the allowable
vibration by using the equation:

T, = resonant transmissibility (dimensionless)
S, = output random vibration (g%Hz)
S, = input random vibration (g%/Hz)

A sinusoidal vibration input, acceleration or motion,
at which the system will respond at approximately the
same natural frequency with the specified random
vibration may be calculated in the following manner.

STEP 1: The analysis of random vibration is made on
the basis of probability theory. The one sigma (1o) root
mean square (RMS) acceleration response may be
calculated from the equation:

Dorms = \(T/2)(S,)(F,)(T)

Where: g, =10 RMS acceleration response (g)
S, =input random vibration (g°/Hz)
T, = allowable resonant transmissibility
f = desired natural frequency (Hz)

STEP 2: It has been found empirically that elastomeric
isolators typically respond at a 3o vibration level. Thus,
the acceleration vibration level at which the system will
respond at approximately the same natural frequency
as with the specified random level may be found to be:

oz, = 3/(n/2)(S)(F,, )(T,)

STEP 3: The above is response acceleration. To find
the input for this condition of response, we simply
divide by the resonant transmissibility.

= Y030
g T,
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STEP 4: Finally, we apply the equation from a
previous section to calculate the motion input vibration
equivalent to this acceleration at the system natural
frequency:

X = 9i
' = (0.051) (f.)?

Note that X; is in units of inches double amplitude.

STEP 5: The analysis can now follow the scheme of
previous calculations to find the appropriate isolator
and then analyze the shock, static and temperature
performance of the isolator.

Shock Fragility as the Starting Point — If the
fragility of the equipment in a shock environment is
the critical requirement of the application, the natural
frequency of the system will depend on the required
isolation of the shock input.

STEP 1: Calculate the necessary shock transmissibility:

Where: T_ =shock transmissibility (dimensionless)
G, = equipment fragility (g)
G, = input shock level (g)

STEP 2: Calculate the required shock natural
frequency. This depends on the shape of the shock
pulse.

The following approximate equations may be used only
for values of T < 1.0:

Pulse Shape Transmissibility Equation
Half Sine T, =4(f )(r)

Square Wave T, =6(f )(T)

Triangular T, =3.1(f )(T)

Ramp or Blast T, =3.2(f )(t)

Where: T_ = shock transmissibility
f_ =shock natural frequency (Hz)
T = shock pulse length (seconds)

Remember, that the system natural frequency under
a shock condition will typically be different from

that under a vibration condition for systems using
elastomeric vibration isolators.

STEP 3: Calculate the required deflection to allow this
level of shock protection by the equation:

d, . = G
shoek ™ (0.102)(f, 2)

Where: d_ . = shock deflection (inches single amplitude)
G, =shock response or equipment fragility (g)
f, = shock natural frequency (Hz)

STEP 4: Calculate the required dynamic spring rate
necessary under the specified shock condition from the
equation:

o = EFW)
9.8

Where: K'=dynamic stiffness (lb/in)
f = shock natural frequency (Hz)
W = supported weight (Ib)

STEP 5: Select the proper isolator from those
available in the product section, that is, one which has
the required dynamic stiffness (K"), will support the
specified load and will allow the calculated deflection
(dg,,,.0) Without bottoming during the shock event.

STEP 6: Determine the dynamic stiffness (K') of the
chosen isolator, at the vibration levels specified for the
application, by applying Figure 5 with the knowledge
that dynamic spring rate is directly proportional to
dynamic modulus (G') and by working from a known
dynamic stiffness of the isolator at a known dynamic
motion input.

STEP 7: Calculate system natural frequencies under
specified vibration inputs from the equation:

f, = 3.13\/K
w

Where: f = vibration natural frequency (Hz)
K' = isolator dynamic stiffness at the specified
vibration level (Ib/in)
W = supported weight (Ib)

LORD.COM
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Note that the stiffness and supported weight must be
considered on the same terms, i.e., if the stiffness is
for a single mount, then the supported weight must
be that supported on one mount. Once the system
natural frequency is calculated, the system should
be analyzed to determine what effect this resonance
will have on the operation and/or protection of the
equipment.

STEP 8: Estimate the static stiffness of the isolators
from the relationship:

1
K ~ K shock
1.4
Where: K = static stiffness (Ib/in)
K',. ..« = Shock dynamic stiffness (Ib/in)

Then, check the deflection of the system under the
1g load and under any steady-state (maneuver) loads
from the equation:

g.W

static = K

d

Where: d__ . = static deflection (inches)
g, =number of g’s loading being imposed
W = supported load (Ib)
K = static spring rate (Ib/in)

Be sure that the chosen isolator has enough deflection
capability to accommodate the calculated motions
without bottoming. If the vibration isolation function
and steady state accelerations must be imposed

on the system simultaneously, the total deflection
capability of the isolator must be adequate to allow the
deflections from these two sources combined. Thus,

d, =y + d

X

=i
where dvib— TR

2

total static

Where: X, =input vibration motion at resonance
(inches double amplitude)

d,, =deflection due to vibration (inches single
amplitude)

T, =resonant transmissibility

d..... = static deflection per the above equation
(inches)

Types of Isolators and Their Properties —
There are a number of different types of isolators,
based on configuration, that may be applied in
supporting and protecting various kinds of equipment.
Depending on the severity of the application and on
the level of protection required for the equipment, one
or another of these mounting types may be applied.

Figures 15, 16 and 17 show some of the most common
“generic” configurations of vibration isolators and the
characteristic load versus deflection curves for the
simple shear mounting and the “buckling column”
types of isolators. In general, the fully bonded or
holder types of isolators are used for more critical
equipment installations because these have superior
performance characteristics as compared to the center
bonded or unbonded configurations. The buckling
column type of isolator is useful in applications where
high levels of shock must be reduced in order to
protect the mounted equipment. Many aerospace
equipment isolators are of the conical type because
they are isoelastic.

In order of preference for repeatability of performance,
the rank of the various isolator types is:

1. Fully Bonded
2. Holder Type

3. Center Bonded
4. Unbonded

In reviewing the standard lines of LORD isolators,

the Low Profile Avionics (AM Series), Pedestal (PS
Series), Plate Form (100 & 150 Series), Multiplane (106
& 156 Series), High Deflection (HDM & MHDM Series),
Miniature (MAA Series) and Micro-Mounts (MX Series)
are in the fully bonded category. The BTR (HT Series)
mounts are the only series in the holder type category.
The Miniature MCB Series of isolators is the offering
in the center bonded type of mount. The Miniature
MGN/MGS Series mounts are in the unbonded mount
category. In total, these standard offerings from LORD
cover a wide range of stiffnesses and load ratings to
satisfy the requirements of many vibration and shock
isolation applications.

In some instances, there may be a need to match
the dynamic stiffness and damping characteristics of
the isolators which are to be used on any particular
piece of equipment. Some typical applications of
matched sets of isolators are gyros, radars and optics
equipment. For these applications, the fully bonded
type of isolator construction is highly recommended.
The dynamic performance of these mounts is much
more consistent than other types. Dynamically
matched isolators are supplied in sets but are not
standard since matching requirements are rarely the
same for any two applications.
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Compression

Tension 7’

________

Load
\
\
\
\
\

Deflection

FIGURE 15 —
j TYPICAL LOAD / DEFLECTION CURVES FOR
“SANDWICH” MOUNTS

Buckling Column )
**Rolling Section” Buckling ,

Column 4

Load

Deflection

FIGURE 17 -
TYPICAL LOAD / DEFLECTION CURVES FOR
“ROLLING SECTION” MOUNTS

Sample Application Analysis — Figure 18 is a
completed checklist of information for a fictitious piece
of avionics gear installed in an aircraft environment.
The following section will demonstrate how the
foregoing theory and data may be applied to the
selection of a standard LORD mount.

Metal Soring
Friction Dampied

FIGURE 16 —
TYPICAL MOUNTING TYPES
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Engineering Data for Vibration and Shock Isolator Questionnaire
Please fill in as much detail as possible before contacting LORD. You may fax or e-mail this completed form.

For technical assistance, contact: LORD Corporation; Application Engineering; 2000 West Grandview Blvd.; Erie, PA
16514; Phone: +1 877 ASK LORD (275 5673) in United States and Canada; Fax: +1 814 860 3871,
E-mail: customer.support@Iord.com

I.  PHYSICAL DATA
Equipment weight 121b
C.G. location relative to mounting points Geometric Center — Four Mounts Desired

Sway space +0.32"

1" High x 2" Long x 2" Wide
400 Hz

Maximum mounting size

Equipment and support structure resonance frequencies

mmo o w

Moment of inertia through C.G. for major axes (necessary for natural frequency and coupling calculations)
[ xx lyy | zz

G. Fail-safe installation required?  Yes

1.  DYNAMICS DATA

A. Vibration requirement:

1. Sinusoidal inputs (specify sweep rate, duration and magnitude or application input specification curve)
0.036" D.A., 5to 52 Hz; 5G, 52 to 500 Hz

2. Random inputs (specify duration and magnitude (g?/Hz) applicable input specification curve)
0.04 g3/Hz; 10 to 300 Hz
B. Resonant dwell (input & duration) __0.036" D.A., 1/2 hr. per Axis

Shock requirement:

1. Pulse shape__Half Sine pulse period 11 ms amplitude 15G
number of shocks per axis___3/AXiS maximum output N/A

2. Navy high impact required? (if yes, to what level?)_N/A

D. Sustained acceleration: magnitude 3G direction __all directions
Superimposed with vibration? @ No

E. Vibration fragility envelope (maximum G vs. frequency preferred) or desired natural frequency and maximum transmissibility

32 Hz with T less than 4

F. Maximum dynamic coupling angle N/A

matched mount required?  Yes  No
G. Desired returnability N/A
Describe test procedure _N/A

l. ENVIRONMENTAL DATA

A. Temperature: Operating +30° to +120°F Non-operating -40° to +160°F
B. Salt spray per MIL _810C Humidity per MIL 810C
Sand and dust per MIL _810C Fungus resistance per MIL__810C
Oil and/or gas N/A Fuels_N/A

C. Special finishes on components N/A

FIGURE 18 —
SAMPLE OF COMPLETED ENGINEERING DATA FOR VIBRATION
AND SHOCK ISOLATOR QUESTIONNAIRE
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VIBRATION & SHOCK THEORY

The ultimately selected isolator must have enough
deflection capability to allow this motion without
bottoming (snubbing). The input acceleration is
calculated as:

i3, = 9036/ TR
O, =7-2412.9

O3, = 2.59

and the input motion as:

Xizo =Gis./ (0.051)(f , )2
X3, = 2.5/(0.051)(32)°
X3, = 0.048 inch double amplitude

This vibration level is higher than the capability of
the tentatively selected AM003-7. To remain with a
relatively small isolator which will support 3 pounds,
withstand the 0.047 inch double amplitude sine
vibration and provide an approximate stiffness of
314 Ib/in per mounting point, a selection from either
the AM002 or AM004 series appears to be best.

Since none of the single isolators provides enough
stiffness, a back to back (parallel) installation of a pair
of isolators at each mounting point is suggested. Since
the AMO002 is smaller than the AM004, and is rated for
0.06 inch double amplitude maximum input vibration,
the selection of the AM002-8 isolator is made. A pair
of the AM002-8 isolators will provide a stiffness of

346 Ib/in (two times 173 per the stiffness chart in the
product section). This stiffness would provide a slightly
higher natural frequency than desired. However, there
is a correction to be made, based on the calculated
vibration input.

The stiffnesses in the AM002 product chart are based
on an input vibration of 0.036 inch double amplitude.
Figure 5 shows that the modulus of the BTR elastomer
is sensitive to the vibration input. The modulus is
directly proportional to the stiffness of the vibration
isolator. Thus, the information of Figure 5 may be
used to estimate the performance of an isolator at an
“off-spec” condition. A simple graphical method may
be used to estimate the performance of an isolator at
such a condition.

Vibration Input (inch D.A.)

Knowing the geometry of the isolator, the strain at
various conditions may be estimated. The modulus
versus strain information of Figure 5 and the
knowledge of the relationship of modulus to natural
frequency (via the stiffness of the isolator) are used to
construct the graph of the isolator characteristic. The
equation for calculation of the 30 random equivalent
input at various frequencies has been shown
previously. The crossing point of the two lines on the
graph shown in Figure 19 is a reasonable estimate for
the response natural frequency of the selected isolator
under the specified 0.04 g?/Hz random vibration.

The intersection of the plotted lines in Figure 19 is at
a frequency of approximately 32 to 33 Hz, and at an
input vibration level of approximately 0.047 inch DA.
This matches the desired system natural frequency
and confirms the selection of the AM002-8 for this
application. In all, eight (8) pieces of the AM002-8 will
be used to provide the 32 Hz system natural frequency,
while supporting a total 12 Ib unit, under the specified
random vibration of 0.04 g?/Hz. The eight isolators will
be installed in pairs at four locations. With this portion
