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ABSTRACT

This paper summarizes the design, optimization, development, fabrication, and testing of a vacuum compatible coil
spring with embedded constrained layer visco-elastic damping. The spring is developed as part of the NSF funded LIGO
(Laser Interferometer Gravity Wave Observatory) project. Large numbers of those springs are the primary components of
multi-stage, in-vacuum, passive seismic isolation stacks that provide high attenuation (-160 dB/decade above 15 Hz) of floor
vibrations for ultra-sensitive (better than 10™® m/CHz noise floor between 40 and 1000 Hz) laser interferometers.

The spring design addresses both requirements for passive isolation within a single, self-contained, vacuum tight
envelope: low stiffness for maximum attenuation and non-viscous damping to limit resonant amplitudes in the stack. Thisis
achieved with atubular coil spring design with an internal torsional constrained layer damping structure.

The paper presents the analysis of this spring using closed-form analytical expressions, trend studies showing the
strong dependence of spring performance on key design parameters, and explicit numerical design optimization.
Manufacturing issues are briefly discussed. Finally, experimental results from static and dynamic tests performed on
prototype units are presented. Results show loss factors of the order of 1.5% in the transverse direction to 3% in the axial
direction, at frequenciesfrom 1 to 2 Hz.
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1. INTRODUCTION

Vibration isolation systems are widely used to reduce transmission of floor vibrations to sensitive optica
experiments. In passive systems, isolation is achieved by inserting soft mechanical links (isolators) between the source of the
vibration (usually the laboratory floor) and an optics table that serves as a base for the experiment. The effectiveness of an
isolation system is measured in terms of transmissibility functions T which give a measure of the relative amplitudes of optics
table vibration to floor vibration. For a properly designed isolation system, the magnitude of the transmissibility functions
resembl es the curve shown in Fig. 1.
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Figurel: Typical transmission characteristics of an isolation system.

Three regions can be distinguished in the figure. At “low” frequencies, resonant peaks corresponding to the
suspension modes are observed. There is no isolation in this band (in fact there is amplification). At the “high” end of the
spectrum, flexible modes of the supported and/or supporting structure themselves produce other resonant peaks. In a properly
designed isolation system, those two frequency ranges are separated by a wide “isolation band” where transmission decays
rapidly with frequency f (about -40dB/decade for a lightly damped, single stage system). In the isolation band, the
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transmissibility is a direct function of the “softness’ of the isolator mounts. This “softness’ can be expressed by a

characteristic deflection parameter dy. For usual applications, were the isolators also support the weight of the device, dmax
is defined as

—_— Pmax
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where P, IS the maximum static load that can be supported by the isolator and k is the stiffness of the isolator. Note that k
may be a frequency-dependent quantity (asis the case with rubber isolators for example).

At lower frequencies however, resonances of the suspension dominate the transmissibility. To properly dampen the
response to transients, isolation systems must also provide some damping. That damping is usually expressed in terms of the
quality factor (Q) of a resonant mode. The Q defines the dynamic amplification at resonance (ratio of dynamic to static
response) and is equal to
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where h is the loss factor and z the critical damping ratio of the mode considered. The Q's of the suspension are directly
controlled by the loss factors of the isolators. Examples of high loss isolators include rubber supports or spring/damper
combinations. Note also that viscous damping (dashpots in vehicle suspensions for example) is less than ideal in isolation
applications because of the stiffening effect at high frequencies, which leads to loss of isolation performance. Visco-elastic
damping isin general preferable because of lesser stiffening.

In short, soft mounts for high performance isolation systems must have the following characteristics: large
characteristic deflections in the isolation range (typically above 1 to 15 Hz), and high loss in the resonance region (typically
below 1 to 15 Hz). Other desirable characteristics are compactness and ssimplicity, low drift, good aging characteristicsin a
variety of environments, and low outgassing potential in the case of high vacuum applications.

The LIGO project® (Laser Interferometer Gravity wave Observatory) is currently building very large (4 km arm
length) Fabry-Perot interferometers designed to detect and measure gravity waves. Gravity waves passing through the
instrument are expected to produce the equivalent of about 10™® meter perturbations in the 4 km distance between hanging
mirrors. To achieve adequate sensitivity, extreme care must be taken to reduce all sources of noise in the instrument. One
such sourceis of course the random seismic vibrations present in the floor of the detector facility.
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Figure2: L1GO vacuum vessel with external support structure and seismic isolation
stacks (left hand cross beam removed and only one half of vacuum vessel shown).

LIGO will number around 30 ultra-quiet optical platforms mounted inside vacuum chambers throughout the
detectors. A typical design layout for these chambersis shown in Fig. 2. The seismic isolation elements are sitting entirely
inside the vacuum envelope to avoid acoustic “shorting”. They consist of multi-stage, passive isolation stacks of soft
isolators and heavy masses. One of many technological challenges in the detector design relates to those isolators. They
must achieve very low stiffness and relatively high damping while satisfying very strict outgassing limits. Early prototypes
made use of cylindrical blocs of Fluorel? rubber (a low outgassing fluoro-elastomer). These isolators had very low Q but



were fairly stiff, with a strong stiffening effect with increasing frequencies. Stacks designed around those springs did not
meet the LIGO seismic isolation regquirements.

The damped coil spring described in the next section provides a much softer alternative. The spring design
addresses both requirements for passive isolation within a single, self-contained, vacuum tight envelope: low stiffness for
maximum attenuation and non-viscous damping to limit resonant amplitudesin the stack. Thisis achieved with atubular coil
spring design with an internal torsional constrained layer damping structure. The spring "wire" is made (from the outside in)
of aload bearing outer tube, alayer of visco-elastic material, and a sectioned inner tube as a constraining layer. The ends of
the outside tube are sealed with a metal cap welded to the outer tube to provide a vacuum compatible spring. Stacks designed
with this new spring meet the LIGO transmissibility requirements and the requirements on the Q of the suspension modes
(i.e. Q< 70o0r s0).

2. DAMPED COIL SPRING

Several spring concepts were considered in early stages of development. Compared to other types of springs,
compression coils can provide relatively large deflections and load capacities, are relatively easy to manufacture, and do not
fail catastrophically: in case of yield they smply compress all the way to solid length (the length of the spring compressed so
that each coil is in contact with the next). Their simple outside geometry also lends itself to thorough chemical cleaning as
required for ultrahigh vacuum applications. Simple concepts for integrating damping treatments inside coil springs have
been proposed in the past. Some involve friction between elements inside the coil® or energy dissipation through plastic
deformations of internal fillers (lead for example). Although this can provide significant damping of deformations of large
amplitude, the damping vanishes at the arbitrarily small amplitudes found in high performance isolation systems.

A variation on these concepts consists of filling a metallic tubular coil spring with a high damping visco-elastic
material. However, simple calculations show that as long as the metal tube carries the largest part of the static load (which is
desirable to avoid excessive creep), such designs are unable to produce the required amount of damping. A possible
improvement consists of adding longitudinal fibers in the core®. Another approach consists of amplifying the mechanical
coupling between the load bearing structure (the tube) and the visco-elastic material through constrained layer damping
(CLD)®. CLD consists of inserting a very thin layer of visco-elastic material between the load bearing structure and a stiff
congtraining layer. Small relative motion between the load bearing and constraining surfaces induce large shear strain
through the thickness of the thin visco-elastic layer.
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Figure3: Multi-layer tubular CLD coil spring concept’. Theright hand view shows
the bottom of a coil spring, cut by a plane orthogonal to the coil axis.

Constrained layer damping (CLD) is traditionally used to damp plate and shell type structures®: a thin visco-elastic
sheet with a thin metal backing sheet is glued directly on the structure. This concept must be adapted for use in the proposed
tubular coil spring, in particular to avoid any exposure of the visco-elastic layer to the vacuum environment. A natural (but
complicated) solution is to apply the damping treatment and constraining layer on the inside of the load carrying tube. The
ends of the tube can then be sealed to completely enclose the damping material. The simplest configuration would consist of
a continuous inner tube (the constraining layer) wrapped in a thin layer of visco-elastic material and trapped inside the outer
load bearing tube. Since acoil spring is essentially atorsion bar, atwisting moment applied to the outer tube induces a twist
angle differential between the inside and outside tube, shearing the visco-elastic layer. If the visco-elastic layer is thin, the
shear strains are large and significant amounts of elastic energy are dissipated into heat.

" U.S. Patent pending, #08972030, filed Nov. 17, 1997.



Although this concept is adequate for a straight torsion bar, it cannot provide damping in a coil spring because of
geometric coupling between the outside and inside tubes. When a coil spring is compressed, the pitch of the helix is reduced.
This reduction in pitch geometrically dictates the twist angles of every section along the spring “wire’. In a 3 layer CLD
spring, since the inner tube is captive inside the outer tube, the twist angles are the same in both, and shear through the
thickness of the visco-elastic layer does not appear.

Shear stresses in the visco-elastic layer can be recovered if geometric coupling is eliminated (or largely reduced) by
using a series of “short” (much shorter than a full turn of the coil) sections of constraining tube instead of a continuous one,
asshownin Fig. 3.

Note also that, just like in aclassical flat plate CLD design problem®, there is an optimal length for the constraining
layer that maximizes damping, even for a straight CLD torsion bar. The reason for the existence of this optimal length is one
of balance between the shear stiffness of the visco-elastic layer and the torsional stiffness (extensional stiffnessin aflat plate
problem) of the constraining layer. This will be examined in more detail further (section 5.1). The point is that even in a
straight torsion rod without geometric coupling, there are performance justifications for using a discontinuous constraining
layer instead of a continuous one.

3. TORSIONAL CONSTRAINED LAYER DAMPING ANALYSIS

3.1 Analysis

The state of stress in the cross section of the “wire” of a compression coil spring with a spring index c (ratio of mean
diameter of the coil to outside diameter of the spring wire) larger than about 5, and subject to an axial compression force P is
almost identical to that of a straight torsion bar subjected to a twisting moment T =PD/2, where D is the mean coil
diameter of the spring’. With this in mind, we analyze the 3 layer CLD spring by considering the balance of twisting
moments along the length of a single inner constraining section (Fig. 4). The cross section is defined by the inner and outer
diameters of the outside tube, d,, and D, the inner and outer diameters of the constraining tube sections, d. and D, the shear

moduli of the inside and outside tubes, G and G,,, and the shear storage modulus and loss factor of the visco-€elastic layer, G
and h,*.
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Figure4: Analysisof thetubular multi-layer CLD torsion rod.

In addition, the following assumptions are made:
no geometrical coupling between outside and inside tube. Thisis true for a straight torsion rod and a reasonable
assumption for acoil aslong asthe length ¢_of theinner tube sections is much smaller than afull turn of the coail, i.e.
¢ . << pD (where D isthe mean coil diameter).
the thickness t, of the visco-elastic layer is small relative to its mean diameter, i.e. d, = (D, +d,)/2>>t, .
the axial extent of the gap between inner tube sections is neglected.
the visco-elastic material is assumed much softer than the inside and outside tube materials, i.e. G(,Gt<<G,,G_, so that
the direct torsional stiffness of the visco-elastic layer can be neglected.
Writing approximate torsional equilibrium of a“dlice” of a segment of length dx, we have

TW+TC:T’ (3)
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* The elastic modulus of a visco-elastic material is usually expressed as a complex number G(f) = G'(f) +G” (f) = G'(f) (1+i h(f)) where G, G', G” ,and h
are frequency dependent quantities. G’ (f) is the storage modulus, G” (f) the loss modulus, and h(f) the loss factor.



where T, and T, are the twisting moments at x in the inner and outer tube cross sections, respectively, d. and gy, are the
corresponding twist angles, t, =(d, - D,)/2 and d, =(d,+D_)/2 are the thickness and mean diameter of the visco-€elastic
layer,and i = V-1,

Using T, = GCJC% and T,=G,J, d(;qw , where J. and J,, are the torsional moments of inertia of the inner and
X X
outer tubes, respectively, and differentiating (4) gives,
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which isintegrated with respect to x to give
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Integrating (6) again we find the inner and outer tube twist angles qc(x) and qw(x), the torsional shear strains and

stresses in the inside and outside tubes, the shear strain through the thickness of the visco-elastic layer, and the average
torsional stiffness k; (a.complex number):
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From Eq. (8), the axial stiffness k and axial loss factor h_of the coiled spring can be calculated using classical
coil spring relations’,

(8)
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where the coil geometry is defined by the mean coil diameter D, and number of active turnsn.

3.2 Validation

A 40mm straight length of 3 layer CLD torsion tube was analyzed with NASTRAN (Fig. 5). Both the inside and the
outside tube are stainless steel in this example. The mid layer is a hypothetical visco-elastic material with a 50% loss factor.
A single layer of quadratic solid elements (20 node bricks) is used to represent each layer of the assembly?. The outside tube
is supported at one end and loaded with a distributed tangent load at the ather; the resultant of the applied loads is an axial
torque of 400 Nmm. Figure 5 compares the results from the NASTRAN analysis to those from the closed form analysis
presented above. The twist angles of the inside and outside tube are shown as a function of x in the top chart (both angles
measured with respect to the mid section at x = 0). The bottom chart shows the “through-the-thickness’ shear strain in the
visco-elastic layer. Excellent agreement is observed.

As expected, the shear in the visco-elastic layer is maximum at either ends of the inside tube section and
corresponds to the local difference in twist angle between the inside and outside tube. The inside tube twists dlightly in
response to the torque transmitted through the visco-elastic layer. Maximum torsional shear stresses occur at x = 0 in the
insidetubeand x =+/_/2in the outside tube.

For validation of the predicted damping ratio, a large inertia was attached to the periphery of the tip of the outside
tube in place of the load. This creates a low frequency twisting mode in the torsion tube. A complex eigenvalue solution
gives aloss factor for that mode equal to 4.62%. This compares favorably to the 4.68% predicted by equation (9).

(©)



somm— 0.02°

* FEM

o | IS T e T

Outefftube
twist

e
e

Innertube twist

-0.02°
-20 -10 0 10 20

400 Nmm

1.5%

Dc=8.9 mm * FEM
d= 8.0 mm — Analytical
Gy =G.=73 GPa {4 t,=0.05mm 0

G, = 8 Mpa, h, =50 % Shear strain in
D, = 10 mm viscoelastic layer

d,=9 mm -1.5%
-20 -10 0 10 20

Figure5: Finiteeement (NASTRAN) solution for single section of torsion rod
compared to closed-form analytical solution.

4. MANUFACTURING ISSUESAND MATERIAL SELECTIONS

Material selections for this spring design are intimately related to the manufacturing process. Inner tube sections are
cut to length then threaded and spaced on a stretched rubber core (that core is used only for manufacturing reasons and is not
expected to contribute significantly to the damping); releasing the stretch produces an interference fit between the core and
the constraining tube sections, holding these in place. One end of the soft visco-€elastic layer is then attached around one end
of this core. The whole assembly is then generously covered with epoxy adhesive and pulled into a slightly oversized outer
tube. Before the epoxy has time to set, the tube is swaged to produce a tight fit around the damping layer and core and
eliminate excess glue, then coiled on a mandrel. The assembly is then cured at room temperature and the ends are trimmed
and machined to receive the end caps which are electron-beam welded in place. Finally, the finished coils are thoroughly
cleaned to ultra-high vacuum standards.

4.1 Constraining layer sections

During coiling, there is tendency for the edges of the inner tube sections to dig into the soft visco-elastic layer. To
mitigate this problem, a pliable (low yield point) but stiff (high modulus) material must be used for these inner tube sections.
A 6061-0, annealed aluminum aloy was selected. The edges of the tube sections are also rounded to minimize pressure into
the damping layer.

4.2 Visco-elastic material

To maximize damping, the visco-elastic layer must be as thin as possible. However, extremely thin layers are
difficult to handle and would require tight tolerances on the diameters of the tubes and the swaging operation. A thickness of
the order of .010" (0.25mm) is considered a minimum. A relatively stiff visco-elastic material is required so that there is
significant elastic energy in the damping layer (see Section 5.1). DY AD 606, manufactured by Soundcoat®, was selected. It
isavailablein .020” (0.51mm) thickness, has very high loss factor (105% at 10 Hz) and relatively large shear modulus, and is
pliable enough for wrapping around the inner tube sections. This material is not self adhesive. A flexible epoxy glue must be
used bond it to the metal surfaces.

4.3 Outer tube material

Large plastic strains are induced in the outside tube during coiling (hot forming is excluded because of the presence
of the visco-elastic materials inside). Whatever material is used must be pliable enough to avoid cracking. Since the outside
tube is also the load bearing component for the static load, a compromise must be found between high yield and formability.
Phosphorous bronze was selected. It is traditionally used for various cold formed elastic components and is available in
various mill tempers obtained by cold work. For best spring properties (highest yield) the hardest possible temper must be
used. However, harder tempers have lower ultimate strains and are more likely to crack during coiling. Coiling tests have led
to the selection of a % hard temper.



5. TREND STUDIESAND DESIGN OPTIMIZATION

5.1 Trend study

Looking at the relations in the Section 3.1, it is apparent that optimal proportions must exist for the diameters and
thicknesses of the 3 layers, as well as the geometry of the coil that maximize net damping. A simple trend study gives an idea
of the effects of the various design parameters as shown in Fig. 6. Note that h, is frequency dependent; the loss factors in
the figure are calculated at afixed frequency (10 Hz in this example).
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Figure6: Effectsof various cross section parameters on net torsional damping.

The 4 curvesin the figure show the individual effects of 4 parameters on the loss factor: the length of the inner tube
sections /., the torsional stiffness balance between the inner and outer tubes G_J,/G,J,, , the loss factor of the visco-elastic

layer h,, and the stiffness measure of the visco-elastic layer DG, /t, . These parameters were varied one at atime around a
nominal configuration of aluminum, DY AD 606, and phosphor bronze, with D,, = 6 mm, t, = 0.5 mm, t, = 0.25 mm, and
solid inner sections of aluminum rod, with /. = 15 mm.
The following observations can be made:
damping is very sensitive to /. : when /. islarge, loads transferred to the inner sections accumulate along their length and
force them to twist, reducing the twist angle differential and the damping. If the sections are short, the twist angle
differentia at their ends is small and damping is again small. An optimal length (about 30 mm in this example) exists
that maximizes damping. Note that this optimal length also depends on the values of the other 3 parameters.
the torsional stiffness of the core must be large enough to minimize twist in the inner sections. The figure shows that for
G,J,/G,J, greater than about 1, the effect of this parameter is small.
an increase in the loss factor of the visco-elastic layer leads to an amost proportional increase in net spring loss factor.
the effect of the visco-elastic layer “stiffness” d’G, /t, also shows the existence of an optimal value. This is explained
by a balance condition between a stiff layer that induces large twist in the inner section, reducing shear strains and
damping, and a soft layer which minimizes twist in the inner sections but also reduces the strain energy in the visco-
elastic layer (because of itslow modulus and/or large thickness).

5.2 Design Optimization

Since many different variables have strong and coupled effects on the final performance and the trend study shows
the existence of optimal values, we used numerical optimization techniques to lead us to favorable proportions for the cross
section and coil. The objective is to maximize characteristic deflection dp,, Of the spring while providing at least 3% axial
loss factor and satisfying a number of additional conditions. Note that the spring loss factor is a weak function of frequency;
to formulate the optimization problem, a fixed target frequency of 10 Hz was chosen. The static load capacity is defined as
the compressive load to 80% solid length. Other design criteria (loads to yield, solid length, first surge natural frequency,
etc.) are evaluated using classical methods for coil springs’ which will not be detailed here.



Also note that the Q’'s of an actual isolation system built on these springs will in fact depend on both the axial and
the transverse loss factors.  However, transverse deformations of a coil spring are more complex and difficult to analyze than
pure axial deformations, so they are not included in the formulation of the optimization problem. Transverse deformations
involve a combination of torsion and bending in the spring “wire”. Assuming for example an even distribution of the total
elastic energy between bending and torsion, and assuming that the bending deformations are undamped, the transverse loss
factor of the spring could be expected to fall around ¥z of the axial value (i.e. 1.5 %).

The optimization problem was formul ated as follows:

ADJUST
cross section geometry : d_, t_,t,,t,
constraining section length: ¢
Coil Geometry : activelength L, pitch p, mean coil diameter D

TOMAXIMIZE
characteristic deflectiond (10 Hz)

SUCH THAT
net lossfactorh (10Hz) > 3%
Number of section per turn pD//_>6
Springindex c=D/D, >5
pitchangle a <12°
activeturnsn=_L/p>2
viscoelastic layer diameter to thicknessratio d, /t, >10
first resonant frequency f, >400Hz
activelength to coil diameter ratio(buckling) L/D <25
Staticload capacity 445N (1001bs) <P, <1334 N (3001bs)
max. activelength L <50 mm
load toyield >load tosolid length

where the cross section is defined by the inside diameter of the inner tube sections d,, and the thicknesses of the inner tube t.,
damping layer t,, and outer tubet,,. The analysiswas coded in MATLAB™ and the optimization problem was solved using
MATLAB’s multivariable constrained minimization routine. The results of the optimization are summarized in Tables 1 and
2. Thetables aso list side constraints (limits on ranges for design parameter values) and final values of the constraints.

Parameter Symbol Units limit Optimum Upper
value Limit
1 constraining section ID d. mm 0 5 5
2 constraining section wall te mm 0.3 0.93 3
3 damping layer thickness ty mm 0.51 - 0.51 2
4 outer tube wall tw mm 0.5 0.80 3
5 constraining layer length A mm 5 29.08 50
6 coil free active length L mm 10 31.07 180
7 coil pitch p mm 1 13.37 60
8 coil mean diameter D mm 10 55.55 100

Table 1: Design parameter valuesfor final design from MATLAB optimization run;
active side constraints are identified with arrows.




Constraint Description Symbol Units Limit Constraint value
at optimum

1 minimum loss factor h % >3 - 3

2 minimum # constraining layer sections per turn pD//, - >6 - 6

3 minimum spring index D/D,, - >5 5.86
4 maximum pitch angle a deg <12 4.4
5 minimum # active turns L/p - >2 2.3
6 minimum diameter/thickness, damping layer d,/t, - > 10 14.5
7 minimum coil surge frequency fi Hz > 400 - 400
8 maximum L/D for coil stability (column buckling) L/D - <25 0.56
9 minimum static compressive load capacity Prax N > 445 - 445
10 | maximum static load compressive capacity Prax N <1334 445
11 | maximum active length (space available) L mm <50 31.1
12 | safety against yield at solid length Prrax! Psolid - >1 - 1

Table2: Constraint valuesfor final design from MATLAB optimization run; active
constraints are identified with arrows.

6. FINAL DESIGN

Availability of materials and manufacturing constraints led to a final design (as manufactured, Fig. 7) dightly
different from the optimal design of Table 1. To the approximately 2.5 active turns called for by the optimizer, end coils (3/4
turn at each end) are added to provide interface with the stack elements. Because of the tubular cross-section and the small
axial clearance between coils, achieving flat end coils normal to the spring axis is not possible. Instead, seats are used to
provide support at each end of the spring. Rigid plastic seats (molded epoxy) were used for the prototypes and initial tests.
Note however that in the LIGO isolation stacks, the springs will be mounted on softer, molded Fluorel” rubber seats. These
softer seats attenuate transmission of acoustic disturbances through the stack. They aso provide additional damping,
principally in the shear direction.

9.49 mm OD x 0.80 mm Wall
Phosphorous Bronze

Rubber
~63 mm
(100 Ibf load)
0.51 mm
DYAD 606 Y 25free coils

7.14 mm OD x 0.92 mm Wall
6061-O Aluminum
Section length /.= 35 mm

+ % turn supported
at each end

Figure7: Final design of the CLD cail spring; the spring is sitting seats for
interfacing with flat mass elements.

7. PROTOTYPING AND TESTING

As part of the development efforts for this design, severa prototype springs were produced and subjected to a
variety of static and dynamic tests. Results from those tests were in general very consistent from one prototype to another.
One of those prototypes and some of the tests that were performed on it are described in the following subsections.

7.1. Cail Spring Prototype

The left-hand side of Fig. 8 shows a cail spring prototype with the molded epoxy seats that were used for the tests.
In the right hand side of the figure, a photograph of a cross section through an actual spring shows the internal structure.



Note the dlight “crushing” of the damping layer near the ends of the constraining sections; the internal geometry is otherwise
very regular and undisturbed by the severe coiling deformations.
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Figure8: Cail spring prototypeready to betested and cross section through an actual
spring showing internal structure.

7.2. Static Testing

The prototype was first tested for static load capacity and yield in aload frame. It wasfirst subjected to 5 cycles of
compressive loading to nominal deflection (80% of deflection to solid length) to detect any yield, then 1000 cycles of
compressive loading to 95% of solid length to detect any fatigue problems. The results of the 5 cycles are plotted in Fig. 9.
They show no evidence of yielding and confirm aload capacity of about 445 N (100 Ibf) at 80% solid length. The fatigue
tests showed no evidence of degradation of the outer tube or internal structure.
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Figure9: Static testing of prototype coil spring (5 cycles from 0 to approximately
80% of deflection to solid length).

7.3. Dynamic Testing

A specia instrument was designed and constructed to allow measuring the dynamic stiffnesses and loss factors of
the springs at low frequencies. The apparatus uses the rotational inertia of a large, symmetric, horizontal pendulum to
produce low frequency resonance of the single degree of freedom system formed by the pendulum and the spring being
tested. Variable amounts of mass can be attached at the tips of the beam to vary the inertia of the pendulum and the
frequency of the measurement without affecting the static preload on the spring. Instrumentation measures the free decay of
the pendulum oscillation and post-processing provides loss factors and stiffnesses of the springs.

The setup is shown in Fig. 10. The pendulum beam isa 1.3 m long steel box beam, with plates welded at the endsto
support extratip masses. It is supported at its center on a brass flexure. Two stops limit the swing of the pendulum to protect
the flexure. The whole system is built on a massive steel and concrete base. A non-contact inductive displacement probeis
mounted on the base on one side of the flexure. The spring can be mounted at one of two locations, depending on whether
axial or shear properties will be measured. Each location features an adjustable "U" bracket attached to the pendulum beam.
That bracket allows for adjustment of the spring static preload. When the spring is mounted in the axial location, a
counterweight (Fig. 10, left) is bolted on top of the pendulum beam to provide the nominal axial preload on the spring (100



Ibf), and the "U" bracket is used to adjust the pendulum initial position. When the spring is mounted in the shear position, the
counterweight is removed, the "U" bracket adjusts the preload, and the flexure resists the resulting twisting moment.
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Figure10: Low frequency spring testing appar atus.

Measurements are taken by exciting the pendulum by hand and recording probe signal versus time during free
decay. The dataisacquired such that the initial peak to peak spring deflection amplitude is consistently equal to about 65 mm
in the axial setup and 48 mm in the shear setup (tests have shown that at those amplitudes, there is no amplitude dependence
in the measured stiffness and damping). A least square fit to that data, together with cal culated mass properties of the setup,
provides a measure of the total rotational stiffness around the hinge line and total damping in the system. Corrections are
applied to account for other sources of stiffness in the system: the bending stiffness of the flexure (less than 4% of spring
effect), and a negative stiffness effect due to gravity and the position of the pendulum center of mass above the hinge line
(less than 3% of spring effect).
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Figure11: Lossfactor, quality factor, and stiffnessin axial and shear directions of
coil spring prototype on epoxy seats as a function of frequency. Temperature during
tests was between 21.0 and 21.5°C.

Figure 11 shows the dynamic test results obtained on a prototype coil on molded epoxy seats. The figure shows
axia and shear loss factors, quality factors, and dynamic stiffnesses as a function of the frequency of the free decay
oscillation. Note how the apparatus described above allows for frequency adjustments from about 0.8 to about 2.2 Hz by
changing the amount of mass mounted at the pendulum tips. As expected, the results show weak frequency dependence. The
axia loss factor is about 2.5% or 16% lower than expected. The transverse loss factor is around 1.6%, or 64% of the axial
value. Note that the 3% value obtained in the optimization was calculated at 10 Hz; other dynamic tests, not described here,
have shown axial loss factors in the 2.4 to 2.8% range between 5 and 10 Hz. The corresponding quality factors are between



40 and 62, well below our LIGO requirement of 70. Note aso that the spring is about 2 times stiffer in the transverse
direction asin the axial one.

Models of the LIGO isolation stacks build with these springs predict performance measures that satisfy the
requirements. Note also that the actual stacks will make use of molded Fluorel? seats in place of the stiff epoxy seats used in
the tests reported above. There are two primary reasons for this: first, with stiff seats there is a concern of stick-dlip noise
appearing at the interface between the coil and the seat, and second, the softer rubber seats attenuate transmission of acoustic
disturbances through the spring (acoustic performance has been demonstrated through testing). Another effect of the Fluorel?
seats is a substantial increase in the tranverse loss factor: measured loss factors on rubber seats are around 6% (Q ~ 17). The
axial loss factor is also dightly increased to about 3.2%.

8. CONCLUDING REMARKS

A new application of constrained layer damping to torsional deformations has been developed and used to design an
internally damped coil spring. The spring is entirely sealed inside a metal envelope, which makes it appropriate for vibration
isolation applications inside ultra-high vacuum systems. Explicit analytical expressions were derived for approximate
evaluation of the frequency dependent stiffness and damping of the spring. Those expressions were used for trend studies
followed by formal optimization of the design, maximizing isolation (i.e. softness) with an upper limit on the quality factor
(Q) to limit resonant oscillations of the isolation system. The optimization resulted in a practical design with an expected Q
of 33 at 10 Hz. Manufacturing processes were developed and prototype springs were produced that were thoroughly tested
and exhibited mechanical properties very close to expectations. The spring can support 445 N (100 Ibf) of axial compressive
load, with an axial deflection of about 8.5 mm, and a measured axial Q of about 40 at 1 to 2 Hz. With that spring, isolation
stacks have been designed that satisfy the very strict seismic isolation requirements for the LIGO detectors. As of January
1998, about 10 prototypes have been produced and tested, and another 4000 springs are planned for fabrication by the end of
the year.
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